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PART 1:

USING PTOLEMYII

The chapters in this part describe how to construct Ptolemy II models for web-based modeling or
building applications. The first chapter includes an overview of Ptolemy n software, and a brief
description of each of the models of computation that have been implemented (and some that are just
planned). It describes the package structure of the software, and includes as an appendix a brief tutorial
on UML notation, which is used throughout this document to explain the structure of the software. The
second chapter includes a tutorial on constructing applets. The third chapter gives an overview of
domain-polymorphic actor libraries. Model builders will also want to refer to the domain chapter for
the particular domain(s) they are using, since domain-specific actors are described there.





Introduction

Author: Edward A. Lee

1.1 Modeling and Design

The Ptolemy project studies heterogeneous modeling, simulation, and design of concurrent sys
tems. The focus is on embeddedsystems,particularly those that mix technologies, including for exam
ple analog and digital electronics, hardware and software, and electronics and mechanical devices
(including MEMS, microelectromechanical systems). The focus is also on systems that are complex in
the sense that they mix widely different operations, such as signal processing, feedback control,
sequential decision making, and user interfaces.

Modeling is the act of representinga system or subsystem formally. A model might be mathemati
cal, in which case it can be viewed as a set of assertions about propertiesof the system such as its func
tionality or physical dimensions. A model can also be constructive, in which case it defines a
computational procedure that mimics a set of properties of the system. Constructive models are often
used to describe behavior of a system in response to stimulus from outside the system. Constructive
models are also called executable models.

Design is the act of defining a system or subsystem. Usually this involves defining one or more
models of the system and refining the models until the desired functionality is obtained within a set of
constraints.

Design and modeling are obviously closely coupled. In some circumstances, models may be
immutable, in the sense that they describe subsystems, constraints, or behaviors that are externally
imposed on a design. For instance, theymaydescribea mechanical systemthat is not underdesign,but
must be controlled by an electronic system that is under design.

Executable models are sometimes called simulations, an appropriate term when the executable
model is clearlydistinctfrom the systemit models. However, in manyelectronic systems, a modelthat
starts as a simulation mutates into a software implementation of the system. The distinction between
the model £uid the system itself becomes blurred in this case. This is particularly true for embedded
software.

Heterogeneous Concurrent Modeling and Design 1-1
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Embedded software is software that resides in devices that are not first-and-foremost computers. It
is pervasive, appearing in automobiles, telephones,pagers, consumer electronics, toys, aircraft, trains,
security systems, weapons systems, printers, modems, copiers, thermostats, manufacturing systems,
appliances, etc. A technically active person probably interacts regularly with more pieces of embedded
software than conventional software.

A major emphasis in Ptolemy II is on the methodology for defining and producing
embedded software together with the systems within which it is embedded.

Executable models are constructed under a model of computation, which is the set of "laws of
physics" that govern the interaction of components in the model. If the model is describing a mechani
cal system, then the model of computation may literally be the laws of physics. More commonly, how
ever, it is a set of rules that are more abstract, and provide a framework within which a designer builds
models. A set of rules that govern the interaction of components is called the semantics of the model of
computation. A model of computation may have more than one semantics, in that there might be dis
tinct sets of rules that impose identical constraints on behavior.

The choice of model of computation depends strongly on the type of model being constructed. For
example, for a purely computational system that transforms a finite body of data into another finite
body of data, the imperative semantics that is common in programming languages such as C, C++,
Java, and Matlab will be adequate. For modeling a mechanical system, the semantics needs to be able
to handle concurrency and the time continuum, in which case a continuous-time model of computation
such that found in Simulink, Saber, Hewlett-Packard's ADS, and VHDL-AMS is more appropriate.

The ability of a model to mutate into an implementation depends heavily on the model of compu
tation that is used. Some models of computation, for example, are suitable for implementation only in
customized hardware, while others are poorly matched to customized hardware because of their intrin
sically sequential nature. Choosing an inappropriate model of computation may compromise the qual
ity of design by leading the designer into a more costly or less reliable implementation.

A principle of the Ptolemy project is that the choices of models of computation
strongly affect the quality ofa system design.

For embedded systems, the most useful models of computation handle concurrency and time. This
is because embedded systems consist typically of components that operate simultaneously and have
multiple simultaneous sources of stimuli. In addition, they operate in a timed (real world) environment,
where the timeliness of their response to stimuli may be as important as the correctness of the
response.

The objective in Ptolemy II is to support the construction and interoperability of
executable models that are built under a wide variety ofmodels ofcomputation.

Ptolemy n takes a component view of design, in that models are constructed as a set of interacting
components. A model of computation governs the semantics of the interaction, and thus imposes a dis
cipline on the interaction of the interaction of components.

Component-based design in Ptolemy II involves disciplined interactions between
components governed by a model ofcomputation.

1-2 Ptolemy II
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1.2 Architecture Design

Architecture description languages (ADLs), such as Wright [3] and Rapide [53], focus on formal
isms for describing the rich sorts of component interactions that commonly arise in software architec
ture. Ptolemy U, by contrast, might be called an architecture design language, because its objective is
not so much to describe existing interactions, but rather to promote coherent software architecture by
imposing some structure on those interactions. Thus, while an ADL might focus on the compatibility
of a sender and receiver in two distinct components, we would focus on a pattern of interactions among
a set of components. Instead of, for example, verifying that a particular protocol in a single port-to-port
interaction does not deadlock [3], we would focus on whether an assemblage of components can dead
lock.

It is arguable that our approach is less modular, because components must be designed to the
framework. Typical ADLs can describe pre-existing components, whereas in Ptolemy II, such pre
existing components would have to wrapped in Ptolemy 11 actors. Moreover, designing components to
a particular interface may limit their reusability, and in fact the interface may not match their needs
well. All of these are valid points, and indeed a major part of our research effort is to ameliorate these
limitations. The net effect, we believe, is an approach that is much more powerful than ADLs.

First, we design components to be domain polymorphic, meaning that they can interact with other
components within a wide variety of domains. In other words, instead of coming up with an ADL that
can describe a number of different interaction mechanisms, we have come up with an architecture
where components can be easily designed to interact in a number of ways. We argue that this makes
the components more reusable, not less, because disciplined interaction within a well-deflned seman
tics is possible. By contrast, with pre-existing components that have rigid interfaces, the best we can
hope for is ad-hoc synthesis of adapters between incompatible interfaces, something that is likely to
lead to designs that are very difficult to understand and to verify. Whereas ADLs draw an analogy
between compatibility of interfaces and type checking [3], we use a technique much more powerful
than type checking alone, namely polymorphism.

Second, to avoid the problem that a particular interaction mechanism may not fit the needs of a
component well, we provide a rich set of interaction mechanisms emboddied in the Ptolemy II
domains. The domains force component designers to think about the overall pattern of interactions,
and trade off uniformity for expressiveness. Where expressiveness is paramount, the ability of Ptolemy
n to hierarchically mix domains offers essentially the same richness of more ad-hoc designs, but with
much more discipline. By contrast, a non-trivialcomponentdesigned without such structure is likely to
use a melange, or ad-hoc mixture of interaction mechanisms, making it difficult to embedded it within
a comprehensible system.

Third, whereas an ADL might choose a particular model of computation to provide it with a for
mal structure, such as CSP for Wright [3], we have developed a more abstract formal framework that
describes models of computation at a meta level [49]. This means that we do not have to perform awk
ward translations to describe one model of computation in terms of another. For example, stream based
communication via FIFO channels are awkward in Wright [3].

We make these ideas concrete by describing the models of computation implemented in the
Ptolemy 11 domains.
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1.3 Models of Computation

There is a rich variety of models of computation that deal with concurrency and time in different
ways. Each gives an interaction mechanism for components. In this section, we describe models of
computation that are implemented in Ptolemy n domains, plus a couple of additional ones that are
planned. Ourfocus has been on models of computation thataremost useful forembedded systems. All
of these canlend a semantics to thesame bubble-and-arc, or block-and-arrow diagram shown in figure
1.1.Ptolemyn modelsare (clustered, or hierarchical) graphsof the form of figure 1.1,wherethe nodes
are entities and the arcs are relations. For most domains, the entities are actors (entities with function
ality) and the relations connecting them represent communicationbetween actors.

1.3.1 Communicating Sequential Processes - CSP

In the CSPdomain (communicating sequential processes), created by NeilSmyth [78], actors rep
resent concurrently executing processes, implemented as Java threads. These processes communicate
by atomic, instantaneous actions called rendezvous (or sometimes, synchronous messagepassing). If
two processes are to communicate, and one reaches the point first at which it is ready to communicate,
then it stalls until the otherprocess is ready to communicate. "Atomic" means that the two processes
are simultaneously involved in the exchange, and that the exchange is initiated and completed in a sin
gle uninterruptable step. Examples of rendezvous models include Hoare's communicating sequential
processes (CSP) [36] and Milner*scalculus ofcommunicating systems (CCS) [57]. This model ofcom
putation has been realized in a number of concurrent programming languages, including Lotos and
Occam.

Rendezvous models are particularly well-matched to applications where resource sharing is a key
element, such as client-server database models and multitasking or multiplexing of hardware
resources. A key feature of rendezvous-based models is their ability to cleanly model nondeterminate
interactions. The CSP domain implements both conditional send and conditional receive. It also
includes an experimental timed extension.

1.3.2 Continuous Time - CT

In the CT domain (continuous time), created lie Liu [51], actors represent components that interact
via continuous-time signals. Actors typically specify algebraic or differential relations between inputs
and outputs. The job of the director in the domain is to find a fixed-point, i.e., a set of continuous-time
functions that satisfy all the relations.

FIGURE 1.1. A single syntax (bubble-and-arc or block-and-arrow diagram)
can have a number of possible semantics (interpretations).
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The CT domain includes an extensible set of differential equation solvers. The domain, therefore,
is useful for modeling physical systems with linear or nonlinear algebraic/differential equation
descriptions, suchas analogcircuits and manymechanical systems. Its modelof computation is similar
to that used in Simulink, Saber, and VHDL-AMS, and is closely related to that in Spice circuit simula
tors.

Embedded systems frequently contain components that are best modeled using differential equa
tions, such as MEMS and other mechanical components, analog circuits, and microwave circuits.
These components, however, interact with an electronic system that may serve as a controller or a
recipient of sensor data. This electronic system may be digital. Joint modeling of a continuous sub
system with digital electronics is known as mixed signal modeling. The CT domain is designed to
interoperate with other Ptolemy domains, such as DE, to achieve mixed signal modeling. To support
such modeling, the CT domain models of discrete events as Dirac delta functions. It also includes the
ability to precisely detect threshold crossings to produce discrete events.

Physical systems often have simple models that are only valid over a certain regime of operation.
Outside that regime, another model may be appropriate. A modal model is one that switches between
these simple models when the system transitions between regimes. The CT domain interoperates with
the FSM domain to create modal models.

1.3.3 Discrete-Events - DE

In the discrete-event (DE) domain, created by Lukito Muliadi [61], the actors communicate via
sequences of events placed in time, along a real time line. An event consists of a value and time stamp.
Actors can either be processes that react to events (implemented as Java threads) or functions that fire
when new events are supplied. This model of computation is popular for specifying digital hardware
and for simulating telecommunications systems, and has been realized in a large number of simulation
environments, simulation languages, and hardware description languages, including VHDL and Ver-
ilog.

DE models are excellent descriptions of concurrent hardware, although increasingly the globally
consistent notion of time is problematic. In particular, it over-specifies (or over-models) systems
where maintaining such a globally consistent notion is difficult, including large VLSI chips with high
clock rates. Every event is placed precisely on a globally consistent time line.

The DE domain implements a fairly sophisticated discrete-event simulator. DE simulators in gen
eral need to maintain a global queue of pending events sorted by time stamp (this is called a priority
queue). This can be fairly expensive, since inserting new events into the list requires searching for the
right position at which to insert it. The DE domain uses a calendar queue data structure [11] for the
global event queue. A calendar queue may be thought of as a hashtable that uses quantized time as a
hashing function. As such, both enqueue and dequeue operations can be done in time that is indepen
dent of the number of events in the queue.

In addition, the DE domain gives deterministic semantics to simultaneous events, unlike most
competing discrete-event simulators. This means that for any two events with the same time stamp, the
order in which they are processed can be inferred from the structure of the model. This is done by ana
lyzing the graph structure of the model for data precedences so that in the event of simultaneous time
stamps, events can be sorted according to a secondary criterion given by their precedence relation
ships. VHDL, for example, uses delta time to accomplish the same objective.
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1.3.4 Distributed Discrete Events - DDE

The distributed discrete-event (DDE) domain, created by John Davis, can be viewed either as a
variant of DE or as a variant of PN (described below). Still highly experimental, it addresses a key
problem with discrete-event modeling, namely that the global event queue imposes a central point of
control ona model, greatly limiting the ability todistribute a model over a network. Distributing mod
els might be necessary either to preserve intellectual property, to conserve network bandwidth, or to
exploit parallel computing resources.

The DDEdomain maintains a localnotion of timeon eachconnection between actors, instead of a
single globally consistent notion of time. Each actor is a process, implemented as a Java thread, that
can advance its local time to the minimum of the local times on each of its input connections. The
domain systematizes the transmission of null events, which in effect provide guarantees that no event
will be supplied witha time stamp less than somespecified value.

1.3.5 Discrete Time - DT

The discrete-time (DT) domain, which has not been written yet, will extend the SDF domain
(described below) with a notion of time between tokens. Communication between actors takes the
form of a sequence of tokens where the time between tokens is uniform. Multirate models, wheredis
tinct connections have distinct time intervals between tokens, will besupported.

1.3.6 Finite-State Machines - FSM

Therinite-state machine (FSM) domain, written by Xiaojun Liu (butnotyetreleased), is radically
different from theother Ptolemy n domains. The entities in this domain represent notactors butrather
statCy andtheconnections represent transitions between states. Execution is a strictly ordered sequence
of state transitions. The FSM domain leverages the built-in expression language inPtolemy n to eval
uate guards^ which determine when state transitions can be taken.

FSM models are excellent for control logic in embedded systems, particularly safety-critical sys
tems. FSM models areamenable to in-depth formal analysis, and thus can be used to avoidsurprising
behavior.

FSM models havea numberof key weaknesses. First, at a veryfundamental level, they are not as
expressive as the other models of computation described here. They are not sufriciently rich to
describe all partial recursive functions. However, this weakness is acceptable in light of the formal
analysis that becomes possible. Many questionsabout designs are decidable for FSMs and undecidable
forother models ofcomputation. Asecond key weakness is thatthenumber of states cangetvery large
even in the face of only modest complexity. This makes the models unwieldy.

The latter problem can often be solved by using FSMs in combination with concurrent models of
computation. This was first noted by David Harel, who introduced that Statecharts formalism. State-
charts combine a loose version of synchronous-reactive modeling (described below) with FSMs [30].
FSMs have also been combined with differential equations, yielding the so-called hybrid systems
model of computation [32].

The FSM domain in Ptolemy n can be hierarchically combined with other domains. We call the
resulting formalism "*charts" (pronounced "starcharts") where the star represents a wildcard [28].
Since most other domains represent concurrent computations, *charts model concurrent finite state
machines with a variety of concurrency semantics. When combined with CT, they yield hybrid sys
tems and modal models. When combined with SR (described below), they yield something close to
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Statecharts. When combined with process networks, they resemble SDL [77].

1.3.7 Process Networks - PN

In the process networks (PN) domain, created by Mudit Goel [29], processes communicate by
sending messages through channels that can buffer the messages. The sender of the message need not
wait for the receiver to be ready to receive the message. This style of communication is often called
asynchronous message passing. There are several variants of this technique, but the PN domain specif
ically implements one that ensures determinate computation, namely Kahn process networks [40].

In the PN model of computation, the arcs represent sequences of data values (tokens), and the enti
ties represent functions that map input sequences into output sequences. Certain technical restrictions
on these functions are necessary to ensure determinacy, meaning that the sequences are fully specified.
In particular, the function implemented by an entity must be prefix monotonic. The PN domain realizes
a subclass of such functions, first described by Kahn and MacQueen [41], where blocking reads ensure
monotonicity.

PN models are loosely coupled, and hence relatively easy to parallelize or distribute. They can be
implemented efficiently in both software and hardware, and hence leave implementation options open.
A key weakness of PN models is that they are awkward for specifying control logic, although much of
this awkwardness may be ameliorated by combining them with FSM.

The PN domain in Ptolemy n has a highly experimental timed extension. This adds to the blocking
reads a method for stalling processes until time advances. We anticipate that this timed extension will
make interoperation with timed domains much more practical.

1.3.8 Synchronous Dataflow - SDF

The synchronous dataflow (SDF) domain, created by Steve Neuendorffer, handles regular compu
tations that operate on streams. Dataflow models, popular in signal processing, are a special case of
process networks (for the complete explanation of this, see [48]). Dataflow models construct processes
of a process network as sequences of atomic actorfirings. Synchronous dataflow (SDF) is a particu
larly restricted special case with the extremely useful property that deadlock and boundedness are
decidable. Moreover, the schedule of firings, parallel or sequential, is computable statically, making
SDF an extremely useful specification formalism for embedded real-time software and for hardware.

Certain generalizations sometimes yield to similar analysis. Boolean dataflow (BDF) models
sometimes yield to deadlock and boundedness analysis, although fundamentally these questions are
undecidable. Dynamic dataflow (DDF) uses only run-time analysis, and thus makes no attempt to stat
ically answer questions about deadlock and boundedness. Neither a BDF nor DDF domain has yet
been written in Ptolemy II. Process networks (PN) serves in the interrim to handle computations that
do not match the restrictions of SDF.

1.3.9 Synchronous/Reactive - SR

In the synchronous/reactive (SR) model of computation [7], the arcs represent data values that are
aligned with global clock ticks. Thus, they are discrete signals, but unlike discrete time, a signal need
not have a value at every clock tick. The entities representrelations betweeninput and output values at
each tick, and are usually partial functions with certain technical restrictions to ensure determinacy.
Examples of languages that use the SR model of computation include Esterel [9], Signal [8], Lustre
[17], and Argos [54].
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SR models are excellent for applications with concurrent and complex control logic. Because of
the tight synchronization, safety-critical real-time applications are a good match. However, also
because ofthe tight synchronization, some applications are overspecified inthe SR model, limiting the
implementation alternatives. Moreover, in most realizations, modularity is compromised by the need
toseek a global fixed point ateach clock tick. An SRdomain has notyet been implemented inPtolemy
n, although the methods used by Stephen Edwards in Ptolemy Classic can beadapted to this purpose
[20].

1.4 Choosing Models of Computation

The rich variety of concurrent models of computation outlined in the previous section can be
daunting to a designer faced with having to select them. Most designers today do not face this choice
because theyget exposed to onlyoneor two. This is changing, however, as the levelof abstraction and
domain-specificity of design software both rise. We expect that sophisticated and highly visual user
interfaces will beneeded to enable designers tocope with this heterogeneity.

An essential difference between concurrent models of computation is their modeling of time.
Some arevery explicit by taking time to be a real number thatadvances uniformly, andplacing events
on a time line or evolving continuous signals along the time line. Others are more abstract and take
time to bediscrete. Others are still more abstract and take time to be merely a constraint imposed by
causality. This latter interpretation results in time that is partially ordered, and explains much of the
expressiveness in process networks and rendezvous-based models of computation. Partially ordered
time provides a mathematical framework for formally analyzing and comparing models of computa
tion [49].

A grand uniried approach to modeling would seek a concurrent model of computation that serves
all purposes. This couldbe accomplished by creatinga melange^ a mixture of all of the above, but such
a mixture wouldbe extremely complex and difficult to use, and synthesis and simulation tools would
be difficult to design.

Anotheralternative wouldbe to choose one concurrent modelof computation, say the rendezvous
model, and showthatall the others are subsumed as special cases. Thisis relatively easy to do, in the
ory. It is the premise of Wright, for example [3]. Mostof these models of computation are sufficiently
expressive to be able to subsume mostof the others. However, this fails to acknowledge the strengths
and weaknesses of each model of computation. Rendezvous is verygoodat resource management, but
very awkward for loosely coupled data-oriented computations. Asynchronous message passing is the
reverse, where resource management is awkward, but data-oriented computations are natural^ Thus,
to design interesting systems, designers need to use heterogeneousmodels.

1.5 Visual Syntaxes

Visual depictions of electronic systems have always held a strong human appeal, making them
extremely effective in conveying information about a design. Many of the domains of interest in the
Ptolemy project use such depictions to completely and formally specify models.

1. Considerthe difference betweenthe telephone(rendezvous) and email (asynchronous message passing).If you
are trying to schedule a meeting between four busy people, getting them all on a conference call would lead to a
quick resolution of the meetingschedule. Schedulingthe meeting by email could take several days, and may in
fact never converge. Other sorts of communication, however, are far more efficient by email.
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One of the principles of the Ptolemy project is that visual depictions of systems can
help to offset the increased complexity that is introduced by heterogeneous modeling.

These visual depictions offer an alternative syntax to associate with the semantics of a model of com
putation. \^sual syntaxes can be every bit as precise and complete as textual syntaxes, particularly
when they are judiciously combined with textual syntaxes.

Visual representations of models have a mixed history. In circuit design, schematic diagrams used
to be routinely used to capture all of the essential information needed to implement some systems.
Schematics are often replaced today by text in hardware description languages such as VHDL or Ver-
ilog. In other contexts, visual representations have largely failed, for example flowcharts for capturing
the behavior of software. Recently, a number of innovative visual formalisms have been garnering
support, including visual dataflow, hierarchical concurrent finite state machines, and object models.
The UML visual language for object modeling has been receiving a great deal of attention, and in fact
is used fairly extensively in the design of Ptolemy n itself (see appendix A of this chapter).

A subset of visual languages that are recognizable as "block diagrams" represent concurrent sys
tems. There are many possible concurrency semantics (and many possible models of computation)
associated with such diagrams. Formalizing the semantics is essential if these diagrams are to be used
for system specification and design. Ptolemy 11 supports exploration of the possible concurrency
semantics. A principle of the project is that the strengths and weaknesses of these alternatives make
them complementary rather than competitive. Thus, interoperability of diverse models is essential.

1.6 Ptolemy n

Ptolemy II offers a unified infrastructure for implementations of a numberof models of computa
tion. The overall architecture consists of a set of packages that provide generic supportfor all models
of computation and a set of packages that provide more specialized support for particular models of
computation. Examples of the former include packages that contain math libraries, graph algorithms,
an interpreted expression language, signalplotters, and interfaces to mediacapabilities such as audio.
Examples of the latter include packages that support clustered graph representations of models, pack
ages that support executable models, and domains^ which are packages that implement a particular
model of computation.

1.6.1 Package Structure

The packagestructure is shownin figure 1.2. This is a UML packagediagram. The name of each
package is in the tab at the top of each box. Subpackages are contained within their parent package.
Dependencies between packages are shown by dotted lines with arrow heads. For example, actor
depends on kemel.event which depends onkernelwhich depends on kernel.util. Actoralsodepends on
data and graph. The role of each package is explained below.

actor This packagesupports executable entities that receive and send data throughports.
It includes both untyped and typedactors. For typedactors, it implements a sophis
ticated type system that supports polymorphism. It includes the base class Director
for domain-specific classes that control the execution of a model,

actor.giii Thissubpackage is a library of polymorphic actors with userinterface components,
plus some conveniencebase classes for applets and applications,

actor.lib This subpackage is a library of polymorphic actors.
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actor.process This subpackage provides infrastructure for domains whereactors are processes
implemented on top of Java threads,

actonsched This subpackage provides infrastructure for domains where actors are statically
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scheduled by the director.

This subpackage contains utilities that support directors in various domains. Spe
cifically, it contains a simple FIFO Queue and a sophisticated priority queue called
a calendar queue.

This package provides classes that encapsulate and manipulate data that is trans
ported between actors in Ptolemy models.

This class supports an extensible expression language and an interpreter for that
language. Parameters can have values specified by expressions. These expressions
may refer to other parameters. Dependencies between parameters are handled
transparently, as in a spreadsheet, where updating the value of one will result in the
update of all those that depend on it.

This package contains one subpackage for each Ptolemy n domain.

This package provides algorithms for manipulating and analyzing mathematical
graphs. Mathematical graphs are simpler than Ptolemy n clustered graphs in that
there is no hierarchy, and arcs link exactly two nodes. This package is expected to
supply a growing library of algorithms.

This package contains generically useful user interface components.
This package provides the software architecture for the key abstract syntax, clus
tered graphs. The classes in this package support entities with ports, and relations
that connect the ports. Clustering is where a collection of entities is encapsulated in
a single compositeentity,and a subset of the ports of the inside entities are exposed
as ports of the cluster entity.

This package contains classes and interfaces that support controlled mutationsof
clustered graphs. Mutations are modifications in the topology,and in general, they
are permitted to occur during the execution of a model. But in certain domains,
where maintaining determinacy is imperative, the director may wish to exercise
tight control over precisely when mutationsare performed. This package supports
queueing of mutation requests for later execution. It uses a publish-and-subscribe
design pattern.

This subpackageof the kernel packageprovidesa collection of utility classes that
do not depend on the kernel package. It is separated into a subpackage so that these
utility classes can be used without the kernel. The utilities include a collection of
exceptions, classes supporting named objects with attributes, lists of named
objects, a specialized cross-reference list class,and a threadclass that helps
Ptolemy keep track of executing threads.

This packageencapsulates mathematical functions and methods for operating on
matrices and vectors. It also includes a complex numberclass and a class support
ing fractions.

This package encapsulates a set of classes supporting audioand image processing.
This packageprovides two-dimensional signalplotting widgets.
This package provides a top-level interface to Ptolemy II. A GUI can use the
classes in this package to gain access to Ptolemy II models.
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1.6.2 Overview of Key Classes

Some of the key classesin Ptolemy II are shownin figure 1.3,This is a UML static structure dia
gram (see appendix A of this chapter). Thekey syntactic elements areboxes, which represent classes,
the hollow arrow, which indicates generalization, and other lines, which indicate association. Some
lineshavea small diamond, which indicates aggregation. Thedetails of theseclasses will be discussed
in subsequent chapters.

Instances of all of theclasses shown canhave names; they all implement theNameable interface.
Most of the classes generalize NamedObj, which in addition to being nameable can have a list of
attributes associated with it. Attributes themselves are instances of NamedObj.

Entity, Port, and Relation are three key classes that extend NamedObj. These classes define the
primitives of the abstract syntax supported by Ptolemy H. They will be fully explained in the kernel
chapter. ComponentPort, ComponentRelation, and ComponentEntity extend these classes by adding
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support for clustered graphs. CompositeEntity extends ComponentEntity and represents an aggrega
tion of instances of ComponentEntity and ComponentRelation.

The Executable interface, explained in the actors chapter, defines objects that can be executed. The
Actor interface extends this with capability for transporting data through ports. AtomicActor and Com-
positeActor are concrete classes that implement this interface.

An executable Ptolemy II model consists of a top-level CompositeActor with an instance of Direc
tor and an instance of Manager associated with it. The manager provides overall control of the execu
tion (starting, stopping, pausing). The director implements a semantics of a model of computation to
govern the execution of actors contained by the CompositeActor.

Director is the base class for directors that implement models of computation. Each such director
is associated with a domain. We have defined in IHolemy II directors that implement continuous-time
modeling (ODE solvers), process networks, synchronous dataflow, discrete-event modeling, and com
municating sequential processes.

1.6.3 Domains

The domains in Ptolemy II are subpackages of the ptolemy.domains package, as shown in figure
1.4. These packages generally contain a kernel subpackage, which defines classes that extend classes
in the actor or kernel packages of Ptolemy II. The gui subpackage contains a domain-specific applet
class, which provides facilities for easily creating applets that use that domain. The lib subpackage,
when it exists, includes domain-specific actors.

1.6.4 Capabilities

Ptolemy II is a second generation system. Its predecessor, Ptolemy Classic, still has many active
users and developers, and may continue to evolve for some time. Ptolemy II has a somewhat different
emphasis, and through its use of Java, concurrency, and integration with the network, is aggressively
experimental. Some of the major capabilities in Ptolemy II that we believe to be new technology in
modeling and design environments include:

• Higher level concurrent design in Java^^. Java support for concurrent design is very low level,
based on threads and monitors. Maintaining safety and liveness can be quite difficult [43]. Ptolemy
n includes a number of domains that support design of concurrent systems at a much higher level
of abstraction, at the level of their software architecture. Some of these domains use Java threads
as an underlying mechanism, while others offer an alternative to Java threads that is much more
efficient and scalable.

• Better modularization through the use ofpackages. Ptolemy II is divided into packages that can be
used independently and distributed on the net, or drawn on demand from a server. This breaks with
tradition in design software, where tools are usually embedded in huge integrated systems with
interdependent parts.

• Complete separation of the abstract syntax from the semantics. Ptolemy designs are structured as
clustered graphs. Ptolemy II defines a clean and thorough abstract syntax for such clustered
graphs, and separates into distinct packages the infrastructure supporting such graphs from mecha
nisms that attach semantics (such as dataflow, analog circuits, finite-state machines, etc.) to the
graphs.

• Improved heterogeneity. Ptolemy Classic provided a wormhole mechanism for hierarchically cou
pling heterogeneous models of computation. This mechanism is improved in Ptolemy II through
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the use of opaque composite actors, which provide better support for models of computation that
are very different from dataflow, the best supported model in Ptolemy Classic. These include hier
archical concurrent finite-state machines and continuous-time modeling techniques.

• Thread-safe concurrent execution. Ptolemy models are typically concurrent, but in the past, sup
port for concurrent execution of a Ptolemy model has been primitive. Ptolemy n supports concur
rency throughout, allowing for instance for a model to mutate (modify its clustered graph
structure) while the user interface simultaneously modifies the structure in different ways. Consis
tency is maintained through the use of monitors and read/write semaphores [36] built upon the
lower level synchronization primitives of Java.

• A software architecture based on object modeling. Since Ptolemy Classic was constructed, soft
ware engineering has seen the emergence of sophisticated object modeling [56][73][75] and
design pattern [25] concepts. We have applied these concepts to the design of Ptolemy U, and they
have resulted in a more consistent, cleaner, and more robust design. We have also applied a simpli
fied software engineering process that includes systematic design and code reviews [71].

• A truly polymorphic type system. Ptolemy Classic supported rudimentary polymorphism through
the "anytype" particle. Even with such limited polymorphism, type resolution proved challenging,
and the implementation is ad-hoc and fragile. Ptolemy II has a more modem type system based on
a partial order of types and monotonic type refinement functions associated with functional blocks.
Type resolution consists of finding a fixed point, using algorithms inspired by the type system in
ML [59].

• Domain-polymorphic actors. In Ptolemy Classic, actor libraries were separated by domain.
Through the notion of subdomains, actors could operate in more than one domain. In Ptolemy H,
this idea is taken much further. Actors with intrinsically polymorphic functionality can be written
to operate in a much larger set of domains. The mechanism they use to communicate with other
actors depends on the domain in which they are used. This is managed through a concept that we
call a process level type system.

1.6.5 Future Capabilities

Capabilities that we anticipate making available in the future include:
• Extensible XML-basedfile formats. XML is an emerging standard for representation of informa

tion that focuses on the logical relationships between pieces of information. Human-readable rep
resentations are generated with the help of style sheets. Ptolemy II will use XML as its primary
format for persistent design data.

• Interoperability through software components. Ptolemy II will use distributed software component
technologysuch as COREA, Java RMI, or DCOM, in a numberof ways. Components (actors) in a
Ptolemy II model will be implementable on a remote server. Also, components may be parameter
ized where parameter values are supplied by a server (this mechanism supports reduced-order
modeling, where the model is provided by the server). Ptolemy II models will be exported via a
server. And finally, Ptolemy II will support migrating software components.

• Embedded software synthesis. Pertinent Ptolemy II domains will be tuned to run on a Java virtual
machine on an embedded CPU. Hardware, firmware, and configurablehardware components will
expose abstractions to this Java software that obey the model of computation of the pertinent
domain. Java's native code interface will be used to define a stub for the embedded hardware com

ponents so that they are indistinguishablefrom any other Java thread within the model of computa
tion. Domains that seem particularly well suited to this approach include PN and CSP.
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Embedded hardware synthesis. Ptolemy Classic hadonly very weak mechanisms for migrating
designs from idealized floating-point simulations through fixed-point simulations to embedded
software, FPGA, and hardware designs. Rolemy n will leverage polymorphism, allowing libraries
to beconstructed where compatibility across implementation technologies is assured [74].
Integrated verification tools. Modem verification tools based on model checking [33] could be
integrated with Ptolemy II at least to the extent that finite state machine models can be checked.
We believe thattheseparation ofcontrol logic from concurrency will greatly facilitate verification,
since only much smallercross-sections of the system behavior will be offeredto the verification
tools.

Refiection ofdynamics. Javasupports reflection of static stmcture, butnotof dynamic properties
of process-based objects. Forexample, thedatalayout required tocommunicate with an object is
available through thereflection package, butthecommunication protocol is not.We plantoextend
the notionof reflection to reflectsuch dynamicproperties of objects.
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Appendix A: UML — Unified Modeling Language

UML (the unified modeling language) [23][70] defines a suite of visual syntaxes for describing
various aspects of software architecture. We make heavy use of two of these visual syntaxes, package
diagrams and static structurediagrams.These syntaxes are summarizedhere. As with most descriptive
syntaxes, any use of the syntax involves certain stylistic choices. These stylistic choices are not part of
UML, but nonetheless can be important to understanding the diagrams. We explain here the style that
we use.

A.1 Package Diagrams

Figures 1.2 and 1.4 show UML package diagrams^ which have a simple syntax. A package is
given as a box with a tab, with the tab containing the name of the package. Subpackages are enclosed
in the box of the parent package, and package dependencies are indicated with arrows. A package
dependencyoccurs when a Java file in a package includes a class in another package (using import in
Java).

A.2 Static Structure Diagrams

Figure 1.3 is a different kind of UML diagram, called a static structure diagram or class diagram.
It represents the relationships between classes, including inheritance relationships, containment rela
tionships, and cross references. These relationships are called an object models and represent many
essential features about the design.

A.2.1 Classes

A simplified static structure diagram for some Ptolemy H classes is shown in figure 1.5. In this dia
gram, each class is shown in a box. The class name is at the top of each box, its attributes are below
that, and its methods below that. Thus, each box is divided into three segments separated by horizontal
lines. The attributes are members of the Java classes, which may be public, package friendly, pro
tected, or private. Private members are prefixed by a minus sign as for example the .container
attribute of Port. Although private members are not visible directly to users of the class, they may
nonetheless be useful part of the object model because they indicate the state information contained by
an instance of the class. Public members have a leading "+" and protected methods a leading "#" in a
UML diagram. There are no public or protected members shown in figure 1.5. The type of a member is
indicated after a colon, so for example, the .container method of Port is of type Entity.

Methods, which are shown below attributes, also have a leading "+" for public, "#" for protected,
and for private. Our object models do not show private methods, since they are not inherited and
are not visible in the interface to the object. Figure 1.5 shows a number of public methods and one pro
tected method, .link() in Port. The return value of a method is given after a colon, so for example, get-
ContainerO of Port returns an Entity.

Although not usually included in UML diagrams, our diagrams show class constructors. They are
listed first among the methods, and have names that are the same as the name of the class. No return
type is shown. For completeness, our object models typically show all public and protected methods of
these classes, although a proper object model might only show those relevant to the issues being dis
cussed. Figure 1.5 does not show all methods, so that we can simplify the discussion of UML.
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Arguments to a method or constructor are shown in parentheses, withthe types aftera colon,so for
example, ComponentEntity shows a single constructor that takes two arguments, oneof type Compos-
iteEntityand the other of type String.

A.2.2 Inheritance

Subclasses are indicated by lines with white triangles (or outlined arrow heads). The class on the
side of the arrow head is the superclass or base class. The class on the other end is the subclass or
derived class. Thederived class is said tospecialize thebase class, orconversely, thebase class togen
eralize thederived class. The derived class inherits all the methods shown in the base class, and may
override or someof them. In ourobject models, wedo notexplicitly show methods thatoverride those
defined in a base class orare inherited from a base class. Forexample, in figure 1.5, ComponentEntity
hasall themethods ofEntity andNamedObj, and may override some of those methods, butonly shows
theonemethod it adds. Thus, thecomplete setof methods of a class is cumulative. Every class hasits
own methods plus those of all its superclasses.

NamedOt^

3
L0..1

Entity Portcortlainer 0„n

•.container: Erttity

'fEntityO
-rgetPortsO: Enumeration

♦Porto

+getCoittalnerO: Entity
*Jink(r: Relation)

"Interface*

+Ib9()

A

CofuponcntEntlty

•_conlainef: ConyositoEntity

+ComponemEnttty(coRtainer; CcrrposttaEntity. nanw: String)
+gatCantainerO: ConpositeEntity
'fisAtomicO: bodoan

5
•litterface-

Aetor

•tktputPortsO: Enunwaeon
•fOutputPortsO: Enumoratior,

i r

AtomlcActor

•fAtctiiicActof(ccntainer: ConpositeActof, namo: String)

% 0..1

^ L

0-1

0..n

CompositsEntlty

ConposlteEntit/cantainer: ConpositeEntlty,name: String)
♦gotE^esQ: Enumefation

0..1

ConpositeActof

♦CoftpositaActOfjconlainaf:ConposlteAetcr. ttame: String)

FIGURE 1.5. Simplified static structure diagram for some Ptolemy II classes. This diagram illustrates fea
tures of UML syntax that we use.

M8 Ptolemy II



Introduction

Anexception to this is constructors. In Java, constructors are not inherited. Thus, in ourclass dia
grams, the only constructors available for a classare those shown in the boxdefining theclass. Figure
1.5 does not show all the constructors of these classes, for simplicity.

Classes shown in boxes outlined with dashed lines, such as NamedObj in figure 1.5, are fully
described elsewhere. This is not standard UML notation, but it gives us a convenient way to partition
diagrams. Often, these classes belong to another package.

A.2.3 Interfaces

Figure 1.5alsoshows twoexamples of interfaces. Executable andActor. An interface is indicated
by the label "«Interface»" and by italics in the name. An interface detines a set of methods without
providing an implementation for them. It cannot be instantiated, and therefore has no constructors.
When a class implements an interface, the object model shows the relationship with a dotted-linewith
an arrow. Any concrete class (one that can be instantiated) that implements an interface must provide
implementations of all its methods. In our object models, we do not show those methodsexplicitly in
the concrete class, just like inherited methods, but their presence is implicit in the relationship to the
interface.

One interface can extend another. For example, in figure 1.5, Actor extends Executable. This
means that any concrete class that implements Actor must implement the methods of Actor and Exe
cutable.

We will occasionally show abstract classes, which are like interfaces in that they cannot be instan
tiated, but unlike interfaces in that they may provide default implementations for some methods, and
may even have private members. Abstract classes are indicated by italics in the class name. There are
no abstract classes in Hgure 1.5.

A.2.4 Associations

Inheritance and implementation are types of associations between entities in the object model.
Associations of other types are indicated by other lines, often annotated with ranges like "0..n" or with
diamonds on one end or the other.

Aggregations are shown as associations with diamonds. For example, an Entity is an aggregation
of any number (0..n) instances of Port. More strongly, we say that a Port is contained by 0 or 1
instances of Entity. By containment, we mean that a port can only be contained by a single Entity. In a
weaker form of aggregation, more than one aggregate may refer to the same component. The stronger
form of aggregation (containment) is indicated by the filled diamond, while the weaker form is indi
cated by the unElled diamond. There are no unElled diamonds in figure 1.5. In fact, they are fairly rare
in Ptolemy II, since many of its architectural features depend on containment relationships, where an
object can have at most one container.

The relationship between ComponentEntity and CompositeEntity is particularly interesting. An
instance of CompositeEntity can contain any number of instances of ComponentEntity, but Composi
teEntity is derived from ComponentEntity. Thus, a CompositeEntity can contain any number of
instances of either ComponentEntity or CompositeEntity. This is the classic Composite design pattern
[25], which supports arbitrarily deeply nested containment hierarchies.

In figure 1.5, a CompositeActor is an aggregation of AtomicActors and CompositeActors. These
two aggregation relations are derived from the aggregation relationship between ComponentEntity and
CompositeEntity. This derived association is indicated with a dashed line with an open arrowhead.
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Appendix B: Ptolemy U Naming Conventions

We have made an effort to be consistent about naming of classes, methods and members. This
appendix describes our policy.

B.l Classes

Class names arecapitalized, with internal word boundaries also capitalized (as in "CompositeEn-
tity"). Most names are made up of complete words ("CompositeEntity" rather than "CompEnt")^
Interface names suggest their potential (asin "Executable," which means "can beexecuted").

Despite having packages todivide upthe namespace, we attempt nonetheless to keep class names
unique. This helps avoid confusion andbugs thatmay arise from having Javaimport statements in the
wrong order. In many cases, a domain includes a specialized version of some more generic class. In
this case, we create a unique name by prefixing the generic name with the domain name. Forexample,
while Director is a base class in the actor package, DEDirectoris a derivedclass in the DE domain.

For the most part, we try to avoid prefixing actor names with the domain name. E.g., we define
Delay rather than DEDelay. Occasionally, however, thedomain prefix is useful to distinguish two ver
sions of some similar functionality, both of which might be useful in a domain. Forexample, theDE
domain can use actors derived from Transformer or from DETransformer, where the latter is special
ized to DE.

B.2 Members

Member names are not capitalized, although internal word boundaries usually are (e.g. "declared-
Type"). If the member is private or protected, then its name begins with a leading underscore (e.g.
"_declaredType").

B.3 Methods

Method names are similar to member names, in that they are not capitalized, except on internal
word boundaries. Private and protected methods have a leading underscore. In text referring to meth
ods, the method nameis followed by open andcloseparentheses, as in "getName()." Usually, no argu
ments are given, even if the method takes arguments.

Method names that are plural, such as getPorts(), usually retum an enumeration (or sometimesan
array, or an iterator).

1. There are some (perhaps regrenable)exceptionsto this, such as NamedObj.
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2.1 Introduction

Ptolemy II models can be specified in a number of ways and used in a number of ways. They
might be simulations (executable models of some other system) or implementations (the system itself).
They might be classical computer programs (applications), or any of a number of network-integrated
programs (applets, servlets, or CORBA services, for example). At the current writing, applets have the
best developed infrastructure, so we describe here how to construct them. It is possible today to con
struct other network-integrated architectures, but there is less built-in Ptolemy n support at this time.

Eventually, you will be able to construct applets and other Ptolemy 11 architectures using XML
files. There will also be graphical editors for building these XML files using, for example, block dia
grams. However, at this time, you must write Java code to construct a Ptolemy n model.

2.2 Applets

Ptolemy 11 models can be embedded in applets^ For convenience, each domain includes a base
class XXApplet, where XXis replaced by the domain name. This section uses a DE domain applet to
illustrate the basic concepts, so the base class is DEApplet. Refer to subsequent chapters and to the
code documentation for more complete information about the classes and methods being used. DEAp
plet is derived from PtolemyApplet, as shown in figure 2.1 (see appendix A of chapter 1 for UML syn
tax).

1. An applet is a Java programthat is downloadedfrom a web server by a browser and executed in the client's
computer (usually within a plug-in for the browser).
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FIGURE 2.1. UML static stnicture diagram for PtolemyApplet, a convenience base class for constructing
applets. PtolemyApplet is in the ptolemy.actor.gui package.

2.2.1 HTML Files Containing Applets

An applet is a Java class that can be referenced by an HTML file and accessed over the web.
Unfortunately, most browsers available today do not have built-in support for the (relatively recent)
version of Java that Ptolemy n is based on (version 1.2.1). The work around is to use the Java Plug-In,
which invokes Sun's Java Runtime Environment (JRE), instead of the browser's default Java runtime.
The table below lists platform and plug-in availability.!

Table 17: Plug-in Availability

Platform Availability

Windows 95.98. NT JDK1.2.1 Plug-in installed as part of the JDK or JRE. See http^/www.javasoft.com/products/plugin/

Irix Plug-in available, see http://www.sgi.eom/Products/Evaluation/#java.plugin

Solaris 2.6,2.7 Custom version of Netscape Navigator available, see http://www.sun.com/solaris/netscape

Linux As of 6/13/99. JDK 1.2.1 Plug-in not yet available, see http://www.blackdown.org/. Use the appletviewer pro
gram

Solaris 2.5.1 and all

other platforms with
JDK 1.2.1

Use the appletviewer program to run the applets.
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Platforms that do not have the Java Plug-in 1.2.1, but do have the Java Development Kit (JDK)
1.2.1 can use Sun's appletviewer command to run applets locally. Each demonstration directory has a
make demo rule that sets the CLASSPATH appropriately and then calls appletviewer. We discuss how
to run appletviewer by hand in "Compiling" on page 2-5. However, the appletviewer does not ren
der the HTML text in the web page, so you get only a subset of the information.

Regrettably, the way the plug-in is invoked depends on the browser being used. One approach to
creating applets that use the plug-in is to write them as if they were to use the native Java runtime envi
ronment of the browser, and then invoke Sun's Plug-In HTML Converter, available on their web site.
The converter did not work for me, however, at least under Windows NT (its file browser failed to list
HTML files, or any other file, for that matter, in most directories). Thus, I recommend writing the
HTML files directly rather than using the converter.

Sample HTML is shown in is shown in figure 2.2. The incredible ugliness and awkwardness of
this text is hopefully transitory, while browser vendors agree on how to properly support plug-ins (I
hope it is transitory, or plug-ins will not be a long term solution). You should be able to essentially
copy what we have, making very few modifications, and get things to work.

The code in figure 2.2, amazingly, relies on the fact that Microsoft's Internet Explorer understands
some HTML tags that Netscape Navigator does not, and vice versa. IE uses the <0BJECT> and </
OBJECT> tags to specify plug-ins. The "classid" is a magic string that is always the same (it identifies
the Java version 1.2 run-time environment, in a not very user-friendly way).

The <C0MMENT> and </comment> tag is understood only by Internet Explorer, so it is used to
hide from IE the <embed> and </embed> tags, which Netscape uses to support plug-ins. The Sun
appletviewer, a utility program for invoking applets without rendering the surrounding HTML, also
uses this tag.

In the case of the <object> and </object> tags, the specified "codebase" is the place to find the
plug-in if it is not already installed. The codebase for the applet itself (the root of the tree to search for
classes) is given by a <param> tag with name "codebase." This is confusing, especially given that for
the <EMBED> and </embed> tags, the plug-in location is given by the pluginspage parameter, and
codebase refers to the code base for the applet. We can only hope that some day there will be standard-

<OBJECT classid='clsid:8AD9C840-044E-llDl-B3E9-00805F499D93"

widths*700"

heights*300*
codebases"http;//java.sun.com/products/plugin/1.2/j install-12-win32.cab#Versionsl,2,0,0">

<PARAM NAMEs'code" VALUEs*doc.tutorial.TutorialApplet.class*>
<PARAM NAMES"codebase * VALUE="../..*>

<PARAM NAMEs'type* VALUEs*application/x-java-applet;versionsi.2*>
<COMMENT>

<EMBED types"application/x-java-applet;versionsl.2*
widths"TOO*

heights*300*
codes•doc/tutorial/TutorialApplet.class*
codebases*../..•

pluginspages *http://java.sun.com/products/plugin/1.2/plugin-install.html*>
</COMMENT>

<NOEMBED>

No JDK 1.2 support for applet!
</NOEMBED>

</EMBED>

</OBJECT>

FIGURE2.2. An HTMLsegmentthat invokesthe Java 1.2Plug-inunder both Netscape and Internet
Explorer (it is regrettable how complex this is). This text can be found in $Fni/doc/tutoriaI/tutoriaI.htm.
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ization of HTML.

In the case of the <object> and </object> tags, if there wereany additional appletparameters,
they would be given in <param> tags. For the <embed> and </embed> tags, applet parameters are
given as parameters of the <embed> tag.

An HTML file containing the segment shown in figure 2.2 can be found in $PTII/doc/tutorial/tuto-
rial.htm, where $PTII is thehome directory of thePtolemy 11 installation. Forexample, on my machine
(running Windows NT and using bash as a shell), I havePtolemy n installed in d:\ptn, and usingthe
system control panel, I have the environment variable PTII set to d:/ptn (I'm not sure whether it mat
ters that the slashes go different ways). Also in that directory are a number of sample Java files for
applets, each named TutorialAppletn.java, where n is an integer starting with 1. These files contain a
series of applet definitions, each with increasing sophistication, thatare discussed below. To compile
and use each file, it must be copied into TutorialApplet.java(without the n).

Sinceourexample applets are in a directory $PTII/doc/tutorial, thecodebase for the applet is
in figure 2.2,which is the directory SPTII. This permits the applets to referto any class in thePtolemy
n tree.

There are some parameters in the HTMLin figure 2.2 that you may want to change.The width and
the height, for example, specify theamount of spaceon the screen that the browser givesto theapplet.
Unfortunately, they are specified twice in the file.

Fortunately, gettingthe Java code right is easy comparedto getting the HTMLright.

2.2.2 Creating Models

In figure 2.3 is a listing of an extremelysimple applet that runs in the discrete-event (DE) domain.
Thefirst linedeclares thatthe applet is in a package called "doc.tutorial," which matches thedirectory
name relative to the codebase specified in the HTML file.

In the next three lines, the appletimports threeclassesfromPtolemy H:
• DEApplet: A base class for DE applets that is provided for convenience. This base class creates a

top-levelcompositeactor called_toplevel, a managercalled _manager, and a directorcalled
.director (all protected members of the class, shown in figure 2.1). Wewill see shortly howto
use these.

• Clock: This is an actorthatgenerates a clocksignal, which by default is a sequence of events

package doc.tutorial;
in^ort ptoleiciy. domains. de. gui. DEApplet;
import ptoleiny.actor.lib.Clock;
iit?)ort Ptolemy.actor.gui. TimedPlotter ;

public class TutorialApplet extends DEApplet (
public void initO {

super. initO;
try {

Clock clock = new Clock(_toplevel,"clock*);
TimedPlotter plotter = new TimedPlotter(_toplevel,"plotter")
_toplevel.connect(clock.output, plotter.input);

} catch (Exception ex) {}
}

)

FIGURE 2.3. An extremely simple applet that runs in the DE domain.This text can be found in SPTII/tuto-
rial/T\itorialApplet!.Java. It should be copied toTiitorialApplet.java before compiling. This textcan be
foundin $PTII/doc/tutorial/T\itorialAppletl.java.
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placed one time unit apart and alternating in value between 1 and 0.
• TimedPlotter: This is an actor that plots functions of time.

Next, the construct

public class TutorialApplet extends DEApplet { ,.. }

defines a class called TutorialApplet that extends DEApplet. The new class overrides the init() method
of the base class with the following body:

super.init() ;
try {

Clock clock = new Clock(_toplevel,"clock");
TimedPlotter plotter = new TimedPlotter(_toplevel,"plotter");
_toplevel.connect(clock.output, plotter.input);

) catch (Exception ex) {}

This first invokes the base class, then creates an instance of Clock and an instance ofTimedPlotter, and
connects them together.

The constructors for Clock and TimedPlotter take two arguments, the container (a composite
actor), and an arbitrary name (which must be unique within the container). This example uses the vari
able _toplevel, provided by the base class, as a container. The connection is accomplished by the
connectO method of the composite actor, which takes two ports as arguments. Instances of Clock have
one output port, output, which is a public member, and instances of TimedPlotter have one input
port, input, which is also a public member. We will discuss the try ... catch statement below.

2.2.3 Compiling

Tocompile this class definition, you must first copyTutorialApplet1.Java intoTutorialApplet.java
(Java requires that file names match the names of the classes they contain). Then set the CLASSPATH
environment variable to point to the root of the Ptolemy n tree. For example, in bash, assuming the
variable PTII is set,

bash-2.02$ cd $PTII/doc/tutorial
bash-2.02$ cp TutorialAppletl.java TutorialApplet.java
bash-2.02$ CLASSPATH=$PTII

bash-2.02$ export CLASSPATH

bash-2.02$ javac TutorialApplet.java

(The part before the "$" is the prompt issued by bash). You should now be able to run the applet with
the command:

bash-2.02$ appletviewer tutorial.htm

The result of running the applet is a new window which should look like that shown in tigure 2.4. This
is not (yet) a very interesting applet. Let us improve on it.
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2.2.4 Reporting Errors

The code in figure 2.3 has a try ... catch statement that does something that is almost never a good
idea: it discards exceptions. If an error were to occur during construction of the model, this statement
would mask the error, and the applet would silently fail.

The base class PtolemyApplet, fortunately, provides a report() method (see figure 2.1) for report
ing errors in a uniform way. The modified code is shown in figure 2.5.

2.2.5 Graphical Elements

The applet, as written so far, has the annoying feature that it opens a new window to display the
plotted results, as shown in figure 2.4. Most applets will want to display their results in the browser
window, as part of the text of a web page.

The HmedPlotter actor, and most other Ptolemy II components with graphical elements, imple
ments the Placeable interface. This interface has a single method, setPanel(), which can be used to
specify the panel into which the object should be placed. If this method is not called before the object
is mapped to the screen, then the object will create its own frame into which to place itself. This is

2-6

FIGURE2.4. Result of running the (all too simple) applet of figure 2.3.

package doc.tutorial;
import ptolemy.domains.de.gui.DEApplet;
in^ort ptolemy.actor.lib.Clock;
import ptolemy.actor.gui.TimedPlotter;

public class TutorialApplet extends DEApplet {
public void initO {

super.init();
try {

Clock clock = new Clock(_toplevel,"clock");
TimedPlotter plotter = new TimedPlotter(_toplevel,"plotter")
_toplevel.connect(clock.output, plotter.input);

} catch (Exception ex) {
report("Error constructing model.", ex);

)

}

}

FIGURE 2.5. An improved applet that properly reports errors in model construction. This text can be found
in $Fni/doc/tutorial/TlitorialApplet2.java.
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what happened with our applet, resulting in the frame shown in figure 2.4.

Modified code that places the plot in the applet window itself (an instance of Applet is a Panel) is
shown in flgure 2.6. Note that the size of the plot is now also specified to match the size of the applet,
using the statement:

plotter.plot.setSize(700,300) ;

This line refers to a public member of the plotter object, called "plot," which is an instance of the class
Plot, from the ptolemy.plot package. That class has a method, setSize(), that can be used to control the
size of the plot.

The resulting applet looks like that shown in figure 2.7. In this case, the default layout manager of
the Applet class is allowed to control where the plot is placed. Arbitrarily fine control can be exercised,
however, by placing a new instance of Panel in the applet using any suitable layout manager and then
specifying that panel for the plotter using its setPanel() method. This is done in the next section.

2.2.6 Controlling Execution Time

By default, the director in the DE domain executes a model for one time unit. This does not give a
a very satisfactory plot in figure 2.7. To change the amount of time to 30, include in the body of the
init() method the following line:

_director.setStopTime(30.0) ;

Alternatively, you can set the stop time in the HTML file by setting an applet parameter called "stop-
Time." To set this applet parameter to ICQ, add the line

<PARAM NAME="stopTime" VALUE=''100">

to the <OBJECT> ... </OBJECT> body in figure 2.2, and the parameter

stopTime="100"

package doc.tutorial;
import ptolemy.domains.de.gui.DBApplet;
import ptolemy.actor.lib.Clock;
import ptolemy.actor.gui.TimedPlotter;

piiblic class TutorialApplet extends DEApplet {
public void initO {

super.initO ;
try {

Clock clock = new Clock(_toplevel,"clock*);
TimedPlotter plotter = new TimedPlotter(_toplevel,"plotter");
plotter.setPanel(this);
plotter.plot.setSize(700,300);
_toplevel.connect(clock.output, plotter.input);

} catch (Exception ex) {
report("Error constructing model.", ex);

}

)

)

FIGURE 2.6. A modified applet that places the resulting plot in the browser window itself, as shown in fig
ure 2.7. This text can be found in $FTII/doc/tutorial/l\itorialApplet3.java.
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to the <EMBED> tag. Regrettably, both must be added or the applet will behave differently in IE and
Netscape.

You can instruct the applet to put controls on the screen that allow the appletuser to control the
model execution time with the following line (see figure 2.1):

add{_createRunControls(2));

The argument specifies how many run control buttons to create. A value of "1" or larger requests a
"go" button, while "2" or larger requests both a "go" and a "stop" button. We must also modify the
size of the plotter, as shownin figure 2.8. The size is set so that 50 pixels in the vertical direction are
allowedfor the run controls. The resulting page, withan enteredexecution time of 30, is shown in fig
ure 2.9.

The default stop time in the entry box can be controlled by setting an applet parameter "default-
StopTime." To set this applet parameter so that the default is 100, add the line

<PARAM NAME="defaultStopTime'' VALUE="100">

to the <OBJECT> ... </OBJECT> body in figure 2.2, and the parameter

defaultStopTiine=" 100"

to the <EMBED> tag.

r Tuloiiiil Applel • Nclscape

Tutorial Applet
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FIGURE2.7. Appletwithembeddedplot as displayedin Netscape Navigator.
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In the SDF domain, the corresponding parameters are "iterations" and "defaultlterations." For
other domains, see the documentation for the XXXApplet class, where XXX is the domain name.

2.2.7 Controlling Model Parameters

Most actors in Ptolemy II have parameters that control their behavior. The Clock actor, for exam-

package doc.tutorial;
import ptolemy.domains.de.gui.DEApplet;
import ptolemy.actor.lib.Clock;
import ptolemy.actor.gui.TimedPlotter;
import java.awt.Panel;
import java.awt.Dimension;

public class TutorialApplet extends DEApplet (
public void initO {

super.init();
try {

Clock clock = new Clock(_toplevel,"clock");
TimedPlotter plotter = new TimedPlotter(_toplevel,"plotter");
plotter.setPanel(this);

plotter.plot.setSize(700, 250);
_toplevel.connect(clock.output, plotter.input);
add(_createRunControls(2));

} catch (Exception ex) {

report("Error constructing model.*, ex);
}

FIGURE 2.8. Code that adds execution time controls to the applet and resizes the plotter display to make
room for them. This code can be found in $Pni/doc/tutoriaiyTutorialApplet4.java.
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FIGURE 2.9. Browser view of the applet in figure 2.8.
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pie, has a period parameter. Parameters are generally public members, instances of the class Parame
ter. To change the period of the clock from the default 2.0 to, say, 1.0, add the line to the init() method
of the applet:

clock.period.setExpression{"1.0");

More interestingly, you may wish to offer this control to the applet user. This can be done using built-
in Java classes to create an entry box in the applet, or more easily by using an instance of the Query
class in the ptolemy.gui package.

The code shown in figure 2.10 results in the browser display shown in figure 2.11. The important
changes are shown in bold. First, the class now has a private member .query that is an instance of
Query. In addition, a reference to the Clock actor is now stored in a private member .clock instead of
in a local variable in the init() method. The following lines have been added to the init() method:

.query.setBackground(getBackground());

.query.addLine("period", "Period", "2.0");

.query.addQueryListener(this);
add (.query) ;

package doc.tutorial;
import ptolenv.domains.de.gui.DEApplet;
in^ort ptoleny.actor.lib.Clock;
import ptolemy.actor.gui.TimedPlotter;
import ptolemy.gui.Quory;
import ptolemy.gui.QueryListener;
import java.awt.Pcuael;
import java.awt.Dimension;

public class TutorialApplet extends DEApplet implements QueryListener {
private Query _query a new QueryO;
private Clock .clock;
public void initO {

super. initO;
try (

.clock = new Clock(.toplevel,"clock");
TimedPlotter plotter = new TimedPlotter(.toplevel,"plotter"),
plotter.setPaneKthis);
plotter.plot.setSize(700, 250);
.toplevel.connect(.clock.output, plotter.input);
add(.createRunControls(2));
.query.setBackground<getBackground());

.query.addLine("period", "Period", "2.0");

.query.addQueryListener(this);
add (.query);

} catch (Exception ex) {
report("Error constructing model.", ex);

)

}

public void changed(String name) {

.clock.period.setBiipression(.quezy.stringvalue("period"));
try (

_oo();
} catch (Exception ex) {

report("Error executing model.", ex);

}

)

}

FIGURE 2.10. Code that adds a parameter control to the applet. This code can be found in $FTII/doc/tuto-
rial/TutorialAppletS.java.
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The first of these sets the background color of the query widget to match the background color of the
applet. The second adds a single-line entry box to the query, with name "period," label "Period," and
default entry "2.0." The name is an arbitrary string that can be used elsewhere to refer to this particular
entry in the query. In this applet, the query has only one entry, so giving it a name seems unnecessary.
But in general, a query can have any number of entries, so unique names are necessary.

The third line above informs the query that this applet is a listener, meaning that it should be noti
fied when any entry in the query changes. To be a listener, it must implement the QueryListener inter
face, which requires that a method changed() be implemented. That method is defined as:

public void changed(String name) {

_clock.period.setExpression(_query.stringValue("period"));
try {

_go();

} catch (Exception ex) {

report("Error executing model.", ex);

}

This method is called by the query object whenever an entry in the query changes. The argument is the
name of the entry that changed. In this applet, there is only one entry, so we can ignore the argument.
We use the stringValue() method of the Query class to obtain the text of the entry, and the setExpres-
sion() method of the period parameter to set its value. In addition, we invoke the protected method
_go() of the parent class, DEApplet, to execute the model. Thus, whenever the applet user changes the

I^ Tuloiial Applet - Netscape
:_-£ie £(it fio Conmracatot Help

ll ^ ^ ^ ^ ^
Sack ro-.'/a-.:! Relcad Home Search Netscape Ptrt Security 'ici
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FIGURE 2.11. Browser view of the applet in figure 2.10.
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period parameter, the model automatically executes again.

Notice that the method name setExpression() suggests that the value need not be a number, but
rather can be an expression. Indeed, this is the case. The expression language that is supported is
deflned in the Data Package chapter. In short, ordinary arithmetic operations on constants are sup
ported, as are all the methods of the Java Math class (sin(), cos(), etc.), and some pre-defined constants
(pi, e, i,...). In addition, expressions can symbolically refer to other parameters (by name) contained in
the same container, or contained in the container of the container. Thus, for example, if you have sev
eral actors that you want to have the same parameter value, define a parameter "x" in the container
(composite actor) and set the parameters in the actors to have value "x".

The plot display that is generated by this applet can be improved considerably. The TimedPlotter
actor is somewhat special in that it contains a public member that is not a Parameter, but is rather an
instance of Plot (see the Plot chapter). An instance of Plot can be configured in a large number of
ways. In figure 2.12, we have added the following lines to the applet init() method:

package doc.tutorial;
import ptolemy.domains.de.gui.DEApplet;
in5)ort ptolemy.actor.lib.Clock;
import ptolemy.actor.gui.TimedPlotter;
inport ptolemy.gui.Query;
inport ptolemy.gui.QueryListener;
inport java.awt.Panel;
inport java.awt.Dimension;

public class TutorialApplet extends DEApplet implements QueryListener {
private Query _query = new Query();
private Clock _clock;
public void initO {

super. initO;
try {

_clock = new Clock(_toplevel,"clock");
TimedPlotter plotter = new TimedPlotter(_toplevel,"plotter");
plotter.setPanel(this);
plottar.plot.8etTitlo("clock signal");
plottar.plot.8etZIiabel("tiae");
plotter.plot.setlapulaes(true);
plotter.plot.setConnected(false);
plotter.plot.setUarksStyle("dots");
plotter.plot.setSize(700, 250);
_toplevel.connect(_clock.output, plotter.input);
add(_createRunControls(2));
_query.setBackground(getBackground());
_query.addLine("period", "Period", "2.0");
_query.addQueryListener(this);
add(_query);

} catch (Exception ex) {
report("Error constructing model.", ex);

)

}
public void changed(String name) (

_clock.period.setExpression(_query.stringValue("period"));
try {

_go() ;
} catch (Exception ex) {

report("Error executing model.", ex);
}

}

}

FIGURE 2.12. An applet that extends that in figure 2.10 by configuring the plotter. This code can be found
in $FTII/doc/tutorial/TbtorialApplet6.java.
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plotter.plot.SGtTitle("clock signal");
plotter.plot.setXLabel("time");

plotter.plot.setImpulses(true);

plotter.plot.setConnected(false);
plotter.plot.setMarksStyle("dots") ;

The first line defines a title, and the second defines a label for the horizontal £ixis. The third requests a
"stem plot" style, where a line is drawn vertically from the value to the origin. The fourth requests that
events not be connected by lines, and the last requests that laige dot be placed on each event. The
resulting applet, as viewed by Sun's appletviewer, is shown in figure 2.13. A more detailed example is
shown in the appendix.

2.2.8 Adding Custom Actors

The intent in Ptolemy n is to have a reasonablyrich set of actors in the actor libraries.However, it
is anticipated that modelbuilders will often need to define their own, custom actors. This is relatively
easy to do, as discussed in the following chapter. By convention, when a specialized actor is created
for a particularappletor application, we store that actor in the samedirectory with the appletor appli
cation, rather than in the actor libraries. The actor libraries are for generic, reusable actors.

2.2.9 Using Jar Files

A jar file is a Java Archive File that contains multiple .class files. Applets that are being down
loaded over the net will start up morequickly if all the Java .class files are collected together intoone
or more jar files. This dramatically reduces the number of HTTP transactions.

Models in the Ptolemy 11 demo directories typicallyuse three separatejar files:
• ptolemy/ptsupport.jar — Ajar filecontaining classes from ptolemy.kemel, ptolemy.actor and

other packages, see $PTII/ptolemy/makefile for a complete list;
• ptolemy/domains/^Jo/wim/i/omam.jar—A domain specific jar file such asde.jar, where domain is

replaced by a domain name;

• pto\cmy/doma.ms/domain/dQmo/Demo/Demo.iar — A model-specific jar file. Models with sophis-

^Applet Viewer doc/luloiial/TutoiialApplet.class

clock signal

•0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
time

^Oo liiStop] stoptime: 130 Perioib 5

i:Executicn finished.

FIGURE 2.13. View of the applet in figure 2.12, as displayed by Sun's appletviewer.
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ticated GUIs that use Listeners can result in multiple .class files per .Javafile, so having ajar file
can help download speeds.

The third jar file is not needed if the model resides in a single .class file. To use jar files, you must
modify the HTML shown in 2.2 to read as shown in figure 2.14.

An important downside of usingjar files is that duringJava development, one must regenerate the
jar files each time a Java file is recompiled. If you are developing an applet, you may want to avoid
usingjar files, or only includejar files that are from packages that are not actively being developed.

How Jarfiles are built. To know which jar files in the Ptolemy n tree you might need for your applet,
you need to know how the jar files are constructed. The short story is that every package has ajar file
that includes subpackages. Since the package structure mirrors the directory structure, it is easy to
peruse the Ptolemy 11 tree (rooted at SPTII) and look for jar files. There are a few exceptions; for
example, domain jar files, such as de.jar, do not include the demos, even though the demos are in a
subpackage of the domain package.

The longer story is that the make install rule in Ptolemy n makefiles builds various jar files
that contain the Ptolemy II .class files. In general, make install builds a jar file in each directory that
contains more than one .class file. If a directory contains subdirectories that in turn contain jar files,
then the subdirectory jar files are expanded and included in the upper level jar file. For example, the
$PTII/ptolemy/kemel/makefile contains:

# Used to build jar files
PTPACKAGE = ptolemy.kernel

PTDIST = $(PTPACKAGE)$(PTVERSION)

PTCLASSJAR =

# Include the .class files from these jars in PTCLASSALLJAR

<OBJECT classid='clsid:8AD9C840-044E-llDl-B3E9-00805F499D93*
widths"700"

heights*300*
codebases*http://java.siin.coin/products/plugin/1.2/jinstall-12-win32.cab#Versionsl,2,0,0">

<PARAH NAMEs*code* VALUEs'doc.tutorial.TutorialApplet.class*>
<PARAM NAMES"codebase* VALUEs*

<PAltAH MAHBs'archive" VALUEs"

ptolosv/ptsupport.jar,
ptoleay/doataisa/do/de. jar">

<PARAM NAMEs*type* VALUEs*application/x-java-applet;versionsl.2*>
<COMMENT>

<EMBED types*application/x-java-applet;versionsl.2*
widths*700*

heights"300*
codes *doc/tutorial/TutorialApplet.class *
codebases *../..*

archives"

ptolemy/ptsupport.jar,
ptoleay/doaaina/da/da.jar"

pluginspages *http://j ava.sun.com/product s/plugin/1.2/plugin-install.html *>
</COMMENT>

<NOEMBED>

No JDK 1.2 support for applet!
</NOEMBED>

</EMBED>

</OBJECT>

FIGURE 2.14. An HTML segment that modifies that of figure 2.2 to use jar files. This text can be found in
$Fni/doc/tutorial/tutorialJar.htm.
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PTCLASSALLJARS = \

event/event.jar \
util/util.jar

PTCLASSALLJAR = kernel.jar

In this case make install will build ajar file called kernel. jar that contains all the .class files in
the current directory and the contents of ptolemy/kemel/event/event.jar and ptolemy/kemel/util/
util.jar.

2.2.10 Script for Creating Demo Applets

Most applet authors start with the same set of operations: creating an HTML file and a Java file
defining a class that extends one of the domain-specific applet classes. To help get started, we have
created $PTII/bin/ptmkmodel, a shell script that creates stub flies for a model in the demo directory.
This script is fairly specialized, supporting in particular the construction of Ptolemy U demos. For
example, it assumes the applet will reside in the demo of the directory of the appropriate domain.
Nonetheless, the script does illustrate several useful naming conventions, and may help some other
authors avoid repetitive operations.

The script is invoked with two arguments, the domain and the name of the model. The domain
must be a directory in SFTII/ptolemy/domains, and the name of the model must be a directory that
does not yet exist in $PriI/ptolemy/domains/^/oma//i/demo//Mime. The Ptolemy naming convention for
a model is that the model name starts with a capital letter and has embedded capital letters at the start
of each word. The script creates the model directory and creates several files in the directory.

For example, to create a DE model called Ramp, one would run

$PTII/bin/ptinlanodel de Ramp

Which would create the following files:

• $Pni/ptolemy/domains/de/demo/Ramp/RampApplet.java — Java code defining the applet;
• $PTII/ptolemy/domains/de/demo/Ramp/Ramp.htm— HTML that sets the CLASSPATH and

loads the applet; and

• $PriI/ptolemy/domains/de/demo/Ramp/makefile — A makefile with rules to build and run the
applet.

To build and then run the applet, one would type:

cd $PTII/ptolemy/domains/dG/derao/Ramp
make

make demo

Note that ptmkmodel has a number of limitations.

• The model that is created only works under the DE domain. For other domains, you will need to
substitute in your own actors.

• The models are created in the demo directory under the domain.

You may wish to use this script as a starting point for your own, site-specific script.
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2.2.11 Hints for Developing Applets

Unfortunately, Java plug-in technology is fairly immature. In the current version, we have encoun
tered a number of problems, and have found workarounds that we can share.

Processes Linger After the Browser Quits. Sometimes, after running an applet under a browser, a pro
cess remains live even after the browser has been exited. This appears to be a bug with the just-in-time
(JIT) compiler included in the plug-in. You can configure the plug-in to disable the JIT. On a Windows
installation, the plug-in comes with a control panel (look under Programs in the Start menu). Select the
"advanced" tab, and disable the JIT. This will noticeably slow down your applets, but you will not
have to kill lingering processes.

Difficulty Reloading Applets. While developing applets, it is helpful to be able to reload the applet
after modifying the Java code. In Netscape, you must use Shift-reload, and in IE, Control-reload.
Unfortunately, this does not always cause the applet to be reloaded. A workaround is described on the
Sun website, http://java.sun.com/products/plu]gin/l .2/docs/controlpanel.html. which says:

"Cache JARs in memory. If this option is checked, the applet classes already
loaded will be cached and reused when applet is reloaded. This allows much more
efficient memory use. You should leave this option unchecked ifyou are debugging
an applet or are always interested in loading the latest applet classes. The default
setting is to cache JARs in memory. Warning: turning off this option makes it more
likely that you willget OutOfMemoryErrors, as this reduces sharing ofmemory."

This optionis under the "basic" tab of the samecontrolpaneldescribed in the previous hint.
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Appendix C: Inspection Paradox Example

In this appendix, we show the code for a more detailed and more interesting applet in the DE
domain. This applet illustrates the "inspection paradox," which briefly stated, says that the average
amount of time you wait for Poisson arrivals is twice what you might intuitively expect.

C.l Description of the Problem

The inspection paradox concerns Poisson arrivals of events. The metaphor used in this applet is
that of busses and passengers. Passengers arrive according to a Poisson process. Busses arrive either at
regular intervals or according to a Poisson process. The user selects from these two options by clicking
the appropriate on-screen control. The user can also control the mean interarrival time of both busses
and passengers.

The inspection paradox concerns the average time that a passenger waits for a bus (more precisely,
the expected value). If the busses arrive at regular intervals with interarrival time equal to T, then the
expected waiting time is 7/2, which is perfectly intuitive. Counter intuitively, however, if the busses
arrive according to a Poisson process with mean interarrival time equal to 7, the expected waiting time
is 7, not 7/2. These expected waiting times are approximated in this applet by the average waiting
time. The applet also shows that actual arrival times for both passengers and busses, and the waiting
time of each passenger.

The intuition that resolves the paradox is as follows. If the busses are arriving accordingto a Pois
son process, then some intervals between busses are larger than other intervals. A particular passenger
is more likely to arrive at the bus stop during one of these larger intervals than during one of the
smallerintervals. Thus, the expected waiting time is largerif the bus arrival timesare irregular.

This paradox is calledthe inspection paradox because the passengers are viewed as inspecting the
Poisson process of bus arrivals.

The applet code is listed below, and is included in the demo directory of the DE domain. A
browser window displaying the applet is shown in figure 2.15. In that figure, there are two plots, one
showing the events in the model, namely arrivals of busses and passengers plus the waiting time of
passengers as they boardthe busses. The lowerplot shows a histogram of waiting times,whichhas tin
approximately exponential shape.

C.2 Observations

There are a number of interesting features of this applet. It includes an instance of Query, at the
upper left, with four entries. The first two are entry boxes similar to that in figure 2.10. The third is a
different style of entry called a check box. The fourth is a display-only entry that shows final results
from execution of the model.

The mechanism used to obtain and display final results is interesting. First, notice below that the
applet uses an instance of the Average actor to calculate the average waiting time of a passenger. The
output of this actor is fed an instance of Recorder, an actor that simply stores the data it is given for
later querying. The final value of the average waiting time is obtained in the executionPinishedO
method, which is invoked when the execution of the model is completed.

A secondinterestingfeature of this applet is that in the _go() method,dependingon the state of the
check box query, the model may be modified structurally before it is executed. Subsequent chapters
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will explain precisely the meaning of the methods that are used to accomplish this modification.

C.3 Code Listing

package ptolemy.domains.de.demo.Inspection;

iitport java.applet.Applet;
import java.awt.*;
import java.awt.event.*;
in^ort java.util.Enumeration;

import ptoleii^.kernel.*;
inqjort ptolenv-kemel.util.*;
import ptolemy.data.*;
inq>ort ptolerry.actor.Manager;
inqjort ptolemy.actor.lib-*;
iiiqjort ptolemy.actor.gui. *;
iiiq)ort ptolemy.gui.Query;
import ptoleny.gui.QueryListener;
inport ptoleity.domains.de.kernel.
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import ptolemy.domains.de.lib.*;
import ptoleny.domains.de.gui.DEApplet;
import ptoleny.plot.*;

/** An applet that uses Ptolemy II DE domain to illustrate the inspection paradox.
6author Edward A. Lee and Lukito Muliadi

*/

public class InspectionApplet extends DEApplet implements QueryListener {

miiiiimiiiiiiiiiiiiiimiiiiiiiiiiiiiiiiiniiiiiiiiiiiiiiiiiiii
1111 public methods 1111

/** If the argument is the string "regular*, then set the
* variable that controls whether bus arrivals will be regular
* or Poisson. If the argiiment is einything else, update the
* parameters of the model from the values in the query boxes.
* @param name The name of the entry that changed.
*/

public void changed(String name) (
if (name == "regular") (

.regular = .guery.booleanValue("regular");

)
try {

if (.regular) {
.regularBus.period.setToken(new DoubleToken(.query.doubleValue("busmean")));

} else {

.poissonBus.meanTime.setToken(new DoubleToken(_query.doxibleValue("busmean")));
j)assengerl.meanTime.setToken(new DoubleToken(.query.doubleValue("passmean")))

}
_go();

} catch (IllegalActionException ex) (
throw new IntemalErrorException(ex.toString()) ;

)

)

/*• Override the base class to display the recorded average.

*/

public void executionFinished(Manager manager) {
super.executionFinished(manager);
.query.setDisplay("average", .recorder.getLatest(0));

}

/** Initialize the applet.
*/

public void initO {
super.init 0;
try {

.query = new Query();

.query.setBackground( oetBackaround());

.query.addLine("busmean", "Bus mean interarrival time", "1.0");
_query.addLine("passmean", "Passenger mean interarrival time", "1.0");
_query.addCheckBox("regular", "Regular laus arrivals", false);
.query.addDisplay("average", "Average waiting time of passengers", "");
add(.query);
.query.addQueryListener(this);

// The 2 argument requests a go and stop button.
add(_createRunControls(2)) ;

if (.regular) {
// Create regular bus source.
.regularBus = new Clock(.toplevel, "regularBus");
// Create Poisson bus source, but then remove from the container,
// since it won't be used unless the user toggles the button.
.poissonBus = new Poisson(.toplevel,"poissonBus");
.poissonBus.setContainer(null) ;

) else {
// Create Poisson bus source.
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_poissonBus = new Poisson{_toplevel, 'poissonBus*);
// Create regular bus source, but then remove from the container,
// since it won't be used unless the user toggles the button.
_regularBus = new Clock(_toplevel,"regularBus*);
.regularBus.setContainer(null);

}
// Set default parameters for both sources.
_regularBus.values.setExpression(*[2)•);
_regularBus.period.setToken(new DoubleToken(l.O));
_regularBus.offsets.setExpressionC[0.0]");
_poissonBus.values.setExpression("[2]");
_poissonBus.meanTime.setToken(new DoubleToken(1.0));

// Create and configure the passenger source.
_passengerl = new Poisson(_toplevel, "passenger");
_passengerl.values.setExpression("[1]");
_passengerl.meanTime.setToken(new DoubleToken(1.0));

// Waiting time.
_wait = new WaitingTime(_toplevel, "waitingTime");

// Average actor.
Average average = new Average(_toplevel, "average");

// Record the average.
_recorder = new Recorder(_toplevel, "recorder");

// Create and configure a plotter.
_eventplot = new TimedPlotter(_toplevel, "plot");
_eventplot.setPanel(this);
_eventplot.plot.setGrid(false);
_eventplot.plot.setTitle("Events");
_eventplot.plot.addLegend(0, "Bus");
_eventplot.plot.addLegend(1, "Passenger");
_eventplot.plot.addLegend(2, "Wait Time");
_eventplot.plot.setXLabel("Time");
_eventplot.plot.setYLabel("Wait time");
_eventplot.plot.setXRange(0.0, _getStopTime());
_eventplot.plot.setYRange(0.0, 4.0);
_eventplot.plot.setSize(450, 200);
_eventplot,plot.setConnected(false);
_eventplot.plot.setImpulses(true);
_eventplot.plot.setMarksStyle("dots");
_eventplot.fillOnWrapup.setToken(new BooleanToken(false));

// Create and configure a histogram.
_histplot = new HistograinPlotter(_toplevel, "histplot");
_histplot.setPanel(this);
_histplot.histogram.setGrid(false);
_histplot.histogram.setTitle("Histogram of Waiting Times");
_histplot.histogram.setXLabel("Waiting Time");
_histplot.histogram. setYLabel("Passengers");
_histplot.histogram.setXRange(0.0, 6.0);
_histplot.histogram.setYRange(0.0, 20.0);
_histplot.histogram.setSize(450, 200) ;
_histplot.histogram.setBinWidth(0.2);
_histplot.fillOnWrapup.setToken(new BooleanToken(false));

// Connections, except the bus source, which is postponed.
_busRelation = _toplevel.connect(_wait.waitee, _eventplot.input);
ComponentRelation rel2 = _toplevel.connect(_passengerl.output, _eventplot.input)
_wait.waiter.link(rel2);
ComponentRelation rel3 = _toplevel.connect(_wait.output, _eventplot.input);
_histplot.input.link(rel3);
average.input.link(rel3);
_toplevel.connect(average.output, _recorder.input);
_initCon?)leted = true;

) catch (Exception ex) {
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report("Setup failed:", ex);

}

}

llllllllllllllltlllllllllllllllllllllllllllllllllllllllllllllllllll

H// protected methods ////

/** Execute the model. This overrides the base class to read the

* values in the query box first and set parameters.
* @exception IllegalActionException If the topology changes or the
* model or parameter changes on the actors throw it.
•/

protected void _go() throws IllegalActionException {
// If an exception occurred during initialization, then we don't
// want to run here. The model is probably not complete,
if (!_initCompleted) return;

// If the manager is not idle then either a run is in progress
// or the model has been corrupted. In either case, we do not
// want to run.

if (_panager.getState() != _manager.IDLE) return;

// Depending on the state of the radio button, we may want
// either regularly spaced bus arrivals, or Poisson arrivals.
II Here, we alter the model topology to implement one or the other,
if (_regular) {

try {
_poissonBus.setContainer(null);
_regularBus.setContainer(_toplevel);

) catch (NameDuplicationException ex) {
throw new IntemalErrorException(ex.toString());

)
_regularBus.period.setToken

(new DoubleToken(_query.dotibleValue("busmean"))) ;
_regularBus.output.link(_busRelation);

} else (
try {

_regularBus.setContainer(null);
_poissonBus.setContainer(_toplevel);

) catch (NameDuplicationException ex) {
throw new InternalErrorException(ex.toString());

)
_poissonBus.meanTime.setToken(new DoubleToken(_query.doubleValue("busmean")));
_passengerl.meanTime.setToken(new DoubleToken(_query-(ioubleValue(*passmean")));
_poissonBus.output.link(_busRelation);

>

// The the X range of the plotter to show the full run.
// The method being called is a protected member of DEApplet.
_eventplot.plot.setXRange(0.0, _getStopTime());

// Clear the average display.
_query.setDisplay("average", "");

// The superclass sets the stop time of the director based on
// the value in the entry box on the screen. Then it starts
II execution of the model in its own thread, leaving the user
// interface of this applet live,
super._go();

}

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

11II private variables 1111

11 Actors in the model,

private Query _query;
private Poisson _poissonBus;
private Clock _regularBus;
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private Poisson _passengerl;
private TimedPlotter _eventplot;
private HistogramPlotter _histplot;
private WaitingTime _wait;

// An indicator o£ whether regular or Poisson bus arrivals are desired,
private boolean .regular = false;

// The relation to which links are made and unmade in response to
// changes in the radio button state that selects regular or Poisson
// bus arrivals.

private ComponentRelation .busRelation;

// Flag to prevent spurious exception being thrown by _go() method.
// If this flag is not true, the _go() method will not execute the model,
private boolean .initCompleted = false;

// The observer of the average,
private Recorder .recorder;

Building Models
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3.1 Overview

Ptolemy II is about component-based design. Components are aggregated and interconnected to
construct a model. One of the advantages of such an approach to design is that re-use of components
becomes possible. In Ptolemy II, re-use potential is maximized through the use of polymorphism.
Polymorphism is one of the key tenetsof object-oriented design. It refers to the abilityof a component
to adapt in a controlled way to the type of data being supplied. For example, an addition operation is
realized differently for vectors vs. scalars.

We call this classical form of polymorphism data polymorphism^ because objectsare polymorphic
with respect to data types. A second form of polymorphism, introduced in Ptolemy n, isdomain poly
morphism, where a component adapts in a controlled way to the protocols that are used to exchange
data between components. For example, an additionoperation can accept input data delivered by any
of a numberof mechanisms, including discrete-events, rendezvous, or asynchronous message passing.

Ptolemy includes libraries of polymorphic actors using both kinds of polymorphism to maximize
re-usability. Actors from these libraries can be used in a broad range of domains, where the domain
provides the communication protocol between actors. In addition, mostof these actors are data poly
morphic, meaning that they can operate on a broad range of data types. In general, writing data and
domain polymorphic actors is considerably more difficult than writing more specialized actors. This
chapter discusses some of the issues.

3.2 Library Organization

Two key libraries of domain-polymorphic actors are provided by Ptolemy 11. The actors with
graphicaluser interface (GUI) functions are collected in the ptolemy.actor.gui package, and the rest are
in ptolemy.actor.lib. Domain-specific actors are in ptolemy.domainsjc.lib, where "x" is the domain
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name.

3.2.1 ActonLib

Figure 3.1 shows a UML static structure diagram for the ptolemy.actor.lib package (see appendix
A of chapter 1 for an introduction to UML). All the classes in figure 3.1 extend lypedAtomicActor,
except TimedActor and SequenceActor, which are interfaces. TypedAtomicActor is in the
ptolemy.actor package,and is described in moredetail in the Actor chapter. For our purposes here, it is
sufficient to know that it provides a base class for actors with ports where the ports carry typed data
(encapsulated in objects called tokens).

The grey boxes in figure 3.1 are not standard UML. They are used here to aggregate actors with
common inheritance, or to refer to a set of actors (sources and sinks) that are enumerated later in this
chapter.

None of the classes in figure 3.1 have any methods, except those inherited from the base classes,
which arenotshown. By convention, actors in Ptolemy n expose their ports and parameters as public

iTypeoAiomicActor

Sink

•Interface-
TimedActor

•finput: TypedAtomlcActor(mulll)

AddSubtract MuttipiyDivide

•HTilnus: TypedlOPort
•fplus: Typi^lOPort
•fOUtput: TypedlOPort

•fdlvide: TypedlOPort
•HTiuItlply: TypedlOPort
•foutput: Ty^IOPort

3-2

•foutput: TypedlOPort
•ftrlgger: Type<flOPort(Ttil<en.niuHI)

Transtonner

•finput: TypedlOPoit
•foutput: lypedlOPort

Average

•Interface.

SequenoeAetor

Expression

•fexpression: Parameter
•fOUtput: TypedlOPort
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•JIme: double

•freset: TypedlOPort

ExponentialExpression 1
i.
if

Sine

•fexpression: Parameter(Strlng) •fexponent: Parameter(DoubleTolcen)
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Scale 1 AbsoluteValue

•fgain: Parameter

Commutator OiatrilNitor

FIGURE 3.1. Organization of actors in the ptolemy.actor.lib package.
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members, and much of the functionality of an actor is accessedthrough the ports and parameters.
Many of the actors in this package are transformers, which extend the Transformer class. These

actors read input data, modify it in some way, and produce output data. AddSubtract, MultiplyDivide,
and Expression are also transformers,but they do not extend Transformerbecause they have somewhat
unconventional port names (or in the case of Expression, no pre-defined ports at all).

The interfaces TimedActor and SequenceActor play a very important role in this library. They are
empty interfaces (no methods), and hence are used only as markers. An actor that implements
SequenceActor declares that its inputs are assumed to be sequences of distinct data values, and that the
outputs it produces will be sequences of distinct data values. Thus, for example, the Average actor
computes a running average of the input tokens. By contrast. Sine does not implement SequenceActor,
because it does not care whether the input is a sequence. In particular, the order in which inputs are
presented is irrelevant, and whether a particular input is presented more than once is irrelevant. Imple
menting the TimedActor interface declares that the current time in a model execution affects the
behavior of the actor.

Some domains can only execute a subset of the actors in this library. In particular, some domains
cannot handle actors that implement SequenceActor. For example, the CT domain (continuous time),
which solves ordinary differential equations, may present data to actors that represents arbitrarily
closely spaced samples of a continuous-time signal. Thus, the data presented to an actor cannot be
viewed as a sequence, since the domain determines how closely spaced the samples are. For example,
the Average actor would produce unpredictable results, since the spacing of samples is likely to be
uneven over time. Thus, it is up to the director in the CT domain to reject actors that implement
SequenceActor.

Currently, all domains can execute actors that implement TimedActor, because all directors pro
vide a notion of current time. However, the results may not be what is expected. The SDF domain
(synchronous dataflow), for example, does not advance current time. Thus, if it is the top-level
domain, current time will always be zero, which is likely to lead to some confusion with timed actors.

3.2.2 Actor.GUI

Figure 3.2 shows a UML static structure diagram for the ptolemy.actor.gui package. These actors
all have graphical user interface (GUI) functions. The TimedPlotter, for example, which was used in
the previous chapter, displays a plot of its input data as a function of time. SequencePlotter, by con
trast, ignores current time, and uses for the horizontal axis the position of an input token in a sequence
of inputs. XYPlotter, by contrast, uses neither time nor the sequence number, and therefore imple
ments neither TimedActor nor SequenceActor. All three are derived from Plotter, an abstract base
class with a public member, plot, which implements the plot.

This package includes the Placeable interface, discussed in the previous chapter. Actors that
implement this interface have graphical widgets that a user of the actor may wish to place on the
screen. The setPanel() method is used to specify where to place the graphical element.

3.3 Data Polymorphism

A data polymorphic actor is one that can operate on any of a number of input data types. For exam
ple, AddSubtract can accept any type of input. Addition and subtraction are possible on any type of
token because they are defined in the base class Token.

Figure 3.3 shows the methods defined in the base class Token. All data exchanged between actors
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in Ptolemy is wrapped in an instance of Token (or more precisely, in an instance of a class derived
from Token). Notice that add() and subtract() are methods of this base class. This makes it easy to
implement a data polymorphic adder.

3*4

i
TypedAtomicActori

PlaeeaMa

+setPanel(p: Panel)

•Interface"

TlmgdAetor

r

j

A A A'

Piottar

-ffiilOnWrapup: Parameter(BooleanToken)
•fplot: Plot

a I

HistogramPlotter

•ftillOnWiapup: Parameter(Boole3nToken)
•fhistogram: Histogram
•flnput: Type<llOPort(DoubleToken)

TimadPlotter SequencePlottef

-»input: TypetllOPoftlDoutileToken) ♦input: TypetllOPoil(DoubleToken)

XYPIotter

♦X: TypedlOPoft(OoubleToken)
♦y: Type<ilOPort(Dout)leToken)

FIGURE 3.2. Organization of actorsin the ptolemy.actor.gui package.
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FIGURE 3.3. TheTokenclassdefines a polymorphic interface that includes basicarithmetic operations.
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The fire method of the AddSubtract actor is shown in figure 3.4. In this code, we first iterate
throughthe channels of plus input. The first token read (by the get() method) is assigned to sum. Sub
sequently, the polymorphic add() method of that token is used to add additional tokens. The second
iteration, over the channels at the minus input port, is slightly trickier. If no tokens were read from the
plus input, then the variable sum is initialized by calling the polymorphic zero() method of the flrst
tokenread at the minus port. The zero()method returns whatever a zero value is for the tokenin ques
tion.

Not all classes derived from Token override all its methods. For example, StringToken overrides
add() but not subtract(). Adding strings means simply concatenating them, but it is hard to assign a rea
sonable meaning to subtraction. Thus, if AddSubtract is used on strings, then the minus port had better
never receive tokens. It may be simply left disconnected, in which case minus.getWidth() returns zero.
If the subtractO method of a StringToken is called, then a runtime exception will be thrown.

3.4 Domain Polymorphism

Most actors access their ports as shown in figure 3.4, using the hasToken(), get(), and broadcast()
methods. Those methods are polymorphic, in that their exact behavior depends on the domain. For
example, get() in the CSP domain causes a rendezvous to occur, which means that the calling thread is
suspended until another thread sends data to the same port (using, for example, the broadcast() method
on one of its ports). Correspondingly, a call to broadcast() causes the calling thread to suspend until
some other thread calls a corresponding get(). In the PN domain, by contrast, broadcast() returns
immediately (if there is room in die channel buffers), and only get() causes the calling thread to sus
pend.

Each domain has slightly different behavior associated with hasToken(), get(), broadcast() and
other methods of ports. The actor, however, does not really care. The fire() method shown in figure 3.4

public void fireO throws IllegalActionException {
Token sum = null;
for (int i = 0; i < plus.getWidth(); i++) {

if (plus.hasToken(i)) (
if (sum == null) {

sum = plus.get(i);
} else {

sum = sum.add(plus.get(i));
)

)

}
for (int i = 0; i < minus.getWidth(); i++) {

if (minus.hasToken(i)) {

Token in = minus.get(i);
if (sum == null) {

sum = in.zeroO ;

}
sum = sum.subtract(in);

)

}
if (sum != null) (

output.broadcast(sum);
}

)

FIGURE 3.4. The fire() method of the AddSubtract shows the use of polymorphic add() and subtractO meth
ods in the Token class (see figure 3.3).
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will work for any reasonable implementation of these methods. Thus, the AddSubtract actor is domain
polymorphic.

Domains also have different behavior with respect to when the fire() method is invoked. In pro
cess-oriented domains, such as CSP and PN, a thread is created for each actor, and an infinite loop is
created to repeatedly invoke the fire() method. Moreover, in these domains, hasToken() always returns
true, since you can call get() on a port and it will not return until there is data available. In the DE
domain, the fire() method is invoked only when there are new inputsthat happen to be the oldestones
in the systems, andhasToken() returns trueonly if thereis newdata on the inputport.

The simplest domain polymorphic actors are stateless^ meeming that they store no data from one
firing to thenext. Such actors might alsobecalledfunctional^ since theoutput is a function of theinput
(only). For such actors, it is evident that when the fire() method is invoked is not important. The
AddSubtract actor, for example, simply operates on whatever inputs are available. Tounderstand how
actors with state behave, we need to explain how actors are invoked.

3.4.1 Iterations

Invocation of actors in all domains follows a particular sequence. First, the initialize() method is
invoked, exactly once. This method is invoked prior to type resolution, so the types of the ports may
not have yet been determined. At the end of the execution, the wrapupO method is invoked, again
exactly once(unless an exception occurs, in which case it maynot be invoked at all).

An iteration of an actoris defined to be one invocation of prefire(), anynumber of invocations of
fire(), and one invocation ofpostfire(). An execution isdefined tobeone invocation ofinitialize(), fol
lowed by any number of iterations, followed by one invocation of wrapup(). The methods initialize(),
prefireO, fire(), postfire(), and wrapupO are called the action methods.

For moredetails, see the ActorPackagechapter.

3.4.2 Domains with Fixed Point Semantics

The reason forallowing aniteration toconsist of any number ofinvocations of the fire() method is
that some domains hzwQfixed-point semantics. This means that the tokens produced atthe output con
verge during an iteration to a final, correct value. Early in an iteration the output values may be
approximations, ormay be absent. The semantics ofthe domain is that only the last outputs produced
in the iteration are correct.

For example, directors in the CT domain, which models continuous-time systems, begin an itera
tion by estimating the time step that the iteration should take toget reasonable accuracy. They invoke
the prefireO method of all actors, then the fire() method. They then query the actors to determine
whether the results were sufficiently accurate. Domain-polymorphic actors are always content with the
result, but some domain-specific actors may respond with "no, the time step was too big." The director
then needs to recalculate the time step, and re-invoke the fire() methods of all the actors. Once all
actors respond that the results are acceptable, the postfire() methods of all the actors are invoked.

Thenotion thattheactors can specify whether the result is acceptable means thatan iteration con
cludes when all actors are content (the solution has converged). That is, given the observed inputs, the
output produced by each actor is correct. This is called afixed point by analogy with the following
mathematical equation:

fix) = X. (1)
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A solution Xto this equation is called a fixed point of the function /. A candidate solution jc is "accept
able" to the function if when presented as an argument to the function, the result of the function is
equal to x. In general,x may be a vector.The analogy, therefore, is thatx is a vector of values of all sig
nals at the conclusion of an iteration, and/is the collective effect of all the actors. The values in the
vector Xare acceptable if all actors find their current outputs consistent with their current inputs.

3.4.3 Actors with State

The fact that the fire() method may be invoked with approximate inputs, and may be permitted to
produce approximate outputs has fairly profound implications on the design of domain-polymorphic
actors. In particular, if the actor maintains state information, then it should not update that state until
the postfireO method, after convergence has been reached.

It is instructive to examine the fire() and postfire() methods of the Average actor, shown in figure
3.5. This actor extends Transformer, which provides ports named input and output. It adds an addi
tional port called reset. Its state is stored as private variables, _sum and _count. The _sum variable is
the sum of all inputs it has seen. Clearly, it should sum only input values that are the final values of an
iteration, not approximate or tentative values. The _count variable counts the number of iterations,
which in general may be fewer than the number of invocations of the fire() method.

The general strategy here is to create two shadow variables, _latestS\iin and _latestCount,
and update these in the fire() method. The postfireO method then simply copies the values of these
variables into the permanent state variables, _sum and _count.

Examining the fire() method, we see that the first thing it does is to set _latestSum and
_latestCount equal to the permanent state variables. Thus, if the fire() method has been previously
invoked in this iteration, the results of that invocation are now discarded.

The fire() method then checks to see whether there is a reset input, and if there is, it sets the
shadow variables accordingly, as if this were the first input being seen. It then obtains an input, and
uses the polymorphic add() method of the input token to add the input to the shadow sum. Finally, it
uses the polymorphic divide() method of the input token to divide by the total number of inputs seen
since the last reset.

3.5 Descriptions of Libraries

Here we briefly describe the actors in the ptolemy.actor.lib and ptolemy.actor.gui libraries. This
should be viewed as a summary only. Refer to the class documentation for a complete description of
these actors. The summary is useful, however, because these actors are carefully designed to be exten
sively re-usable. Some general terms that may be useful in interpreting the descriptions are:

lub: Least upper bound, referring particularly to data types. For typical data polymorphic actors,
the output data type is the lub of the input data types. This means that each input data type can be
losslessly converted to the type of the output. In some cases, the output data type also depends on
the type of parameters. See the Type System chapter for more detail.

multiport: A port that links to any number of channels. Ports described below are multiports only
if they say so explicitly. Multiports can be left disconnected in all domains, in which case no
inputs are read. Multiports resolve to a single data type, so all channels must have the same data
type.
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public class Average extends Transformer {

public TypedlOPort reset;

private Token _sum;
private Token _latestSum;
private int _count = 0;
private int _latestCount;

public void initialize(} throws IllegalActionException {
super.initialize();
_count = 0;
_sum = null;

)

public void fireO throws IllegalActionException {
try {

_latestSvim = _sum;
_latestCount = _count + 1;
// Check whether to reset,

for (int i = 0; i < reset.getWidth(); i++) {
if (reset.hasToken(i)) {

BoolecUiToken r = (BooleanToken)reset.get(0);
if (r.booleanValueO) {

// Being reset at this firing.
_latestSum = null;
_latestCount = 1;

}

}

)
Token in = input.get(O);
if (_latestSum == null) {

_latestSisn = in;
} else {

_latestSum = _latestSum.add(in);
)
Token out = _latestSum.divide(new IntToken(_latestCount));
output.broadcast(out);

} catch (IllegalActionException ex) {
// Should not be tlirown because this is an output port,
throw new IntemalErrorException(ex.getHessage()) ;

}

)

public boolean postfireO throws IllegalActionException {
_sum = _latestSum;

_count = _latestCount;
return super.postfire();

)

Actor Libraries

FIGURE 3.5. Thefire() andpostflreO methods of theAverage actorshow how state is updated onlyinpost
fireO.
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It is also useful to know some general patterns of behavior.
• Unless otherwise stated, actors will read at most one input token from each input channel of each

inputport, and will produceat most one output token.No output token is producedunless there are
input tokens.

• Unless otherwise stated, actors implement neither SequenceActor nor TimedActor.

3.5.1 Functional Actors

The functional actors in the ptolemy.actor.lib are shown in figure 3.1. They are summarized here.

AbsoluteValue

Ports: input (DoubleToken), output (DoubleToken).

Produce an output token on each firing with a value that is equal to the absolute value of the input.

AddSubtract

Ports: plus (multiport, polymorphic), minus (multiport, polymorphic), output (\ub(plus, minus)).

Add tokens on the plus input and subtract tokens on the minus input.

Maximum

Ports: input (multiport, DoubleToken), output (DoubleToken).

Produce an output token on each firing with a value that is the maximum of the input values.

Minimum

Ports: input (multiport, DoubleToken), output (DoubleToken).

Produce an output token on each firing with a value that is the minimum of the input values.

MultiplyDivide
Ports: multiply (multiport, polymorphic), divide (multiport, polymorphic), output (lub(mM/np/y,

divide)).

Multiply tokens on the multiply input and divide by tokens on the divide input.

Quantizer
Ports: input (DoubleToken), output (DoubleToken).
Parameters: levels (DoubleMatrixToken).

Produce an output token with the value in levels that is closest to the input value.

Scale

Ports: input (polymorphic), output (\ub(input, gain)).
Parameters: gain (polymorphic).

Produce an output that is the product of the input and the gain.

Sine

Ports: input (DoubleToken), output (DoubleToken).
Parameters: amplitude (DoubleToken), omega (DoubleToken), phase (DoubleToken).

Produce an output token with value equal to amplitude X sm{{omega X input) + phase). Note that
this can be used to compute a cosine by setting phase to -PI/2.
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3.5.2 Polymorphic Sources

Source actors are shown in figure 3.6. All of these actors have a trigger input, which is a multiport
specifically so that it can be left disconnected in all domains (if disconnected, it has width zero). The
trigger input can be used to force an output in domains where the firing of an actor is driven by input
data. In DE, for example, it causes the current value of the source to be produced at the time stamp of
the trigger input. In SDF and PN, if the trigger input is not connected, then the actor simply fires often
enough to supply the destination actors with tokens.

Those sources that implement TimedActor have a parameter stopHme. When the current time of
the model reaches this time, then postfire() returns false, requesting of the director that this actor not be
invoked again. This can be used to generate a finite source signal. By default, this parameter has value
0.0, which indicates unbounded execution.

Some of these source actors use the fireAt() method of the director to request firing at particular
times. Such actors will fire repeatedly even if there is no trigger input,even in domains (like DE) that
fire actors only in response to input events. The fireAt() method schedules an event in the future to
refire the actor.

Those sources that implement SequenceActorhave a parameteryirmgCoMn/L/m/r. When the num
ber of iterations of the actor reaches this limit, then postfire() returns false, requesting of the director
that thisactornotbe invoked again. Thiscanbe used to generate a finite source signal. Bydefault, this
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FIGURE3.6. Sourceactors in the ptolemy.actor.lib package.
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parameter has value 0, which indicates unbounded execution.

Bernoulli

Ports: trigger (input multiport, Token), output (BooleanToken).
Parameters: trueProbability (DoubleToken), seed (LongToken).

Produce a random sequence of booleans (a source of coin flips).

Clock (implements TimedActor)
Ports: trigger (input multiport. Token), output (lub(elements of values)).
Parameters: offsets (DoubleMatrixToken), period (DoubleToken), values (MatrixToken), stop-

Time (DoubleToken).

Produce a piecewise-constant, periodic signal (or at minimum, a sequence of events corresponding
to transitions in this signal). This actor uses fireAt() to schedule firings when time matches the
transition times.

Const

Ports: trigger (input multiport. Token), output (type of value).
Parameters: value (polymorphic).

Produce a constant output with value given by value.

Currentlime (implements TimedActor)
Ports: trigger (input multiport. Token), output (DoubleToken).
Parameters: stopTime (DoubleToken).

Produce an output token with value equal to the current time.

Gaussian

Ports: output (DoubleToken).
Parameters: mean (DoubleToken), standardDeviation (DoubleToken), seed (LongToken).

Produce a random sequence where each output is the outcome of a Gaussian random variable.

Poisson

Ports: trigger (input multiport. Token), output (lub(elements of values)).
Parameters: meanTime (DoubleToken), values (MatrixToken), stopTime (DoubleToken).

Produce a piecewise-constant signal where transitionsoccur according to a Poisson process (or at
minimum, a sequence of events corresponding to transitions in thissignal). This actoruses fireAt()
to schedule firings at time intervals determined by independentand identicallydistributed expo
nential random variables with mean meanTime.

Pulse (implements SequenceActor)
Ports: trigger (input multiport. Token), output (lub(elements of values)).
Parameters: indexes (IntMatrixToken), values (MaXiixToken),firingCountLimit (IntToken)

Produce a sequence of values at specified iterations.
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Ramp (implements SequenceActor)
Ports: trigger (input multipoit. Token), output (lub(//i/r, step)).
Parameters: i/i/r (polymorphic), step (polymorphic), (IntToken)

Produce a sequence that begins with the value given by init and is incremented by step after each
iteration.

3.5.3 Polymorphic Sinks and Displays

The followingactors are in the ptolemy.actor.lib package (see figure3.7) if they have no graphical
component, and in ptolemy.actor.gui (see figure 3.8) otherwise. Several of the plotters have afillOn-
Wrapup parameter, which has a boolean value. If the value is true (the default), then at the conclusion
of the executionof the model, the axes of the plot will be adjusted to just fit the observeddata.

FileWrite

Ports: input (multiport. Token).
Parameters: filename (StringToken).

Write the string representation of input tokens to the specified file or to standard out.

HistogramPlotter
Ports: input (multiport, DoubleToken).
Parameters: fillOnWrapup (BooleanToken).

Display a histogram of the data on each input channel.

Print

Ports: input (multiport. Token).

Display a stringrepresentation of the dataon eachinputchannel in a text areaon the screen.

Recorder

Ports: input (multiport. Token).

Record the inputs for later querying. This actor isused extensively inthe Ptolemy 11 test suites, and
can also be used to collect data for display at the conclusion of an execution.

3-12
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-record: UnkedList

•JitneReccrd: UnkedUst

•fgetRecordCchannel: int): Enunieration(Token)
•t^etTitneRecofdQ: Enumefation(Double)

FIGURE3.7. Sink actors in the ptolemy.actor.lib package.

•filename: Paranrieter(Stfing)
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SequencePlotter
Ports: input (multiport, DoubleToken).
Parameters: fillOnWrapup (BooleanToken).

Display a plot of the data on each input channel vs. the iteration count for the actor.

TimedPlotter

Ports: input (multiport, DoubleToken).
Parameters: fillOnWrapup (BooleanToken).

Display a plot of the data on each input channel vs. the current time when the data is consumed.

XYPlotter

Ports: inputX (multiport, DoubleToken), inputY (multiport, DoubleToken).
Parameters: fillOnWrapup (BooleanToken).

Display a plot of the data on each inputXchannel vs. the data on the corresponding inputYchannel.

3.5.4 Expression Actor

One particularlypowerful actor is the Expressionactor, which can have any number of input ports,
and produces an output that is an arbitrary expression involving the inputs. The expressionjust refers

{TypedAtomicAct(

Plotter

••finOnWrapup: Parafneter(BooieanTol(en)
•plot: Plot

-O •»8etPanel(p: Panel)

HistogramPlotter

•fillOnWrapup: PaiameterfBooleanToken)
•histogram: Histogram
••input: Type<llOPort(DoubleToken)

SequencePlotter

••input: TypecllOPoil(DoubleToKen) ••input: TypedlOPort(DoubleToken)

XYPIottef

••X: TypadlOPort(Doub!eToken)
:Ty^lOPoft(DoubieToken)

FIGURE 3.8. Display actors in the ptolemy.actor.gui package.
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••input: TypedlOPort(multipoft)
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to the inputs by the name of the port. The expression language is described in the Data Package chap
ter. Notice that by default, there are no input ports. The user of this actor must create ports (instances of
Type^OPort) and add them to this actor by calling their setContainer() method. The expression can
also refer to current time by the variable "time" and to the current iteration count by the variable "iter
ation."

Expression
Ports: output (polymorphic).
Parameters: expression (polymorphic).

On each firing, evaluate the expressionparameter,whose value is set by an expressionthat may
include references to any input ports that have been added to the actor.

3.5.5 Other Actors

Average (implements SequenceActor)
Ports: input (polymorphic), output(typeof input), reset (multiport, BooleanToken).

Produce on each firing the average of all the inputs received since the last true on reset. The reset
input may be left disconnected.

Commutator (implements SequenceActor)
Ports: input (multiport, polymorphic), output (type of input).

Interleave thedataon theinput channels intoa single sequence on theoutput.

Distributor (implements SequenceActor)
Ports: input (polymorphic), output (multiport, type of input).

Distribute thedata onthe input sequence into a multiple sequences ontheoutput channels.
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Author: Edward A. Lee

4.1 Overview

Ptolemy is about component-based design. The domains define the semantics of the interaction
between components.This chapter explains the common, domain-independent principles in the design
of components that are actors. Actors are components with input and output that at least conceptually
operate concurrently with other actors.

As explained in the previous chapter, some actors are designed to be domain polymorphic, mean
ing that they can operate in various domains. Others are domain specific. Refer to the domain chapter
in part 3 for domain-specific informationrelevant to the design of actors. This chapter explains how to
design actors so that they are maximally domain polymorphic. This minimizes the amount of dupli
cated code between domains.

As also explained in the previouschapter,many actors are also data polymorphic. This means that
they can operate on a wide variety of token types. This chapter explains how to design actors so that
they are maximallydata polymorphic.This minimizes the amount of duplicatedcode in actor libraries.

Code duplication can be also be avoided using object-orientedinheritance. Inheritance can also be
used to enforce consistency across a set of classes. Figure 3.1, which shows a UML static-structure
diagram for an actor library, shows three base classes. Source, Sink, and Transformer, which exist to
ensure consistent naming of ports and to avoid duplicating code associated with those ports (although
there is not much code there). The fact that these three classes are the base classes for many of the
actors in the library means that a user of the library can guess that an input port is named "input" and
an output port is named "output," and he will probably be right. It is unlikely that an input port would
be named "in" or "inputSignal" or something else. This sort of consistency helps to promote re-use of
actors because it makes them easier to use. Thus, we recommend using a reasonably deep class hierar
chy to promote consistency.
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4.2 Anatomy of an Actor

The basic stracture of an actor is shown in figure 4.1. In that figure, keywords in bold are features
of Ptolemy n that are briefly described here and described in more detail in the chapters of part 2. Ital
ics is used to indicate text that would be substituted with something else in an actual actor definition.

We will go over this structure in detail in this chapter. The source code for existing Ptolemy n
actors, located mostly in $FriI/ptolemy/actor/lib, should also be viewed as a key resource.

4.2.1 Ports

By convention, ports are public members of actors. They mediate input and output. Figure 4.1
shows a single port portName that is an instance of lypedlOPort, declared in the line

public TypedlOPort portName;

Most ports in actors are instances of TypedlOPort, unless they require domain-specific services, in
which case they may be instances of a domain-specific subclass such as DEIOPort. The port is actually
created in the constructor by the line

portName = new TypedlOPort (this, "portName", true, false);

The first argument to the constructor is the container of the port, this actor. The secondis the name of
theport, which can beanystring, but by convention, is thesameas theas thename of the public mem
ber. The third argument specifies whether the port is an input (it is in this example), and the fourth
argument specifies whetherit is an output(it is not in this example). There is no difficulty with having
a port that is both an input and an output, but it is rarely useful to have one that is neither.

Multiports andSingle Ports. A port canbea single portora multiport. Bydefault, it is a single port. It
can be declared to be a multiport with a statement like

porCi^ajne. setHultlport (true) ;

All ports have a width. If the port is not connected, the width is zero. If theport is a single port, the
width can bezero or one. If theport is a multiport, thewidth canbelarger than one. A multiport medi
ates communication over any number of channels.

Reading and Writing. Data (encapsulated in a token) can be sent to a particular channel of an output
multiport with the syntax

portName. send (channelNumher, token) ;

where channelNumber is the number of the channel (beginningwith 0 for the first channel).The width
of the port, the number of channels,can be obtainedwith the syntax

int width = portWanie.getWidth() ;

A token can be sent to all channels (or none if there are none) with the syntax
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/•• Javadoc comment for the class. •/
public class ClassName extends BaseClass inplements MaricerInterface {

/** Javadoc comment for constructor. */
public Class//aa>e(TypedCoapositeAetor container. String name)

throws NaneDuplicationExeeption, IllegalActionBxception (
super(container, name);
// Create and configure ports, e.g. ...
portName = new TypedlOPort (this, 'portName', true, false);
// Create and configure parameters, e.g. ...
parameterName = new Paraffleter(this, •parameterWarae");
parameterMame.setTypeSquala(DoubleToken.class);

}

///////////////////////////////////////////////////////////////////
//// ports and parameters 1111

/** Javadoc conaoent for port. * I
public TypedlOPort portName:

/** Javadoc comment for parameter. */
public Parameter parameterName;

111111 m 11111111!1111 n u 11111111111 n 1111111! I m I! I m!11 u 11 m
1111 public methods 1111

!** Javadoc comment for method. */
public Object clone(Workspace ws) throws CloneNotSupportedBxception {

ClassNhme newobj = (Ciass^Vame) super, clone (ws) ;
newobj. portName = (TypedlOPort) newobj. getPort ('portName');
newobj .parameterName = (Parameter) newobj. get&ttribute ('parameterName*) ;
return newobj;

}

/** Javadoc comment for fire method. * I

public void fireO {
super, fire0;
... read inputs and produce outputs ...

}

/•* Javadoc comment for initialize method. *l

public void initialize() (
super.initialize0;
— initialize local variables ...

)

/** Javadoc comment for prefire method. •/
public boolean prefire() (

... determine whether firing should proceed and return false if not ...
return super.prefireO ;

}

/** Javadoc comment for postfire method. *I
public boolean postfire() {

... update persistent state ...

... determine whether firing should continue to next iteration and return false if not
return super.postfireO ;

}

/** Javadoc comment for wrapup method. */
public void wrapup() {

super.wrapupO;
... display final results ...

}

FIGURE 4.1. Anatomy of an actor.
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portName.broadcast (token) ;

A token can be read from a channel with the syntax

Token token = portName.got {channeINumber) ;

You can query an input port to see whether such a get() will succeed (whether a token is available or
can be made available) with the synteix

boolean tokenAvailable = partName .h&sTokon (channelNumber) ;

You can also query an output port to see whether a send() will succeed using

boolean spaceAvailable = portWame.hasRoom (channelNumber) ;

although with most current domains, the answer is always true.

Ptolemy II includes a sophisticated typesystem, described fully in the TVpe System chapter. This
type system supportsspecification of type constraints in the form of inequalitiesbetween types.These
inequalities can be easily understood as representing the possibility of lossless conversion. Type a is
less than type ^ if an instance of a can be losslessly converted to an instance of b. For example,
IntToken is less than DoubleToken, which is less than ComplexToken. However, LongToken is not
less than DoubleToken, andDoubleToken isnotless than LongToken, so these two types aresaid to be
incomparable.

Suppose that you wish toensure that the type ofanoutput is greater than orequal to the type ofa
parameter. You can do so by putting the following statement in the constructor:

portitfaine. setTypeAtLeast {parameterName) ;

This iscalled a relative type constraint because it constrains the type of one object relative tothe type
ofanother. Another form ofrelative type constraint forces two objects tohave the same type, but with
out specifying what that type should be:

portName.BotTypo8osa.oKB (parameterName) ;

These constraints could be specified in the other order,

parameterName. BotTypoSosaoAo (portName) ;

which obviously means the same thing, or

parajneterWame. setTypeAtLeast (portName) ;

which is not quite the same.

Another common type constraint is an absolute type constraint, which fixes the type of the port
(i.e. making it unimorphic rather than polymorphic),
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portName. setTypeE(2ua.ls (Doubl©Token. class) ;

Theabove linedeclares that theportcanonlyhandledoubles. Another form of absolute typeconstraint
imposes an upper bound on the type,

portName.setTypeAtMost(ComplexToken.class};

whichdeclares that any type that can be losslessly convertedto ComplexToken is acceptable.
If no type constraints are given for any ports of an actor, then by default, the output ports are con

strained to have at least the type(s) of the input ports. If any type constraints are given for any ports in
the actor, then this default is not applied for any of the other ports. Thus, if you specify any type con
straints, you should specify all of them. For full details of the type system, see the Type System chap
ter.

Examples. To be concrete, consider first the code segment shown in figure 4.2, from the Transformer
class in the ptolemy.actor.lib package. This actor is a base class for actors with one input and one out
put. The code shows two ports, one that is an input and one that is an output. By convention, the Java-
doc^ comments indicate type constraints on the ports, if any. If the ports are multiports, then the
Javadoc comment will indicate that. Otherwise, they are assumed to be single ports. Derived classes
may change this, making the ports into multiports, in which case they should document this fact in the

public class Transformer extends TypedAtomicActor {

/** Construct an actor with the given container and name.
* @param container The container.
* @param name The name of this actor.
* Sexception IllegalActionBxception If the actor cannot be contained
* by the proposed container.
* Sexception NameDuplicationException If the container already has an
* actor with this name.

*/

public Transformer(TypedCompositeActor container. String name)
throws NcuneDuplicationException, IllegalActionBxception {

super(container, name);
input = new TypedIOPort(this, "input", true, false);
output = new TypedIOPort(this, "output", false, true);

)

lllllllllllllllllllllllllllllllllimilllllllllllllllllllllllllllll

till ports and parameters ////

/** The input port. This base class imposes no type constraints except
* that the type of the input cannot be greater than the type of the
* output.
*/

public TypedlOPort input;

/** The output port. By default, the type of this output is constrained
* to be at least that of the input.
*/

public TypedlOPort output;

FIGURE 4.2. Code segment showing the port deflnitions in the Transformer class.
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class comment. Derived classes may also change the type constraints of a port.
An extension of Transformer is shown in figure 4.3, the Scale actor. This actor produces an output

token on each firing with a value that is equal to a scaled version of the input. The actor is polymorphic
in that it can support any token type that supports multiplication by the gain parameter. In the construc
tor, the output type is constrained to be at least as general as both the input and the gain parameter.

Notice in figure 4.3 how the fire() method uses hasToken() to ensure that no output is produced if
there is no input. This is generally the behavior of domain-polymorphic actors. Notice also how it uses
the multiplyO methodof the Tokenclass. This method is polymorphic. Thus, this gain actor can oper
ate on any token type that supports multiplication, including all the numeric types and matrices.

4.2.2 Parameters

Likeports,by convention, parameters are public members of actors. Figure4.3 shows a parameter
gain that is an instance of Parameter, declared in the line

public Parameter gain;

public class Scale extends Transformer (

public Scale(TypedConqpositeActor container. String name)
throws NcuneDuplicationException, IllegalActionException {

super(container, name);
gain = new Parameter (this, "gain*, new IntTolcen(l)) ;

// set the type constraints,
output.setiypeAtLeast(input);
output.setTypeAtLeast(gain);

}

///////////////////////////////////////////////////////////////////
//// ports and parameters ////

/** The gain. The default value of this parameter is the integer 1. */
public Parameter gain;

///////////////////////////////////////////////////////////////////
IIII public methods ////

/** Confute the product of the input and the <i>gain</i>.
• If there is no input, then produce no output.
• ©exception IllegalActionException If there is no director.
•/

public void fireO throws IllegalActionException {
i f (input. hasTo)cen (0)) {

To)cen in = input.get(O) ;
Tolcen gainTolcen = gain.getTo)cen();
Tolcen result = gainTo)cen.multiply(in) ;
output.broadcast(result);

}

}

FIGURE 4.3. Code segment from theScale actor, showing thehandling of ports andparameters.

1. Javadoc is a program that generates HTML documentation from Java files based on comments enclosed in "/**
... *r\
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and created in the line

gain = new Parsimeter(this, "gain", new IntToken(1));

The third argument to the constructor, which is optional, is a default value for the parameter. In this
example, the gain parameter defaults to the integer one.

As with ports, you can specifytype constraints on parameters. The most commontype constraintis
to fix the type, using

parameterName. setTypeEquals (DoubleToken. class} ;

In fact, exactly the same relativeor absolute type constraints that one can specifyfor portscan be spec
ified for parameters as well. But in addition, arbitrary constraints on parameter values are possible, not
just type constraints. An actor is notified when a parameter value changes by having its
attributeChangedO method called. Consider the example shown in figure 4.4, taken from the Poisson
actor. This actor generates timed events according to a Poisson process. One of its parameters is mean-
Time, which specifies the mean time between events. This must be a double, as asserted in the con
structor.

The attributeChangedO method is passed the parameter that changed. If this is meanTime, then this
method checks to make sure that the specified value is positive, and if not, it throws an exception.

A change in a parameter value sometimes has broader repercussions than just the local actor. It
may, for extunple, impact the schedule of execution of actors. An actor can call the invalidateSched-

public class Poisson extends TimedSource {

public Parameter meanTime;

public Poisson(TypedCompositeActor container. String name)
throws NameDuplicationException, IllegalActionBxception {

super(container, name);
meanTime = new Parameter(this, 'meanTime*, new DoubleToken(1.0));
meanTime.setTypeEquals(DoubleToken.class);

}

/** l£ the argument is the meanTime parameter, check that it is
• positive.
• Sexception IllegalActionException If the meanTime value is
• not positive.
*/

public void attributeChanged(Attribute attribute) throws IllegalActionException {
if (attribute == meanTime) (

double mean = ((DoubleToken)meanTime.getToken()).doubleValue();
if (mean <= 0.0) {

throw new IllegalActionException(this,
'meanTime is required to be positive. meanTime given: ' + mean);

}
} else {

super.attributeChanged(attribute);
)

}

FIGURE 4.4. Code segment from the Poisson actor, showing the attributeChangedOmethod.
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ule() method of the director, which informs the director that any statically computed schedule (if there
is one) is no longer valid. This would be used, for example, if the parameter affects the number of
tokens produced or consumed when an actor fires.

Note: It may be tempting to override attributeChanged() to read the new parameter
value and store it in a local (private) variable for more convenient access by other
methods. This is ill-advised, however, at least at the time of this writing. A parame
ter may have a value that is given as an expression that references other parameter
values. For example, parameter a might have expression + c." The expression
language in Ptolemy n is lazy, meaning that the expression is evaluated only when
the value is requested. Thus, if you read the parameter value in attributeChanged(),
the expression will be evaluated using the current values of b and c. However, if b
changes, the value of a will be updatedonly when next read. Only at that point will
the attributeChangedO method be called. Thus, the actor will likely never see the
change inb}

By default, actors do not allow type changes on parameters. Once a parameter is given a value,
then the value can change but not the type. Thus, the statement

meanTime.setTypeEquals(DoubleToken.class);

in figure 4.4 is actually redundant, since the type was fixed in theprevious line,

meanTime = new Parameter(this, "meanTime", new DoubleToken(l.0));

However, some actors may wish to allow type changes in their parameters. Consider again the Scale
actor, which is datapolymorphic. Thegain parameter can be of any type thatsupports multiplication,
so type changes should be allowed.

To allow type changes in an actor, you must override the attributeTypeChanged() method. This
method is defined in the based class for actors NamedObj, and by default, throws an exception. The
method is called whenever the type of a parameter is changed. Consider figure 4.5, taken from the
Scale actor. The first task ofthis method is tonot throw an exception. This means that type changes are
allowed. However, recall from figure 4.3 that a type constraint was specified that relates the input type
to thegain. If thetype changes, then theresolved type of theinput may no longer be valid. The code in
figure 4.5 notifies the director ofthis fact bycalling itsinvalidateResolvedTypes() method.

4.2.3 Constructors

We have seen already that the major task of the constructor is to create and configure ports and
parameters. In addition, you may have noticed that it calls

super(container, name);

1. This design isdebatable. Lazy evaluation hasthe key advantage that expressions arenotimmediately evaluated,
andthus canbesetin anyorder. Inother words, a parameter canbegiven anexpression value before theparam
eters it depends onaredefined. This greatly simplifies storing and retrieving models in files, forexamples. In
principle, it is possible tonotify allparameters whose values areexpressions when thevalue of theexpression
might change, butthishasthesideeffect of causing expressions to beevaluated immediately most of thetime.
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and that it declaresthat it throws NameDupIicationException and IllegalActionException. The latter is
the most widely used exception, withmost methods of actors having the possibility of throwing it. The
formeris thrownif the specified containeralreadycontains an actor with the specified name. For more
details about exceptions, see the Kernel chapter.

4.2.4 Cloning

All actors have the possibility of being cloned. A user interface, for example, may support "copy
and paste" of actors, so the clone() method is provided to make this easy. A clone of an actor needs to
be a new instance of the same class, with the same parameter values, but without any connections to
other actors.

Consider the clone() method in Egure 4.6, taken from the Scale actor. This method begins with

Scale newobj = (Scale)super.clone(ws);

The convention in Ptolemy II is that each clone method begins the same way, so that cloning works its
way up the inheritance tree until it ultimately uses the clone() method of the Java Object class. That
method performs what is called a "shallow copy," which is not sufficient for our purposes. In particu
lar, members of the class that are references to other objects, including public members such as ports
and parameters, are copied by copying the references. So for example, the public member gain in an
instance of Scale is copied into a clone of this instance, but the member in the new actor will reference
the same instance of Parameter as the original actor. This is obviously not what we want. It would
mean, for example, that if you change the gain of the clone, then the gain of the original actor will also
change.

Actors are derived from a base class called NamedObj (see "The Kernel" chapter), which has a
cloneO method that clones all the parameters (Parameter is derived from Attribute, and instance of
NamedObj can contain any number of instances of Attribute). Thus, a clone of an instance of Scale
contains its own gain parameter, but the public member gain still does not reference it. This situation is
corrected using the following line:

newobj.gain = (Parameter)newobj.getAttribute{"gain");

public class Scale extends Transformer (

/** Notify the director when a type change in the parameter occurs.
* This will cause type resolution to be redone at the next opportunity.
* It is assumed that type changes in the parameter are implemented
* by the director's change request mechanism, so they are implemented
* when it is safe to redo type resolution.
* If there is no director, then do nothing.
*/

public void attributeTypeChanged(Attribute attribute) {
Director dir = getDirector();
if (dir != null) {

dir.invalidateResolvedTypes();

)

>

FIGURE 4.5. Code segment from the Scale actor, showing the attributeChanged() method.
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This looks up the parameter by name in the new object and sets the public member to refer to the cor
rect parameter instance.

How type constraints are handled by clone() is a little bit subtle. Absolute type constraints on ports
and parameters are carried automatically into the clone. Relative type constraints are not, however,
because of the difficulty of ensuring that the other object being referred to in the relative constraint is
the intended one. Thus, in figure4.6, the clone() method repeats the relative typeconstraints that were
specified in the constructor:

newobj.output.setTypeAtLeast(newobj.input);
newobj.output.setTypeAtLeast(newobj.gain);

Note that at no time during cloning is any constructor invoked, so it is necessary to repeat in the
cloneOmethodany initialization that will be automatically cloned.

Notice that in figure 4.6 thecloneQ method doesnothing aboutthe ports. Thisis because the clone
method of the superclass. Transformer, takes care of this. Its clone method is:

public Object clone(Workspace ws) throws CloneNotSupportedException {
Transformer newobj = (Transformer)super.clone(ws);

public class Scale extends Transformer {

public Scale(TypedCompositeActor container, String name)
throws NameDuplicationBxception, IllegalActionException {

super(container, name);
gain = new Parameter (this, "gain*, new intTolcend)) ;
output.setTypeAtLeast(input);
output.setTypeAtLeast(gain);

}

///////////////////////////////////////////////////////////////////
//// ports and parameters ////

/•• The gain. The default value of this parameter is the integer 1. */
public Parameter gain;

///////////////////////////////////////////////////////////////////
//// public methods ////

/*• Clone the actor into the specified worlcspace. This calls the
• base class and then sets the type constraints.
• 0param ws The worlcspace for the new object.
• 0retum A new actor.

• 0exception CloneNotSupportedException If a derived class has
• has an attribute that cannot be cloned.
*/

public Object clone(Worlcspace ws) tlirows CloneNotSupportedException (
Scale newobj = (Scale)super.clone(ws);
newobj.gain = (Parameter)newobj.getAttribute("gain");
newobj.output.setTypeAtLeast(newobj.input);
newobj.output.setTypeAtLeast(newobj.gain);
return newobj;

}

FIGURE 4.6. Codesegmentfromthe Scaleactor, showing theclone()method.
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newobj.input = (TypedlOPort)newobj.getPort("input");
newobj.output = (TypedlOPort)newobj.getPort("output")
return newobj;

}

4.3 Action Methods

Figure 4.1 shows a set of public methods called the action methods because they specify the action
performed by the actor. By convention, these are given in alphabetical order in Ptolemy II Java files,
but we will discuss them here in the order that they are invoked. The first to be invoked is the initial-
ize() method, which is invoked exactly once before any other action method is invoked. Typically, this
is used to initialize state variables in the actor.

After the initialize() method, the actor experiences some number of iterations^ where an iteration is
defined to be exactly one invocation of prefire(), some number of invocations of fire(), and at most one
invocation of postfire().

4.3.1 Initialize

The initializeO method of the Average actor is shown in figure 4.7. This data and domain-poly
morphic actor computes the average of tokens that have arrived. To do so, it keeps a running sum in a
private variable _sum, and a running count of the number of tokens it has seen in a private variable
_count. Both of these variables are initialized in the initialize() method. Notice that the actor also
calls super.initializeO, allowing the base class to performany initialization it expects to perform. This
is essential because one of the base classes initializes the ports. The actor will fail to run if you forget
this step.

Occasionally, an actor wishes to produce an initial output token once at the beginning of an execu
tion of a model. It is tempting to do that in the initialize() method. However, currently, this cannot be
done becausetype resolution is done after the initialize() methods of all the actorshave been run.This
permits actors to take action in the initialize() method that may affect type resolution^ To get the same
effect, we recommend the following pattem:

private boolean firstlteration;

public class Average extends Transformer (

public void initializeO throws IllegalActionException {
super.initializeO ;
_count = 0;
_sum = null;

)

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

till private members till

private Token _suin;
private int _count = 0;

FIGURE 4.7. Code segment from the Averageactor, showing the initializeO method.
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public void initialize() throws IllegalActionException {
super.initialize();
firstlteration = true;

}

public boolean prefireO throws IllegalActionException {
if (firstlteration) output.send(0, token);
return super.prefire();

}

This seems tedious, but actors that need to do this are relatively rare. Nonetheless, we are contemplat
ing extensions to the type system design to allow initial tokens to be produced in the initialize()
method in the future (the type of the token will become a type constraint on the port).

4.3.2 Prefire

The prefireO method is invoked exactly once per iteration. It returns a boolean that indicates to the
director whether the actor wishes for firing to proceed. Thus, there are two possible uses for prefire().
First, if you need a method that is guaranteed to be invoked once per iteration of the actor in all
domains, this is it. Some domains invoke the fire() method only once per iteration, but others will
invoke it multiple times (searching for globalconvergence to a solution, for example). Second, if you
wish to test an input to see whether you are ready to fire, then you can do that here.

Consider for example an actor that reads from truelnput if a private boolean variable _state is
true, and otherwise reads fromfalselnput. The prefire() method might look like this:

public boolean prefire() throws IllegalActionException {
if(_state) {

if(truelnput.hasToken{)) return true;
} else {

if(falselnput.hasToken0) return true;
}

return false;

}

It is good practice to check the superclass in case it has some reason to decline to be fired. The above
example becomes:

public boolean prefireO throws IllegalActionException {
if(_state) {

if(truelnput.hasToken0) return super.prefire();
} else {

if(falselnput.hasTokenO) return super.prefire();
}

return false;

}

1. The need for this is relativelyrare, but important. Examplesincludehigher-order functions, whichare actors
thatreplace themselves withothersubsystems, andcertainactorswhoseportsare notcreated at the timetheyare
constructed, such as the Expression actor, but rather are added later.
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4.3.3 Fire

Figure 4.3 shows a typical fire() method. The fire() method reads inputs and produces outputs. It
may also read thecurrent parameter values, and the output maydepend on them. Things to remember
when writing fire() methods are:

• To get data polymorphism, use the methods of the Token class for arithmetic whenever possible
(see the Data Package chapter). Consider for example the Average actor, shown in figure 4.8.
Noticethe use of the add()and divide() methods of the Token class to achieve data polymorphism.

• Whendata polymorphism is not practical or not desired, then if you use setTypeEquals() to deHne
the type of input ports, then the type system assures that you can safely cast the tokens that you
read. Consider the Sine actor shown in figure 4.9. This actor only operates on inputs and parame
ters of type DoubleToken, so it declares these types in the constructor. In the fire() method, the
input token read and the current parameter values are all cast to DoubleToken. The type system
ensures that no cast error will occur. This actor computes amplitude x smipmega x input + phase).

• A domain-polymoiphic actor cannot assume that there is data at all the input ports. Most domain-
polymorphic actors will read at most one input token from each port, and if there are sufficient
inputs, produce exactly one token on each output port.

• Some domains invoke the fire() method multiple times, iterating or converging towards a solution.
Thus, each invocation can be thought of as doing a tentative computation with tentative inputs and
producing tentative outputs. Thus, the fire() method should not update persistent state. Instead, that
should be done in the postfire() method, as discussed in the next section.

public class Sine extends Transformer {

public Sine(TypedCompositeActor container. String name)
throws NameDuplicationException, IllegalActionException {

super(container. name);

amplitude = new Parameter(this, •cunplitude", new DoubleToken(1.0))
omega = new Parameter(this, 'omega*, new DoubleToken(1.0)};
phase = new Parameter(this, 'phase', new DoubleToken(0.0));
input.setTypeBquals(DoubleToken.class);
output.setTypeEquals(DoubleToken.class);

}

public Parameter amplitude;
public Parameter omega;
public Parameter phase;

public void fireO throws IllegalActionException {
i f (input.hasToken(0)) {

DoubleToken in = (DoubleToken)input.get(0);
double A = ((DoubleToken)anplitude.getToken()).doubleValue();
double w = ((DoubleToken)omega.getToken()).doubleValue();
double p = ((DoubleToken)phase.getToken()).doubleValue();
double result = A'Math.sin(w*in.doubleValue()+p);
output.broadcast(new DoubleToken(result));

}

}

FIGURE 4.9. Code for the Sine actor, which is not data polymorphic.
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public class Average extends Transformer {

... constructor ...

iiiuininmiiiimiiiiiiiiiiiiiiimiiiiiiiiiiiminiiimimi
1111 ports and parameters 1111

public TypedlOPort reset;

iiiiiiiiiiiniiiiimiiiiimiiminiiiiiiiiiiiiiimiiniinmii
till public methods 1111

— clone method ...

public void fireO throws IllegalActionBxception {
_latestSum = _sum;
_latestCovuit = _count + 1;
// Check whether to reset,

for (int i = 0; i < reset.getWidthO; i++) {
if (reset.hasToken(i)) {

BooleanToken r = (BooleanToken)reset.get(0);
if (r.booleanValueO) {

// Being reset at this firing.
_latestSum = null;
_latestCount = 1;

)
}

)
if (input.hasToken(0)) {

Token in = input.get(O);
if (_latestSum == null) {

_latestSum = in;
} else {

_latestSum = _latestSum.add(in);
)

Token out = _latestSum.divide(new IntToken(_latestCount));
output.broadcast(out);

)
}

public void initialize() throws IllegalActionException {
super.initialize0;
_count = 0;

_sum = null;

}

public boolean postfireO throws IllegalActionException {
_sum = _latestSum;
_count = _latestCount;
return super.postfire();

)

///////////////////////////////////////////////////////////////////
I III private members ////

private Token _sum;
private Token _latestSum;
private int _count = 0;
private int _latestCount;

FIGURE 4.8. Codefor the Average actor,showingthe actionmethods.
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4.3.4 Postfire

The postfireQ method has two tasks:

• updating persistent state, and

• determining whetherthe execution of an actor is complete.
Consider the fire() andpostfire() methods of the Average actor in figure 4.8. Notice thatthepersistent
state variables _sum and _count are not updated in fire(). Instead, they are shadowed by _latestSum
and JatestCount, and updated in postfire().

The return value of postfire() is a boolean that indicates to the director whether execution of the
actor is complete. By convention, the director should avoid iterating further an actor that returns false.
Consider the two examples shown in figure 4.10. These are base classes for source actors (those with
no input ports).

SequenceSource is a base class for actors that output sequences. Its key feature is a parameterfir-
ingCountLimit^ which specifies a limit on the number of iterations of the actor. When this limit is
reached, the postfire() method returns false. Thus, this parameter can be used to define sources of finite
sequences.

TimedSource is similar, except that instead of specifying a limit on the number of iterations, it
specifies a limit on the current model time. When that limit is reached, the postfire() method returns
false.

4.3.5 Wrapup

The wrapupO method is invoked exactly once at the end of an execution, unless an exception
occurs during execution. It is used typically for displaying final results.

4.4 Time

Actors whose behavior depends on current model time should implement the TimedActor inter
face. This is a marker interface (with no methods). Implementing this interface alerts the director that
the actor depends on time. Domains that have no meaningful notion of time can reject such actors.

An actor can access current model time with the syntax

double currentTime = getDirector().getCurrentTime{);

Notice that although the director has a public method setCurrentTime(), an actor should never use it.
An actor does not have sufficiently global visibility to be able to do this. Typically, only another
enclosing director will call this method.

An actor can request an invocation at a future time using the fireAt() method of the director. This
method returns immediately (for a correctly implemented director). It takes two arguments, an actor
and a time. The director is responsible for iterating the specified actor at the specified time. This
method can be used to get a source actor started, and to keep it operating. In its initialize() method, it
can call fireAt() with a zero time. Then in each invocation of postfire(), it calls fireAt() again. Notice
that the call should be in postfire() not in fire() because a request for a future firing is persistent state.
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4.5 Code Format

Ptolemy software follows fairly rigorous conventions for code formatting. Although many of these
conventions are arbitrary, the resulting consistency makes reading the code much easier, once you get
used to the conventions. We recommend that if you extend Ptolemy 11 in any way, that you follow
these conventions. To be included in future versions of Ptolemy H, the code must follow the conven
tions.

4.5.1 Indentation

Nested statements should be indented 4 characters, as in:

public class SequenceSource extends Source iii%)leiRents SequenceActor (

public SequenceSource(TypedCompositeActor container. String name)
throws NameDuplicationException, IllegalActionException (

super(container, name);
firingCountLimit = new Parameter(this, 'firingCountLimif, new IntToken(O));

)

public Parameter firingCountLimit;

public boolean postfireO throws IllegalActionException {
_iterationCount++;
if (_iterationCount == ((IntToken)firingCountLimit.getToken()).intValue()) {

return false ,-

)
return true;

}

private int _iterationCount = 0;

public class TimedSource extends Source implements TimedActor {

public TimedSource(TypedConpositeActor container. String name)
throws NameDuplicationException, IllegalActionException {

super(container, name);
stopTime = new Parameter(this, "stopTime", new DoubleToken(0.0));

}

public Parameter stopTime;

public boolean postfireO throws IllegalActionException {
double time = ((DoubleToken)stopTime.getToken()).doubleValue();
if (time > 0.0 && getDirector().getCurrentTime() >= time) {

return false;

)
return true;

}

FIGURE4.10. Code for the Averageactor, showing the Ptolemy coding conventionstandards.
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if (container != null) {
Manager manager = container.getManager();
if (manager != null) {

manager.requestChange(change);

)

Closing brackets should beona lineby themselves, aligned with thebeginning of theline thatcontains
the open bracket. Tabs are 8 space characters, not a Tab character. The reason for this is that code
becomes unreadable when the Tab character is interpreted differently by different viewers. Do not
override this in your texteditor. Long lines should be broken up into many small lines. Long strings
can be brokenup usingthe + operatorin Java.Continuation linesare indented by 8 characters, as in the
throws clause of the constructor in figure 4.1.

4.5.2 Spaces

Use a space after each comma:

Right: foo(a, b);
Wrong: foo(a,b);

Use spaces around operators such as plus, minus, multiply, divide or equals signs:
Right: a = b + 1;

Wrong: a=b+l;

Right: for (1=0; i < 10; i += 2)
Wrong: for (1=0; 1<10; l+=2)

4.5.3 Comments

Comments should be complete sentences and complete thoughts, capitalized at the beginning and
with a period at the end. Spelling and grammar should be correct. Comments should include honest
information about the limitations of the object definition.

4.5.4 Names

Class names, and only class names, are capitalized, and also have internal capitalization at word
boundaries, as in AtomicActor. Method and member names are not capitalized, except at internal word
boundaries, as in getContainer(). Protected or private members and methods are preceded by a leading
underscore as in _protectedMethod().

Static final constants should be in uppercase, with words separated by underscores, as in
INFINITE_CAPACITY. A leading underscore should be used if the constant is protected or private.

Package names should be short and not capitalized, as in "de" for the discrete-event domain.
In Java, there is no limit to name sizes (as it should be). Do not hesitate to use long names.

4.5.5 Exceptions

A number of exceptions are provided in the ptolemy.kemel.util package. Use these exceptions
when possible because they provide convenient arguments of type Nameable that identify the source
of the exception by name in a consistent way.
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A key decision you need to make is whether to use a compile-time exception or a run-time excep
tion. A run-time exception is one that implements the RuntimeException interface. Run-time excep
tions are more convenient in that they do not need to be explicitly declared by methods that throw
them. However, this can have the effect of masking problems in the code.

The convention we follow is that a run-time exception is acceptable only if the cause of the excep
tion can be tested for prior to calling the method. This is called a testable precondition. For example, if
a particular method will fail if the argument is negative, and this fact is documented, then the method
can throw a run-time exception if the argument is negative. On the other hand, consider a method that
takes a string argument and evaluates it as an expression. The expression may be malformed, in which
case an exception will be thrown. Can this be a run-time exception? No, because to determine whether
the expression is malformed, you really need to invoke the evaluator. Making this a compile-time
exception forces the caller to explicitly deal with the exception, or to declare that it too throws the
same exception.

When throwing an exception, the detail message should be a complete sentence that includes a
string that fully describes whatcausedthe exception. For example

throw IllegalActionException(this,
"Cannot append an object of type: "
+ obj.getClass{).getName() + ".") ;

There is noneed to include in themessage an identification of the"this"object passed as thefirst argu
ment to theexception constructor. Thatobject will be identified when the exception is reported to the
user.

4.5.6 Javadoc

Javadoc is a program distributed with Java that generates HTML documentation files from Java
source code files. Javadoc comments begin with "/**" and endwith Thecomment immediately
preceding a method, member, or class documents that member, method, or class. Ptolemy II classes
include Javadoc documentation forallclasses andallpublic and protected members andmethods. Pri
vate members and methods need not be documented. Documentation can include embedded HTML
formatting. For example, by convention, in actor documentation, we set in italics the names of the
ports and parameters using the syntax

/** In this actor, inputs are read from the <i>input</i> port ... */

Byconvention, method names are set in the default font, butfollowed byempty parentheses, as in

/** The fireO method is called when ... */

The parentheses are empty even if the method takes arguments. The arguments are not shown. If the
methodis overloaded (has several versions withdifferent argument sets), then the textof the documen
tation needs to distinguish which version is being used.

It is common in theJavacommunity to usethefollowing style fordocumenting methods:

/** Sets the expression of this variable.
* @param expr The expression for this variable.
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*/

public void setExpression(String expr) {

}

We use instead the imperative tense, as in

/** Set the expression of this variable.
* Qparam expr The expression for this variable.

*/

public void setExpression(String expr) {

}

The reason we do this is that our sentence is a well-formed, grammatical English sentence, while the
usual convention is not (it is missing the subject). Moreover, calling a method is a command "do this,"
so it seems reasonable that the documentation say "Do this."

The annotation for the arguments (the @param statement) is not a complete sentence, since it is
usually presented in tabular format. However, we do capitalize it and end it with a period.

Exceptions that are thrown by a method need to be identified in the Javadoc comment. An
©exception tag should read like this:

* ©exception MyException If such and such occurs.

Notice that the body always starts with "If, not "Thrown if, or anythingelse. Just look at the Javadoc
output to see why this occurs. In the case of an interface or base class that does not throw the excep
tion, use the following:

* ©exception MyException Not thrown in this base class. Derived
* classes may throw it if such and such happens.

Theexception stillhas to be declared so thatderived classes can throw it, so it needs to bedocumented
as well.

The Javadoc program gives extensive diagnostics when run on a source file. Except for a huge
numberof rather meaningless messages that it insistson givingabout serialization of objects that can
not be serialized, our policy is to format the commentsuntil there are no Javadoc warnings.

4.5.7 Code Organization

The basic file structure that we use follows the outline in figure 4.1, preceded by a one-line
description of the file and a copyright notice. The key points to note about this organizationare:
• The file is divided into sections with highly visible delimiters. The sections contain constructors,

ports and parameters (and other public members,if there are any), public methods,protectedmeth
ods, protected members, private methods, and private members, in that order. Note in particular
that although it is customary in the Java community to list private members at the beginning of a
class definition, we put them at the end. They are not part of the public interface, and thus should
not be the first thing you see.
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Within each section, methods appear in alphabetical order. This helps find them. If you wish to
group methods together, try to name them so that they have a common prefix.
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PART 2:

SOFTWARE ARCHITECTURE

The chapters in this part describe the software architecture of Ptolemy II. The first chapter covers the
kernel package, which provides a set of Java classes supporting clustered graph topologies for models.
This provides a very general abstract syntax for component-based modeling, without assuming or
imposing any semantics on the models. The actor package begins to add semantics by providing basic
infrastructure for data transport between components. The data package provides classes to encapsu
late the data that is transported. It also provides an extensible type system and an interpreted expres
sion language. The graph package provides graph-theoretic algorithms that are used in the type system
and by schedulers in the individual domains. The plot package provides a visual data plotting utility
that is used in many of the applets and applications.





The Kernel
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Contributors:
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5.1 Abstract Syntax

The kernel defines a small set of Java classes that implement a data structure supporting a general
form of uninterpreted clustered graphs, plus methods for accessing and manipulating such graphs.
These graphs provide an abstract syntax for netlists, state transition diagrams, block diagrams, etc. An
abstract syntax is a conceptualdata organization. It can be contrastedwith a concretesyntax, which is
a syntax for a persistent, readable representation of the data, such as EDIF for netlists. A particular
graph configuration is called a topology.

Although this idea of an uninterpreted abstract syntax is present in the original Ptolemy kernel
[13], in fact the original Ptolemy kernel has more semantics than we would like. It is heavily biased
towards dataflow, the model of computation used most heavily. Much of the effort involved in imple
menting models of computation that are very different from dataflow stems from having to work
around certain assumptions in the kernel that, in retrospect, proved to be particular to dataflow.

A topology is a collection of entities and relations. We use the graphical notation shown in figure
5.1, where entities are depicted as rounded boxes and relations as diamonds. Entities have ports.
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shown as tilled circles, and relations connect the ports. We consistently use the term connection to
denote the association between connected ports (or their entities), and the term link to denote the asso
ciation between ports and relations. Thus, a connection consists of a relation and two or more links.

The use of ports and hierarchy distinguishes our topologies from mathematical graphs. In a mathe
matical graph, an entity would be a vertex, and an arc would be a connection between entities. A vertex
could be represented in our schema using entities that always contain exactly one port. In a directed
graph, the connections are divided into two subsets, one consisting of incoming arcs, and the other of
outgoing arcs. The vertices in such a graph could be representedby entities that contain two ports, one
for incoming arcs and one for outgoing arcs. Thus, in mathematical graphs, entitiesalways haveone or
two ports, depending on whether the graph is directed. Our schema generalizes this by permitting an
entity to have any numberof ports, thus dividingits connections into an arbitrary numberof subsets.

A second difference between our graphs and mathematical graphs is that our relations are multi-
way associations, whereas an arc in a graph is a two-way association. A third difference is that mathe
matical graphs normallyhave no notion of hierarchy (clustering).

Relations are intended to servea mediators, in the senseof the Mediator designpatternof Gamma,
et at. [25]. "Mediator promotes loose coupling by keeping objects from referring to each other explic
itly..." For example, a relation could be used to direct messages passed between entities. Or it could
denote a transition between states in a tinite state machine, where thestates arerepresented asentities.
Or it could mediaterendezvous between processes represented as entities. Or it could mediate method
calls betweenloosely associated objects, as for example in remote methodinvocationover a network.

5.2 Non-Hierarchical Topologies

The classes shown in figure 5.2 support non-hierarchical topologies, like that shown in tigure 5.1.
Figure 5.2is a UML static structure diagram (see appendix A ofchapter 1).

5.2.1 Links

An Entity contains any number of Ports; such an aggregation is indicated by the association with
an unfilled diamond and the label "0..n" to show that the Entity can contain any number ofPorts, and
the label "0..!" to show that the Port is contained by at most one Entity. This association is uses the
NamedList class shown atthe bottom oftigure 5.2 and defined fiilly in figure 5.3. There isexactly one

Connection

Link ^ Link

Connection
c

Relation

Connection

Port

Entity

FIGURE 5.1. Visualnotation and terminology.
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instanceof NamedList associated with Entity, and it aggregates the ports.
A Port is associated with any number of Relations (the association is called a link), and a Relation

is associated with anynumber of Ports. Linkassociations useCrossRefList, shown in figure 5.3.There
is exactly one instance of CrossRefList associated witheach port and each relation. The linksdefinea
web of interconnected entities.

5.2.2 Consistency

A major concern in the choice of methods to provide and in their design is maintaining consis
tency. By consistency we mean that the following key properties are satisfied:
• Every link is symmetric and bidirectional. That is, if a port has a link to a relation, then the relation

has a link back to that port.

• Every object that appears on a container's list of contained objects has a back reference to its con
tainer.

In particuleu*, the design of these classes ensures that the .container attribute of a port refers to an entity
that includes the port on its .portList. This is done by limiting the access to bodi attributes. The only
way to specify that a port is contained by an entity is to call the setContainer() method of the port. That
method guarantees consistency by first removing the port from any previous container's portList, then
adding it to the new container's port list. A port is removed from an entity by calling setContainer()
with a null argument.

Entity

•_portUst: NamedList

•i-EntityO
•i-Entity(name: String)
•fEntity(w: Workspace, name: String)
•fconnectedPortsO: Enumeration
•fgetPort(name: String): Port
+getPortsO: Enumeration
•flinkedRetationsO: Enumeration
•fnewPort(name: String): Port
•HenwveMIPortsO
#_addPort(p: Port)
ff_remotfePort(p: Port)

container

oJl_^
contalnee

Port

-.container: Entity
-.relationsList: CrossRefList

+PortO
•fPort(w: Workspace)
•fPortjcontainer: Entity, name:String)
•fconnectedPortsO: Enumeration
•tHsLinked(r: Relation); twolean
•fisOpaqueO: boolean
•flinkedRelationsO: Enumeration
•flink(r: Relation)
•HiumlinksO: int
•t-setContainer(c: Entity)
•Hjnlink(r; Relation)
•HinlinlJuiO
#Jink(r: Relation)

ports in list 0..n

0..n

port list NamedUst

1..1

link

0..n

0..n

link

CrossRsfUst

1..1

1..1

Relation

•_portU8t: CrossRefList
.RetationO
'fRetation(naine: String)
lAelationiw: Workspace, name: String)
•riinkedPortsO: Enumeration
•flinke(lPorts(except: Pott): Enumeration
.numUnksO: int
.unfinkAtIO
#_checkPort(p: Port)
#_9etPortUstO: CrossRefList

FIGURE S.2. Key classes in the kernel package and their methods supporting basic (non-hierarchical) topol
ogies. Methods that override those deflned in a base class or implement those in an interface are not shown.
The "+" indicates public visibility, "#" indicates protected, and indicates private. Capitalized methods are
constructors. The classes shown with dashed outlines are in the kemel.util subpackage.
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A change in a containment association involves several distinct objects, and therefore must be
atomic, in the sense that other threads must not be allowed to intervene and modify or access relevant
attributes halfway through the process. This is ensured by synchronization on the workspace, as

r

NanwtfObi

-.atttfbutes: NamedUst
•.dabusUsteneis: LinksdUst
• (tefauttwMkgpaea: Worianaea

•_namo: String
•_workspaco: Woitepaca

•Inteiface*

NameaUo

*<laseflptlott(): String
*getConlaltwiO: Nameatrie
*getFullNameO: String
*gotNameO: String
*setNanm(name: Stibtg)

f'NamedOblO
'i-NamedOI4(name: String)
'••NamodOblCw: Wortcspace, name; String)
MUjdDebijQLlstBner(l: Oetxiglistenei)
+attributeChanged{a: Attribute)
+cloneO: Obfect
'»clone(de3tination: Woikspace): Object
-fdeepContalnsOnside: NaffledObj):boolean
+description(detall: Int): String
+getAttribute<n8ffle: String): Attribute
+getAttributes(); Enumeration
KemoveOebugUsteneig: DetiugUstener)
fworiopaceO: Workspace
#_addAttrfbute(a: Attribute)
»_debug(mess8ge: String)
*-riebug(p1: String. p2: String)
#_debug(p1: String, p2: String,p3: String)
»_debug(p1: String,p2: String,p3: String,p4: String)
»_descriptlon(detail: Int, Indent: int, bracket: Int): Sb^
•_getlndentPreflx(level: Int); Siring
e.removeAttributeja: Attribute)
♦attributeTypeCtiangedja: Attribute)

•imeitaoe*
DctxjgUstener

Hnessage(message: String)

A

StresmUstenef

'•'StreamUstenerO
•r-StreamUstenertstream: OutputStream)

5-4

0..1

Attribute

.contairrer: NamedOt>j

-••AttrftiuteO
-••Attrttxjtejw; Workspace)
'•'Attributejcontalner: NamedOtij, name: String)
•»setContalner(eontainer: NamedObj)

0..n

attributes 0..1 RecorderUsterter

-fRecordertJstenerO
'fgetMessagesO: String
•t'tBsetO

0..1 attributes list

•utility-
NamedUst

'.container: Nameable
'.namedlist: UnkedUst

'fNamedUstO
'fNamedUsljcotttainer: Nameable)
'fNamedUstjorigtnal: NamedUst)
'•'appendjelement: Nameable)
'fckmeO; Object
'feiementsj): CoIleclionEnumeration
't'liistO: Nameable
'fgetjname: String): Nameable
'findudesjelement: Nameable): boolean
'rinsertAfterjname: String, element: Nameable)
'rinsertBeforejname: String, element: Nameatrie)
'•'lastO: Nameable
'fprependjelement: Nameatrie)
'fremovejelement: Nameatrie)
't-removajname: String): Nameatrle
'•-removeAltO
•rsizeQ: Int

FIGURE 5.3. Support classes in the kemel.util package.
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•fdoneReadingO
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-••Ptolemyrhreadjtarget: Runnable,name: String)
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•utility-
CrossRefUst

•.listVeision: long
-.size: int

'fCrossRefUstjcontainer: Object)
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'RinkjfaiUst; CrossRefUst)
'fSizeO: int
'Hinlinkjo: Object)
'Kinlink/mp
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explained below in section 5.6. Moreover, if anexception is thrown at any point during the process of
changing a containment association, any changes thathavebeen mademust be undoneso that a consis
tent state is restored.

5.3 Support Classes

The kernel package has a subpackage called kemel.util that provides some underlying support
classes, some of which are shown in figure 5.3. These classes define notions basic to Ptolemy n of
containment, naming, andparameterization, andprovide generic support for relevant datastructures.

5.3.1 Containers

Although theseclasses do not provide support forconstructing clustered graphs, theyprovide rudi
mentary support for container associations. An instance of these classes can have at most one con
tainer. Thatcontainer is viewed as the ownerof the object, and"managed ownership" [43] is usedas a
central tool in thread safety,as explained in section 5.6 below.

In the base classes shown in figure 5.2, only an instance of Port can have a non-null container. It is
the only class with a setContainer() method. Instances of all other classes have no container, and their
getContainerO method will return null. In the classes of figure 5.3, only Attribute has a setContainer()
method.

Every object is associated with exactly one instance of Workspace, as shown in figure 5.3, but the
workspace is not viewed as a container. The workspace is defined when an object is constructed, and
no methods are provided to changeit. It is said to be immutable^ a critical property in its use for thread
safety.

5.3.2 Name and Full Name

The Nameable interface supports hierarchy in the naming so that individual named objects in a
hierarchy can be uniquely identified. By convention, theyh// name of an object is a concatenation of
the full name of its container, if there is one, or the name of the workspace, if there is not, a period

and the name of the object. The full name is used extensively for error reporting.
NamedObj is a concrete class implementing the Nameable interface. It also serves as an aggrega

tion of attributes, as explained below in section 5.3.4.
Names of objects are only required to be unique within a container. Thus, even the full name is not

assured of being globally unique.

Here, names are a property of the instances themselves, rather than properties of an association
between entities. As argued by Rumbaugh in [76], this is not always the right choice. Often, a name is
more properly viewed as a property of an association. For example, a file name is a property of the
association between a directory and a file. A file may have multiple names (through the use of sym
bolic links). Our design takes a stronger position on names, and views them as properties of the object,
much as we view the name of a person as a property of the person (vs. their employee number, for
example, which is a property of their association with an employer).

5.3.3 Workspace

Workspaceis a concrete class that implements the Nameable interface, as shown in figure 5.3. All
objects in a topology are associated with a workspace, and almost all operations that involve multiple
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objects are only supported for objects in the same workspace. This constraint is exploited to ensure
thread safety, as explained in section5.6 below. The name of the workspace is always the first term in
the full name. If the workspace has no name (a common situation), then the full name simply has a
leading period.

5.3.4 Attributes

In almostall applications of Ptolemy II, entities, ports,and relations need to be parameterized. The
base classes shown in figure 5.3 provide for these objects to have any number of instances of the
Attribute classattached to them. Attribute is a NamedObj that can be contained by anotherNamedObj,
and serves as a base class for parameters.

Attributes are added to a NamedObj by calling their setContainer() method and passingit a refer
ence to the container. They are removed by calling setContainer() with a null argument. The Named
Obj class provides the getAttribute() method, whichtakesan attribute nameas an argument andreturns
the attribute, and the getAttributesQ method, which returns an enumeration of all the attributes in the
object.

By itself, an instance of the Attribute class carries only a name, which may not be sufficient to
parameterize objects. A derived classcalledParameter is defined in the datapackage.

5.3.5 List Classes

Figure 5.3 shows two list classes that are used extensively in Ptolemy H. NamedList implements
an ordered list of objects with the Nameable interface. It is unlike a hash table in that it maintains an
ordering of the entries that is independent of their names. It is unlike a vector or a linked list in that it
supports accesses by name. It is used in figure 5.3 to maintain a list of attributes, and in figure 5.2 to
maintain the list of ports containedby an entity.

The class CrossRefList is a bit more interesting. It mediates bidirectional links between objects
that contain CrossRefLists, in this case, ports and relations. It provides a simple and efficient mecha
nism forconstructing a web ofobjects, where each object maintains a list ofthe objects it is linked to.
That list is aninstance ofCrossRefList. The class ensures consistency. That is, if one object in the web
is linked to another, then the other is linked back to the one. CrossRefList also handles efficient modi
fication of the cross references. In particular, if a link is removed from the list maintained by one
object, theback reference in theremote object alsohas tobedeleted. This is done in0(1) time. A more
brute force solution would require searching the remote list for the back reference, increasing the time
required and making it proportional to the number of links maintained byeach object.

5.4 Clustered Graphs

The classes shown infigure 5.2 provide only partial support for hierarchy, through the concept ofa
container. Subclasses, shown in figure 5.4, extend these with more complete support for hierarchy.
ComponentEntity, ComponentPort, and ComponentRelation are used whenever a clustered graph is
used. All ports ofa ComponentEntity are required tobeinstances ofComponentPort. CompositeEntity
extends ComponentEntity with the capability of containing ComponentEntity and ComponentRelation
objects. Thus, it contains a subgraph. The association between ComponentEntity and CompositeEntity
is the classic Composite design pattern [25].
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Entity

-jortList: Namatlist

r-EntityO
+Entity(nam0:String)
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ComposKeEnlity

-.containedEntities: NamedJst
.containedRelations: NamedUst

-rCompositeEntityO
•rConpositeEntit^w: Workspace)
'fComixBiteEntit^container: CornposlteEntity, name: String)
-rallowiLevelCrossingConnectib;boolean)
'fConnect(p1: ComponentPort, p2: ComponentPoit); ComponentRelalion
'Hxnnect(p1: ComfMnentPort p2: ComponentPort name: String); ComponentRelation
'KleepQetEntitiesO: Enumeration
-fgetEntity^name: String): ComponentEntity
'fgetEntitiesO: Enumeration
+gelRelatlon(name; String); ComponentRelation
4getRelationsO: Enumeration
'fnewRelat)on(name; String): ComponentRelation
'HMjmEntitiesO: int
'«numRelatiarts(): Int
+removeAIIEntitles{)
'fremoweAtlRelBtionsO
*_addEntity(e: ComponentEntity)
e.addRelari^r: ComponentRelation)
*_remaveErttity(e; Coiinponent&ttity)
#_remoweRelation(r: ComponentRelation)
#_uniqueEntityName(): String
»_uniqueRelationName(): String

0..1

container

FIGURE 5.4. Key classes supporting clustered graphs.
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fdeepInsidePortsO: Enumeration
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fisDeeplyConnectedfp: ComponentPort): boolean
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5.4.1 Abstraction

Composite entities are non-atomic (isAtomic() return false). They can contain a graph (entities and
relations). By default, a CompositeEntity is transparent (isOpaque() returns false). Conceptually, this
means that its contents are visible from the outside. The hierarchy can be ignored (flattened) by algo
rithms operating on the topology. Some subclasses of CompositeEntity are opaque (see the Actor
Package chapter for examples). This forces algorithms to respect the hierarchy, effectively hiding the
contents of a composite and making it appear indistinguishable from atomic entities.

A ComponentPort contained by a CompositeEntity has inside as well as outside links. It maintains
two lists of links, those to relations inside and those to relations outside. Such a port serves to expose
ports in the contained entities as ports of the composite. This is the converse of the "hiding" operator
often found in process algebras [57]. Ports within an entity are hidden by default, and must be explic
itly exposed tobe visible (linkable) from outside the entity^ The composite entity with ports thus pro
vides an abstraction of the contents of the composite.

A port of a composite entity may be opaque or transparent. It is defined to be opaque if its con
tainer is opaque. Conceptually, if it is opaque, then its inside links are not visible from the outside, and
the outside links are not visible from the inside. If it is opaque, it appears from the outside to be indis
tinguishable from a port of an atomic entity.

The transparent port mechanism is illustrated by the example in figure 5.5^. Some of the ports in
figure 5.5 are filled in white rather than black. These ports are said to be transparent. Transparentports
(P3 and P4) are linked to relations (R1 and R2) below their container (El) in the hierarchy. They may
also be linked to relations at the same level (R3 and R4).

ComponentPort, ComponentRelation, and CompositeEntity have a set of methods with the prefix
"deep," as shown in figure5.4. These methods flatten the hierarchyby traversing it. Thus, for example.

5-8

FIGURE 5.5. Transparent ports (P3 and P4) are linked to relations (R1 and R2) below their container (El)
in the hierarchy. They may also be linked to relations at the same level (R3 and R4).

1. Unless level-crossing links are allowed, which is discouraged.
2. In that figure, every object has been given a unique name. This is not necessarysince names only need to be

unique within a container.In this case, we could refer to P5 by its full name .E0.E4.P5,assumingthe workspace
has no name (the leading period indicates this). However,using unique names makesour explanations more
readable.

Ptolemy II



The Kernel

the ports that are "deeply" connected toport PI infigure 5.5 are P2, P5, and P6. No transparent port is
included, so note that P3 is not included.

Deep traversals of a graph follow a simple rule. If a transparent port is encountered from inside,
then the traversal continues with its outside links. If it is encountered from outside, then the traversal
continues with its inside links. Thus, for example, the ports deeply connected to P5 are PI and P2.
Note that P6is not included. Similarly, the deepGetEntities() method ofCompositeEntity looks inside
transparententities, but not inside opaque entities.

Since deep traversals aremore expensive than justchecking adjacent objects, both ComponentPort
and ComponentRelation cache them. To determine the validity of the cached list, the version of the
workspace is used. As shown in figure 5.2, the Workspace class includes a getVersion() and incrVer-
sion() method. All methods of objects within a workspace that modify the topology in any way are
expected to increment the version countof the workspace. That way, when a deep access is performed
by a ComponentPort, it can locally store the resulting list and the current version of the workspace.
The next time the deep accessis requested, it checksthe version of the workspace. If it is still the same,
then it returns the locally cached list. Otherwise, it reconstructs it.

For ComponentPort to support both inside links and outside links, it has to override the link() and
unlinkO methods. Given a relation as an argument, these methods can determine whether a link is an
inside link or an outside link by checking the container of the relation.If that container is also the con
tainer of the port, then the link is an inside link.

5.4.2 Level-Crossing Connections

For a few applications, such as Statecharts [30], level-crossing links and connections are needed.
The example shown in figure 5.6 has three level-crossing connections that are slightly different from
one another. The links in these connections are created using the liberalLink() method of Component-
Port. The link() method prohibits such links, throwing an exception if they are attempted (most appli
cations will prohibit level-crossing connections by using only the link() method).

An alternative that may be more convenient for a user interface is to use the connect() methods of
CompositeEntity rather than the link() or liberalLink() method of ComponentPort. To allow level-
crossing links using connect(), first call allowLevelCrossingConnect() with a true argument.

The simplest level-crossing connection in figure 5.6 is at the bottom, connecting P2 to P7 via the
relation R5. The relation is contained by El, but the connection would be essentially identical if it were
contained by any other entity. Thus, the notion of composite entities containing relations is somewhat
weaker when level-crossing connections are allowed.

The other two level-crossing connections in figure 5.6 are mediated by transparent ports. This sort
of hybrid could come about in heterogeneous representations, where level-crossing connections are
permitted in some parts but not in others. It is important, therefore, for the classes to support such
hybrids.

To support such hybrids, we have to modify slightly the algorithm by which a port recognizes an
inside link. Given a relation and a port, the link is an inside link if the relation is contained by an entity
that is either the same as or is deeply contained (i.e. directly or indirectly contained) by the entity that
contains the port. The deepContains() method of NamedObj supports this test.

5.4.3 Tunneling Entities

The transparent port mechanismwe have described supports connections like that between PI and
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P5 in figure 5.7. That connection passes through the entity E2. The relation R2 is linked to the inside of
each of P2 and P4, in addition to its link to the outside of P3. Thus, the ports deeply connected to PI
are P3 and P5, and those deeply connected to P3 are PI and P5, and those deeply connected to P5 are
PI andP3.

A tunneling entity is one that contains a relation with links to the inside of more than one port. It
may of course also contain more standard links, but the term "tunneling" suggests that at least some
deep graph traversals will see right through it.

Support for tunneling entities is a major increment in capability over the previous Ptolemy kemel
[13] (Ptolemy Classic). That infrastructure required an entity (which was called a star) to intervene in
any connection through a composite entity (which was called a galaxy). Two significant limitations

FIGURE 5.6. Anexample withlevel-crossing transitions.

FIGURE 5.7. Atunneling entity contains a relation with inside links tomore than one port.
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resulted. The first was that compositionality was compromised. A connection could not be subsumed
into a composite entity without fundamentally changing the structure of the application (by introduc
ing a new intervening entity). The second was that implementation of higher-order functions that
mutated the graph [48] was made much more complicated. These higher-order functions had to be
careful to avoid mutations that created tunneling.

5.4.4 Description

The intent of PtolemyII is that most applications will use graphical rather than textual syntaxes to
visualize topologies. However, this is not always possible, andin anycase,a graphical description may
depict only the startingpoint of a topology that mutates. It can get difficult to understand an intricate
topology.

The descriptionO method in the Nameable interface (figure5.3) provides a way to obtaindetailed
information about a topology in a human and machine readable format. This method is implemented
by the NamedObj class, which also provides an alternative method that takes a detail argument. This
argument can be used to control how much information is obtained.

An exampleis shownin figure 5.8, whichdescribes the topology in figure 5.7. The general syntax
for describing an object is **classname {fullname] keyword [value] keyword [value]". The value is
often itselfa description in exactly this form, or a list of descriptions in this form. For example, in fig
ure 5.8, the keyword "attributes" is always followed by an empty value because no attributes have
been set. The keyword "ports" precedes a list of contained ports, each a description. The keyword
"entities" precedesa list of containedentities.The rest of the description should be evident.

5.4.5 Cloning

The kernel classes are all capable of being cloned, with some restrictions. Cloning means that an
identical but entirely independent object is created. Thus, if the object being cloned contains other
objects, then those objects are also cloned. If those objects are linked, then the links are replicated in
the new objects. The clone() method in NamedObj provides the interface for doing this. Each subclass
provides an implementation.

There is a key restriction to cloning. Because they break modularity, level-crossing links prevent
cloning. With level-crossing links, a link does not clearly belong to any particular entity. An attempt to
clone a composite that contains level-crossing links will trigger an exception.

5.4.6 An Elaborate Example

An elaborate example of a clustered graph is shown in figure 5.9. This example includes instances
of all the capabilities we have discussed. The top-level entity is named "BO."All other entities in this
example have containers. A Java class that implements this example is shown in figure 5.10. A script
in the Tel language [66] that constructs the same graph is shown in figure 5.11. This script uses Tel
Blend, an interface between Tel and Java that is distributed by Scriptics.

The order in which links are constructed matters, in the sense that methods that return lists of
objects preserve this order. The order implemented in both figures 5.10 and 5.11 is top-to-bottom and
left-to-right in figure 5.9. A graphical syntax, however, does not generally have a particularly conve
nient way to completely control this order.

The results of various method accesses on the graph are shown in figure 5.12. This table can be
studied to better understand the precise meaning of each of the methods.
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5.5 Opaque Composite Entities

One of the major tenets of the Ptolemyproject is that of modelingheterogeneous systems through
the use of hierarchical heterogeneity. Information-hiding is a central part of this. In particular, trans
parent ports and entities compromiseinformationhiding by exposing the internal topology of an entity.
In some circumstances, this is inappropriate, for example when the entity internally operates under a
different model of computation from its environment. Theentityshould be opaque in thiscase.

An entity can be opaque and composite at the same time. Ports are defined to be opaque if the
entity containing them is opaque (isOpaqueQ returns true), so deep traversals of the topology do not
cross these ports, even though the ports support inside and outside links. The actor package makes
extensive use of such entities to support mixedmodeling. That use is described in the Actor Package
chapter. In the previous generation system, Ptolemy Classic, composite opaque entities were called

pt.kernel.CompositeEntity {.EO} attributes { ) ports ( }entities{
pt.kenie!.CompcnentEntity {.EO.EI} atirilutes { }ports {

pt.keniel.ComponentPOrt {.E0£1.PI) attributes ( } links{
pLkemeLComponentRelation {.EO.Rl} attributes{ }

} insidelinks{ )
1
pt.kemel.CompostteEntity {.E0.E2) attributes { }ports (

ptkemeLComponentPort {.E0£1P2) attributes { ) links (
pLkeniel.G)mponentReIation (.E0.R1) attributes { }

} insidelinks{
pLkemeLComponentRelation (.E0.E2.R2} anributes { }

}
pLkemeLComponentPort {.E0.E2.P4) attributes { } links {

PLkemeLComponentRelation {.E0.R3} attributes { }
}insidelinks{

pLkemeLComponentRelation {.E0.E2.R2} attributes{ )
}

} entities {
pt-kemeLCbmponentEntity {.EO£2.E3) attributes { }ports {

PLkemeLComponentPort {.EO£2£3.P3} attributes{ ) links {
PLkemeLComponentRelation {.E0.E2.R2} attributes{ }

) insidelinks { )
I

} relations{
pt.kemeLComponentRelation (.E0.E2.R2} attributes { }links {

pLkemeLComponentPort {.E0.E2.P2) attributes { }
pt.kemeLComponentPort (.EO.E2.E3.P3} attributes ( }
pLkemeLComponentPort j.E0.E2.P4} attributes {)

)
}
pt.kemeLComponeRtEntity {.E0.E4} attributes { ) ports {

PLkemeLComponentPort {.E0.E4.P5) attributes { ) links{
pt.kemeLComponentRelation |.E0.R3} attributes ( }

) insidelinks { )
}

} relations{
pLkemeLComponentRelation {.EO.Rl) attributes { ) links (

pLkemeLComponentPort {.EO.El.Pl}attributes { }
pLkemeLComponentPort {.E0.E2.P2} attributes { }

}
pLkemeLComponentRelation {.E0.R3) attributes { }links{

pt.kemeLComponentPort (.E0.E2.P4| attributes { }
pt.kemeLComponentPort i.E0.E4.PS} attributes {}

I
}

FIGURE5.8. An exampleof the syntaxreturnedby the descriptionO method.
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wormholes.

5.6 Concurrency

Weexpect concurrency. Topologies often representthe structureof computations. Those computa
tions themselves may be concurrent, and a user interfacemay be interacting with the topologies while
they execute their computation. Moreover, using RMI or CORBA, Ptolemy n objects may interact
with other objects concurrently over the network via RMI or CORBA.

Both computations within an entity and the user interface are capable of modifying the topology.
Thus, extra care is needed to make sure that the topology remains consistent in the face of simulta
neous modifications (we defined consistency in section 5.2.2).

Concurrency could easily corrupt a topology if a modification to a symmetric pair of references is
interrupted by another thread that also tries to modify the pair. Inconsistency could result if, for exam
ple, one thread sets the reference to the container of an object while another thread adds the same
object to a different container's list of contained objects.

Ptolemy n prevents such inconsistencies from occurring. Such enforced consistency is called

FIGURE 5.9. An example of a clustered graph.
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publicclassExampleSystem {
privateG}inpositeEntity eO, e3, e4, e7, elO;
privateComponentEntity el, e2. eS,e6, e8, e9;
private ComponentPoit pO, pi, p2,p3,p4,pS,p6,p7,p8,p9,plO,pll, pl2, pl3, p4;
privateComponentRelation rl, i2, r3, r4, t5, i6, r7, r8, i9, rlO, rll, rI2;

publicExampleSystemO throwsDlegalAclionException, NameDuplicationException {
eO = new CompositeEntityO;
e0.setName("E0");
e3 = newG>mpositeEntity(eO, "E3");
e4 = newCompositeEntity(e3, "E4");
e7 = newCompositeEntity(eO, "E7"):
elO=new CompositeEntity(eO, "ElO");

el = newCoinponentEntity(e4, "El"):
e2 = newComponentEniity(e4, "E2")
e5 = newComponentEntlty(e3, "E5")
e6 = new ConiponentEntity(e3, "E6")
e8 = newComponentEntity(e7, "E8");
e9 = newCoinponentEntity(elO, "E9");

pO = (G)mponeniPon)e4.newPort("P0"):
pi =(ComponeniPoit)el.newPort("Pr);
p2 = (ComponentPort) e2.newPort("P2");
p3 = (ComponentPort) e2.newPort("P3");
p4 = (ComponentPort) e4jiewPort("P4");
p5= (ComponentPort) e5JiewPort("P5");
p6 = (ComponentPort) e5.newPort("P6");
p7 = (ComponentPort) e3.newPort("P7");
p8 = (ComponentPort) e7.newPort("P8");
p9 = (ComponentPort) e8.newPort("P9");
plO= (ComponentPort) e8.newPort("P10");
pll = (ComponentPort) e7.newPort("Pir);
pl2 = (ComponentPon) eI0.newPort("P12"):
pl3 = (ComponentPon) el0.newPort("P13"):
pl4 = (ComponentPon) e9.newPort("P14");

rl =e4.connect(pl, pO, "Rl");
r2= e4.connect(pl, p4,"R2");
p3.1ink(r2);
r3 = e4.connect(pl,p2, "R3");
r4 = e3.connect(p4, p7, "R4");
r5= e3.connect(p4, p5,"R5");
e3.allowLevelCrossingConnect(irue);
r6 = e3.conneci(p3, p6, "R6");
xl = e0.connect(p7, pi 3, "R7"):
r8 = e7.connect(p9, p8, "R8");
r9 = e7.connect(plO, pi 1,"R9");
rlO= e0.connect(p8, pl2, "RIO");
rll =el0.connect(pl2, pl3, "Rll");
rl2 = el0.connect(pl4, pl3, "R12");
pll.link(r7);

FIGURE5.10. The same topologyas in figure 5.9 implementedas a Java class.

The Kernel
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thread safety.

5.6.1 Limitations of Monitors

Javathreads provide a low-level mechanism called a monitor for controlling concurrent access to
data structures. A monitor locks anobject preventing other threads from accessing theobject (adesign
pattern called mutual exclusion). However, the mechanism is fairly tricky to use correctly. It is non-
trivial to avoid deadlock and race conditions. One of the major objectives of Ptolemy 11 is provide
higher-level concurrency models thatcanbe used with confidence by non experts.

Monitors are invoked in Java via the "synchronized" keyword. This keyword annotates a bodyof

# Createcompositeentities
set eO [java:;new pt.kemeI.CompositeEniity EO]
set e3 [java::new pt.kemel.CompositeEniity $eO E3]
set e4 [java::new pt.kemel.CompositeEntity $e3E4]
sete7 [java::new pt.kemel.CompositeEntity SeO E7]
set elO [java::new pt.kemel.CompositeEntity SeO ElO]

# Createcomponent entities.
set el [java::new pt.kemel.ComponentEntity Se4El]
set e2 [iava::new pt.kemel.ComponentEntity $e4E2]
seteS [Java:mew pt.kemel.Component£ntiiy $e3E5]
sete6 |java::new pt.keme].ComponentEntity $e3E6]
sete8 [java::new pt.kemel.ComponentEntity $e7E8]
sete9 (|ava:;new pt.kemel.ComponentEntity SelOE9]

# Create ports.
set pO [$^ newPoit PO]
set pi[Sel newPoit PI j
set p2 [$e2newPort P2]
set p3 [$e2newPort P3]
set p4 [$e4newPortP4]
set p5 [$e5newPortPS]
set p6 I$e6newPortP6]
set p7 I$e3 newPortP7]
set p8 ($e7newPortP8]
set p9 [$e8 newPort P9]
set plO[$e8 newPortPIG]
set pi 1[Se7newPort Pll]
set pl2 [SelOnewPort P12]
set pl3 [SelOnewPort P13]
set pl4 [Se9newPortP14]

# Create links

set rl [Se4connectSpl SpO Rl]
set r2 [Se4connectSpl Sp4R2]
Sp3 link Sr2
set r3 [Se4connectSpl Sp2R3]
set r4 ($e3connectSp4Sp7R4]
set rS iSe3 connect Sp4 Sp5 RS]
Se3allowLevelCrossingConnect true
set r6 [Se3connectSp3$p6 R6]
set r7 (SeO connectSp7$pl3 R7]
set r8 [Se7connectSp9$p8 R8]
set r9 [Se7connectSplOSpl1 R9]
sel rlO [SeO connectSp8Spl2 RIO]
setrll [SelOconnect$pl2 Spl3 Rll]
set rl2 [SelO connect Spl4 Spl3 R12]
Spl 1 link Sr7

FIGURE 5.11. The same topology as in figure 5.9 described by the Tel Blend commands to create it.
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code or a method, as shown in tigure 5.13. It indicates that an exclusive lock should be obtained on a
speciflc object before executing the body of code. If the keyword annotates a method, as in figure
5.13(a), then the method's object is locked (an instance of class A in the figure). The keyword can also
be associated with an arbitrary body of code and can acquire a lock on an arbitrary object. In figure
5.13(b), the code body represented by ellipses (...) can be executed only after a lock has been acquired
on object obj.

Modifications to a topology that run the risk of corrupting the consistency of the topology involve
more than one object. Java does not directly provide any mechanism for simultaneously acquiring a
lock on multiple objects. Acquiring the locks sequentially is not good enough because it introduces
deadlock potential. I.e., one thread could acquire the lock on the first object block trying to acquire a
lock on the second, while a second thread acquires a lock on the second object and blocks trying to
acquire a lock on the first. Both methods block permanently, and the application is deadlocked. Neither
thread can proceed.

One possible solution is to ensure that locks are always acquired in the same order [43]. For exam
ple, we could use the containment hierarchy and always acquired locks top-down in the hierarchy.
Suppose for example that a body of code involves two objects a and b, where a contains b (directly or
indirectly). In this case, "involved"means that it either modifies members of the objectsor depends on
their values. Then this body of code would be surrounded by:

synchronized(a) {

Table 1: Methods of ComponentRelation

Method Name R1 R2 R3 R4 R5 R6 R7 R8 R9 RIO Rll R12

getLinkedPoits PI PI PI P4 P4 P3 P7 P9 PIO P8 P12 P14

PO P4 P2 P7 P5 P6 P13 P8 Pll P12 P13 P13

P3 Pll

deepGetLinkedPoits PI PI PI PI PI P3 PI P9 PIO P9 P9 P14

P9 P2 P3 P3 P6 P3 PI PI PI PI PI

PI4 P9 P5 P9 P3 P3 P3 P3 P3

PIO P14 P14 PIO P9 PIO PIO PIO

P5 PIO PIO P14

P3

Table 2: Methods of ComponentPort

Method Name PO PI P2 P3 P4 P5 P6 P7 P8 P9 PIO Pll P12 P13 P14

getConnectedPoits PO PI PI P7 P4 P3 P13 P12 PS Pll P7 PS P7 P13

P4 P4 P5 Pll P13 Pll

P3 P6

P2

deepGetConnectedPorts P9 PI PI P9 PI P3 P9 PI PI PI PI P9 PI PI

P14 P9 P14 P3 P14 P3 P3 P3 P3 P3 P3

PIO P14 PIO PIO PIO PIO P9 P9 PIO PIO

P5 PIO P5 P14 P14

P3 P5

P2 P6

FIGURE 5.12. Key methods applied to figure 5.9.
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)

synchronized (b) {

}

If all code that locks a and b respects this same order, then deadlock cannot occur. However, if the
code involvestwo objects where one does not containthe other, then it is not obvious whatordering to
use in acquiring the locks. Worse, a change might be initiated that reverses the containmenthierarchy
while another thread is in the process of acquiring locks on it. A lock must be acquired to read the con
tainment structure before the containment structure can be used to acquire a lock! Some policy could
certainly be defined, but the resultingcode would be difficult to guarantee.Moreover, testing for dead
lock conditions is notoriously difhcult, so we implement a more conservative, and much simpler strat
egy-

5.6.2 Read and Write Access Permissions for Workspace

One way to guarantee thread safety without introducing the risk of deadlock is to give every object
an immutable association with another object, which we call its workspace. Immutable means that the
association is set up when the object is constructed, and then cannot be modified. When a change
involves multiple objects, those objects must be associated with the same workspace. We can then
acquire a lock on the workspace before making any changes or reading any state, preventing other
threads from making changes at the same time.

Ptolemy 11 uses monitors only on instances of the class Workspace. As shown in figure 5.3, every

publicclass A {
public synchronizedvoid foo() {

(a)

public class B {
public void foo() {

synchronlzed(obj){

(b)

publicclass C extendsNamedObj (
public void foo() {

synchronized(workspace()) (

)

try{
workspace().getReadAccess();
//... code that reads

}finally{
workspace().doneReading();

)

(d)

try {
workspace().getWriteAccess();
//... code that writes

) Anally {
workspaceO.doneWritingO;

(e)

(c)

FIGURE 5.13. Using monitors for thread safety. The method used in Ptolemy II is in (d) and (e).
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instance of NamedObj (or derived classes) is associated with a single instance of Workspace. Each
body of code that alters or depends on the topology must acquire a lock on its workspace. Moreover,
the workspace associated with an object is immutable. It is set in the constructor and never modified.
This is enforcedby a very simplemechanism: a reference to the workspace is stored in a private vari
able of the base class NamedObj, as shown in figure 5.3, and no methods are provided to modify it.
Moreover, in instances of these kernel classes, a container and its containees must share the same
workspace (derived classesmay be more liberalin certaincircumstances). This **managed ownership"
[43] is our central strategy in thread safety.

As shown in figure 5.13(c), a conservative approach would be to acquire a monitor on the work
spacefor each body of code that readsor modified objectsin the workspace. However, this approach is
too conservative. Instead, Ptolemy n allows any number of readers to simultaneously access a work
space. Only one writer can access the workspace, however, and only if no readers are concurrently
accessing the workspace.

The code for readers and writers is shown in figure 5.13(d) and (e). In (d), a reader first calls the
getReadAccessO method of the Workspace class. That method does not return until it is safe to read
dataanywhere in the workspace. It is safeif there is no other thread concurrently holding (or request
ing) a write lock on the workspace (the thread calling getReadAccessO safely hold both a read
and a write lock). When the user is finished reading the workspace data, it must call doneReading().
Failure todo so will result in no writer everagain gaining write access to theworkspace. Because it is
so important to call this method, it is enclosed in the finally clauseof a try statement. That clause is
executed even if an exception occurs in the body of the try statement.

Thecodefor writers is shown in figure 5.13(e). Thewriter first calls thegetWriteAccess() method
of the Workspace class. That method does not return until it is safe to write into the workspace. It is
safe if no other thread has read or write permission on the workspace. The calling thread, of course,
may safely haveboth readandwrite permission at thesame time. Once again, it is essential thatdone-
WritingO be called after writing is complete.

Thissolution, while not asconservative as the single monitor of figure 5.13(c), is stillconservative
in that mutual exclusion is applied even on write actions that are independent of one another if they
share the same workspace. This effectively serializes some modifications that might otherwise occur in
parallel. However, there is no constraint in Ptolemy n on the number of workspaces used, so sub
classes ofthese kernel classes could judiciously use additional workspaces toincrease the parallelism.
But they must do so carefully to avoid deadlock.Moreover,most of the methods in the kernel refuse to
operate on multiple objects thatarenot in the same workspace, throwing anexception on any attempt
to do so. Thus, derived classes that are more liberal will have toimplement their own mechanisms sup
porting interaction across workspaces.

There is one significant subtlety regarding read and write permissions onthe workspace. Ina mul
tithreaded application, normally, when a thread suspends (for example bycalling wait()), if that thread
holds read permission onthe workspace, that permission is not relinquished during the time the thread
is suspended. If another thread requires write permission to perform whatever action the first thread is
waiting for, then deadlock will ensue.That threadcannotget writeaccessuntil the first threadreleases
its read permission, and thefirst thread cannot continue until thesecond thread gets write access.

The way to avoid this situation is to use the wait() method of Workspace, passing as an argument
the object on which you wish to wait (see Workspace methods in figure 5.3). Thatmethod first relin
quishes all readpermissions before calling waiton the target object. When wait() returns, noticethat it
is possible that the topology has changed, socallers should besure to re-read any topology-dependent
information. In general, this technique should be used whenever a thread suspends while it holds read
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permissions.

5.6.3 Making a Workspace Read Only

Acquiring read and writeaccess permissions on the workspace is not free, and it is performed so
often in a typical application that it can significantly degrade performance. In some situations, an
application maysimply wishto prohibit all modifications to the topology for someperiod of time. This
can be done by calling setReadOnlyO on the workspace (see Workspace methods in figure 5.3). Once
the workspace is read only, requests for read permission are routinely (and veryquickly) granted, and
requests for write permission trigger an exception. Thus, making a workspace read only can signifi
cantly improve performance, at the expense of denying changes to the topology.

5.7 Mutations

Often it is necessary to carefullyconstrain when changes can be made in a topology. For example,
an application that uses the actor package to execute a model defined by a topology may require the
topology to remain fixed during segments of the execution. During these segments, the workspace can
be made read-only (see section 5.6.3), significantly improving performance.

A subpackage of the kernel, called the event package, provides support for carefully controlled
mutations. The classes and interfaces in this package are shown in figure 5.14.

The typical usage pattern involves an originator that wishes to have a mutation performed, such as
an actor (see the Actor Package chapter), and an object that accepts change requests, such as a director
or manager, (again, see the Actor Package chapter). The originator creates an instance of the class
ChangeRequest and enqueues that request by calling the requestChange() of the director or manager (a
director typically delegates the request to the manager). When it is safe, the manager executes the
change by calling execute() on each enqueued ChangeRequest. In addition, it informs any registered
change listeners of the mutations so that they can react accordingly.

We have taken some liberties with the notation in figure 5.14. The originator implements the
Nameable interface. Since this interface is not in the kemel.event package, it is shown with a dashed
outline.

5.7.1 Change Requests

A manager processes a change request by calling its execute() method. If the request completes
successfully, the director then notifies all change listeners attached to it. The ChangeRequest class is
abstract. In a typical use, an originator will define an anonymous inner class, like this:

ChangeRequest change - new ChangeRequest(originator, "description") {
public void execute() throws ChangePailedException {

try {

} catch (IIlegalActionException ex) {
throw new ChangeFailedException(this, ex);

}
}

};
manager.requestChange(change);
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The body of the execute() method could create entities, relations, ports, links, etc. For example, the
code in the execute() method to create and link a new entity might look like this:

Entity newentity = new MyEniityC]ass(originator, "NewEnllty");
relation.link(newentity.port);

When executeO is called, the entity named newentity will be created, added to originator (which is
assumed to be an instance of CompositeEntity here) and linked to relation.

enqueue with » mequeslCtrange(c: ChartgeRequesI)]
constructs

ChangeFalledException

|*Chan9eFailedExcepttoci(c: ChangeRequest. ex: Exception)!

enqueues with »

4«dclChangeLlstener(listener: ChangeUstener)
+requestChange(c: CharkgeRequast)
•KemoveChangeUstenar(lister>er: ChangeUstener)!

Itstens-for-events

•Interface*-

ChangeUstener

4ChartgeExscuted(c: ChangeRequest)

ChangeRequest

-_Oescrtpllon: String
-.originator; NameatHe

'»Change(orfginator: Nameable. desertion: String) event
*execuieO I
•fgetDescriptionO: String
•»getOriglnator(): Object StandardOutChangeUstener
•Hiotlfyjiistener: ChangeUstener)

clata.expr

contains-sequence-of

ChangeUst

-.changes; UnkedUsi

+ChangeUst(origlnator: Nameable. description: String)
••edd(c: ChangeRequest)
+execute()

SelParsmeter

-.expression: String
-.parameter: Parameter

•fSstParameter(origlnaior: Nameable. p: Parameter, expression: String)
-fgetParameterO: Parameter

FIGURE5.14. Classes and interfaces in kemel.event, whichsupportscontrolled topology mutations. An origi
nator requests topology changes and a manager performs them at a safe time.
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A set ofconcrete classes extending ChangeRequest are implemented in the actor.event package.
Those are described in the Actor Package chapter. One such concrete derived class is shown in figure
5.14. The SetParameter class appears in the data.expr package (see the Data Package chapter). It pro
vides a convenient mechanism for changing parameters ofa model only atsafe points during the exe
cution of the model.

5.7.2 Managers and Listeners

The manager can safely perform topology changes, typically between iterations, even during an
execution, but limiting the changes to occur between iterations. It provides addChangeListener() and
removeChangeListenerO methods, so that interested objects can register tobe notified when topology
changes occur. In addition, it provides a method that originators can use toqueue requests. The direc
torcanalso be used to queue requests, butit typically delegates therequest to themanager.

A change listener is any object that implements the ChangeListener interface, and will typically
include user interfaces and visualization components. Theinstance of ChangeRequest is passed to the
listener, butunless it is oneof therecognized concrete derived classes, then it is unlikely to be intelli
gible to thelistener. At most the listener can obtain a description of the change. To getmore details, it
must query the topology.

5.8 Exceptions

Ptolemy n includes a set of exception classes that provide a uniform mechanism for reporting
errors that takes advantage of the identification of named objects by full name. These exception are
summarized in the class diagram in figure 5.15.

5.8.1 Base Class

KernelException. Not used directly. Provides common functionality for the kernel exceptions. In par
ticular, it provides methods that take zero, one, or two Nameable objects plus an optional detail mes
sage (a String). The arguments provided are arranged in a default organization that is overridden in
derived classes.

5.8.2 Less Severe Exceptions

These exceptions generally indicate that an operation failed to complete. These can result in a
topology that is not whatthecallerexpects, sincethecaller's modifications to the topology did not suc
ceed. However, they shouldnever result in an inconsistent or contradictory topology.

IllegalActionException. Thrown on an attempt to perform an action that is disallowed. For example,
the action would resultin an inconsistent or contradictory data structure if it wereallowed to complete.
E.g., attemptto set the containerof an object to be anotherobject that cannotcontainit becauseit is of
the wrong class.

NameDuplicationException. Thrown on an attempt to add a named objectto a collection that requires
unique names, and finding that there already is an object by that name in the collection.

NoSuchltemException. Thrown on access to an item that doesn't exist. E.g., attempt to remove a port
by name and no such port exists.
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5.8.3 More Severe Exceptions

The following exceptions should never trigger. If they trigger, it indicates a serious inconsistency
in the topology and/or a bug in the code. At the very least, the topology being operated on should be
abandoned and reconstructed from scratch. They are runtime exceptions, so they do not need to be
explicitly declared to be thrown.

InvalidStateException. Some object or set of objects has a state that in theory is not permitted. E.g., a
NamedObj has a null name. Or a topology has inconsistent or contradictory information in it, e.g. an
entity contains a port that has a differententity as its container. Our design should make it impossible
for this exception to ever occur, so occurrence is a bug. This exception is derived from the Java Runt-
imeException.

IntemalErrorException. An unexpected error other than an inconsistent state has been encountered.
Our design should make it impossible for this exception to ever occur, so occurrence is a bug. This

Exception RimtimeException

KemetExcaption

-.message: String

•KKemelExcepticnO
+KemelException(o1; Nameable,o2: Nameable,message: String)
•^gstMessageO: String
ff.getName(obJ: Nameable): String
*.getFuI[Name{ol4; Nameable): String
H.setMessageCmessage: String)

InvalidStateException

-.message: String

•flnvalidStateException(msg: String)
•»lnv8lIdStateException(abj; Nameable, msg: String)
•flnvalidStateExceptlon(o1; Nameable,o2: Nameable,msg; String)
+InvalldStateExceptlon(objects: Enumeratioa msg: String)
•rgetMessageO: String
#.getName(obj: Nameable): String
lt.getFuttName(ot>j: Nameatile): String
#.setMessage(massage: String)

NoSuchttemException IntemalErrorException

4NoSuchttsmExceptlcn(msg: String)
4NoSuchltemExceptlon(otj: Nameable, msg: String)

•.message: String

4tntemalEm>rException(tn8ssage: String)
•fgetMessageQ: String

NameOupIieationException

•»NameOup!lcatlonException(container; Nameable, msg: String)
4NameDupIicationException(container: Nameable,wouklBeContalner: Nameable)
•fNameDupiicationException(container: Nameable, wouMBeContainer: Nameable, msg: String)

IIIegaiActionException

•^IIIegalActtonException(mess8ge: String)
4{IIegaIActionExceptiQn(obj:Nameable)
4(llegalActtonException(obi =Nameable, message: String)
4tIlegalActlonException(ol: Nameable,o2: Nameable)
•i41legalActlonExceptlon(o1: Nameable,o2: Nameable,msg: String)

FIGURE 5.15, Summary of exceptions defined in thekemel,util package. These areused primarily through
constructor calls. Theform of theconstructors is shown in thetext. Exception andRuntimeException are
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exception is derived from the Java RuntimeException.
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6.1 Concurrent Computation

In the kernel package, entities have no semantics. They are syntactic placeholders. In many of the
uses of Ptolemy n, entities are executable. The actor package provides basic support for executable
entities. It makes a minimal commitment to the semantics of these entities by avoiding specifying the
order in which actors execute (or even whether the execute sequentially or concurrently), and by
avoiding specifying the communication mechanism between actors. These properties are defined in the
domains.

In most uses, these executable entities conceptually (if not actually) execute concurrently. The
goal of the actor package is to provide a clean infrastructure for such concurrent execution that is neu
tral about the model of computation. It is intended to support dataflow, discrete-event, synchronous-
reactive, continuous-time, communicating sequential processes, and process networks models of com
putation, at least. The detailed model of computation is then implemented in a set of derived classes
called a domain. Each domain is a separate package.

Ptolemy II is an object-oriented application framework. Actors [1] extend the concept of objects to
concurrent computation. Actors encapsulate a thread of control and have interfaces for interacting with
other actors. They provide a framework for "open distributed object-oriented systems." An actor can
create other actors, send messages, and modify its own local state.
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Inspiredby this model, we group a certain set of classes that supportcomputation withinentities in
the actor package. Our use of the term "actors," however, is somewhat broader, in that it does not
require an entity to be associated with a single thread of control, nor does it require the execution of
threads associated with entities to be fair. Some subclasses, in other packages, impose such require
ments, as we will see, but not all.

Agha'sactors [1]can onlysendmessages to acquaintances — actors whose addresses it wasgiven
at creationtime, or whoseaddresses it has received in a message, or actors it has created. Our equiva
lent constraint is that an actor can only send a message to an actor if it has (or can obtain) a reference to
an input port of that actor. The usual mechanism for obtaining a reference to an input port uses the
topology, probing for a port that it is connected to. Our relations, therefore, provide explicit manage
ment of acquaintance associations. Derived classes may provide additional implicit mechanisms. We
define actor more loosely to refer to an entity that processes data that it receives through its ports, or
that creates and sendsdata to other entities throughits ports.

Theactorpackage provides templates fortwokeysupport functions. These templates support mes
sage passingand the executionsequence(flow of control).They are templates in that no mechanism is
actually provided for message passing or flow of control, but rather base classes are defined so that
domains only need to override a few methods, andso that domains can interoperate.

6.2 Message Passing

The actor package provides templates for executable entities called actors that communicate with
oneanother viamessage passing. Messages areencapsulated in tokens (see theData Package chapter).
Messages are sent via ports. lOPort is the key class supporting message transport, and is shown in fig
ure 6.2. An lOPort can only be connected to other lOPort instances, and only via lORelations. The
lORelation class is also shown in figure 6.2. TypedlOPort and TypedlORelation are subclasses that
manage type resolution. These subclasses are used much more often, in order to benefit from the type
system. This is described in detail in the TVpe System chapter.

An instance of lOPort can be an input, an output, or both. An input port (one that is capable of
receiving messages) contains one or more instances of objects that implement theReceiver interface.
Each of these receivers is capableof receiving messages froma distinctchannel.

Thetype of receiver used depends onthecommunication protocol, which depends onthemodel of
computation. The actor package includes two receivers. Mailbox and QueueReceiver. These are
generic enough to be useful in several domains. TheQueueReceiver class contains a FlFOQueue, the
capacity of which can be controlled. It also provides a mechanism for tracking the history of tokens
that are received by the receiver. The Mailbox class implements a FIFO (first in, first out) queue with
capacity equal to one.

6.2.1 Data Transport

Datatransport is depicted in figure 6.1.Theoriginating actorEl hasan output portPI, indicated in
the figure with an arrow in the direction of token flow. The destination actor E2has an input port P2,
indicated in the figure with another arrow. El calls the send() method of PI to send a token / to a
remote actor. The port obtains a reference to a remote receiver (via the lORelation) andcalls the put()
method of the receiver, passing it the token. The destination actor retrieves the token by calling the
get()method of its inputport, which in turncalls the get()method of the designated receiver.

Domains typically provide specialized receivers. These receivers override get() andput() to imple-
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ment the communication protocol pertinent to that domain. A domain that uses asynchronous message
passing, for example, can usually use the QueueReceiver shown in figure 6.2. A domain that uses syn
chronous message passing (rendezvous) has to provide a new receiver class.

In figure 6.1 there is only a single channel, indexed 0. The "0" argument of the send() and get()
methods refer to this channel. A port can support more than one channel, however, as shown in figure
6.3. This can be represented by linking more than one relation to the port, or by linking a relation that
has a width greater than one. A port that supports this is called a multiport. The channels are indexed
0,..., 1, where N is the number of channels. An actor distinguishes between channels using this
index in its send() and get() methods. By default, an lOPort is not a multiport, and thus supports only
one channel. It is converted into a multiport by calling its setMultiport() method with a true argument.
After conversion, it can support any number of channels.

Multiports are typically used by actors that communicate via an indeterminate number of channels.
For example, a "distributor" or "demultiplexor" actor might divide an input stream into a number of
output streams, where the number of output streams depends on the connections made to the actor. A
stream is a sequence of tokens sent over a channel.

An lORelation, by default, represents a single channel. By calling its setWidth() method, however,
it can be converted to a bus. A multiport may use a bus instead of multiple relations to distribute its
data, as shown in figure 6.4. The width ofa relation is the number of channels supported by the rela
tion. If the relation is not a bus, then its width is one.

The width of a port is the sum of the widths of the relations linked to it. In figure 6.4, both the
sending and receiving ports are multiports with width two. This is indicated by the "2" adjacent to each
port. Note that the width of a port could be zero, if there are no relations linked to a port (such a port is
said to be disconnected). Thus, a port may have width zero, even though a relation cannot. By conven
tion, in Ptolemy U, if a token is sent from such a port, the token goes nowhere. Similarly, if a token is

receiver.putW__^^^ get(O)
^ O P2 E2

token ty

' \ receisend(O.t) ^

FIGURE 6.1. Message passing is mediated by the lOPort class. Its send() method obtains a reference to a
remote receiver, and calls the put() method of the receiver, passing it the token r. The destination actor
retrieves the token by calling the get() method of its input port.

send(0,t0)

El PI

^ertd(l.tl)

receiver.put(t1)

receiver.put(tO)

token toy

token

FIGURE 6.3. A port can support more than one channel, permitting an entity to send distinct data to distinct
destinations via the same port. This feature is typically used when the number of destinations varies in dif
ferent instances of the source actor.
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FIGURE 6.2. Port and receiver classes that provide infrastructure for message passing under various com
munication protocols.

6-4 Ptolemy II



Actor Package

sent via a relation that is not linked to any input ports, then the token goes nowhere. Such a relation is
said to be dangling.

A given channel may reach multiple ports, as shown in figure 6.5. This is represented by a relation
that is linked to multiple input ports. In the default implementation, in class lOPort, a reference to the
token is sent to all destinations. Note that tokens are assumed to be immutable, so the recipients cannot
modify the value. This is importantbecause in most domains, it is not obvious in what order the recip
ients will see the token.

lOPort provides a broadcast() method for convenience. This method sends a specified token to all
receivers linked to the port, regardless of the width of the port.

6.2.2 Example

An elaborate example showing all of the above features is shown in figure 6.6. In that example, we
assume that links are constructed in top-to-bottom order. The arrows in the ports indicate the direction
of the flow of tokens, and thus specify whether the port is an input, an output, or both. Multiports are
indicated by adjacent numbers larger than one.

The top relation is a bus with width two, and the rest are not busses. The width of port PI is four.
Its first two outputs (channels zero and one) go to P4 and to the first two inputs of P5. The third output
of PI goes nowhere. The fourth becomes the third input of P5, the first input of P6, and the only input
of P8, which is both an input and an output port. Ports P2 and P8 send their outputs to the same set of
destinations, except that P8 does not send to itself. Port P3 has width zero, so its send() method cannot
be called without triggering an exception. Port P6 has width two, but its second input channel has no
output ports connected to it, so calling get(l) will trigger an exception that indicates that there is no
data. Port P7 has width zero so calling get() with any argument will trigger an exception.

send(0,t0

sendil ,t1)

receiver.put(tO)
recelver.put(tl)

get(O), get(1)

E2

token to, t1y

FIGURE 6.4. A bus is an lORelation that represents multiple channels. It is indicated by a relation with a
slash through it, and the number adjacent to the bus is the width of the bus.

send(0,t)

^end(1,t1)

receiver.put(t)

receiver.put(t)

get(O) token
(clone of t)

E3

FIGURE6.5. Channelsmay reach multipledestinations. This is represented by relations linkingmultiple
input ports to an output port.
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6.2.3 Transparent Ports

Recall that a port is transparent if its container is transparent (isOpaque() returns false). A Com-
positeActor is transparent unless it has a local director. Figure 6.7 shows an elaborate example where
busses, input, and output ports are combined with transparent ports. Thetransparent ports are filled in
white, and again arrows indicate the direction of token flow. The Tel Blend code to construct this
example is shown in figure 6.8.

By definition, a transparentport is an input if either
• it is connected on the insideto the outside of an inputport, or
• it is connected on the inside to the insideof an outputport.
Thatis,a transparent portis an input portif it canaccept data(which it may then justpass through toa

6-6
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PI

r
P2 1

P3 1

FIGURE 6.6. An elaborate example showing several features ofthe data transport mechanism.

FIGURE 6.7. Anexample showing busses combined with input, output, and transparent ports.
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transparent output port). Correspondingly, a transparent port is an output port if either

• it is connected on the inside to the outside of an output port, or

• it is connected on the inside to the inside of an input port.

Thus, assuming PI is an output port and P7, P8, and P9 are input ports, then P2, P3, and P4 are both
input and output ports, while P5 and P6 are input ports only.

Two of the relations that are inside composite entities (R1 and R5) are labeled as busses with a star
(*) instead of a number. These are busses with unspecified width. The width is inferred from the topol
ogy. This is done by checking the ports that this relation is linked to from the inside and setting the
width to the maximum of those port widths, minus the widths of other relations linked to those ports on
the inside. Each such port is allowed to have at most one inside relation with an unspecified width, or
an exception is thrown. If this inference yields a width of zero, then the width is defined to be one.
Thus, R1 will have width 4 and R5 will have width 3 in this example. The width of a transparent port is
the sum of the widths of the relations it is linked to on the outside (just like an ordinary port). Thus, P4
has width 0, P3 has width 2, and P2 has width 4. Recall that a port can have width 0, but a relation can
not have width less than one.

When data is sent from PI, four distinct channels can be used. All four will go through P2 and P5,
the first three will reach P8, two copies of the fourth will reach P9, the first two will go through P3 to

set eO[java:;new ptoIemy.actor.CoinpositeActor] Sri setWtdthO
SeO setDirector Sdirecior Sr2setWidth3
$eO setManager Smanager Sr4 set Width 2

SrS set Width 0
set el |java::newptolemy.actor.CoinpostteActor SeO El]
set e2 [java::new ptolemy.actor.AtomicActor $el E2] Spll nkSrl
set e3 [iava::newptoleiny.actor.CompositeActor$eO E3] Sp21nkSrl
set e4 [java::newptoleiny.actor.AtomtcActor $e3E4] Sp31nkSrl
set eS [javatmew ptolemy.actor.AtomicActor $e3 ES] Sp41nkSrl
set e6 ijava::new ptolemy.actor.AtomicActor SeO E6] Sp21nkSr2

Sp51 nkSr2
set pi (java;:new ptoleiny.actor.IOPon $e2PI falsetrue] Sp21nkSr3
set p2 ljava::newptoletny.actor.lOPort Sel P2] Sp51nkSr3
set p3 [java::newptoletny.actor.lOPon Sel P3] Sp61 nkSr3
set p4 [java:;newptoleiny.actor.lOPoit Sel P4] Sp31 nkSr4
set pS|java::newptoIemy.actor.lOPon Se3PS] Sp71 nkSr4
set p6 |java::newptolemy.actor.lOPon Se3P6] Sp51nkSrS
set p7 |java::newptolemy.actor.IOPort Se6P7 tnie false] Sp81nkSrS
set p8[java:;new ptolemy.actor.IOPoit Se4P8truefalse] Sp51nkSr6
set p9 (java::new ptolemy.actor.IOPort SeS P9 truefalse] Sp91nkSr6

Sp61nkSr7
set rl [java;:new ptolemy.actor.lORelatlon Sel Rl] Sp91 nkSr7
set r2 [javaiinew ptoIemy.actor.lORelation SeO R2]
set r3 [java::new ptoIemy.actor.lORelation SeO R3]
set r4 [java;:new ptolemy.actor.IORelation SeO R4]
set rS (java;:new ptolemy.actor.lORelation Se3 R5]
set r6 [java::new ptoIemy.actor.lORelation Se3R6] •

set r? |java::new ptolemy.actorlORelationSe3 R7]

Spl setMuItipontrue
Sp2setMuItlport true
Sp3setMultiport true
Sp4setMultiport true
SpSsetMultiport true
Sp7setMultiport true
SpSsetMultiport true
Sp9setMultiport true

FIGURE 6.8. Tcl Blend code to construct the example in figure 6.7.
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P7, and none will go through P4.
By default, an lORelation is not a bus, so its width is one. To turn it into a bus with unspecified

width, call set)\^dth() with a zero argument. Note that getWidth() will nonetheless never return zero (it
returns at least one). To find out whether setWidth() has been called with a zero argument, call
is)^^dthFixed() (seefigure 6.2). If a bus withunspecified width is not linked on the inside to any trans
parent ports, then its width is one. It is not allowed for a transparent port to have more than one bus
with unspecified width linked on the inside (an exception will be thrown on any attempt to construct
sucha topology). Notefurtherthata buswithunspecified widthis stilla bus,andso can onlybe linked
to multiports.

In general, buswidths inside and outside a transparent portneed not agree. Forexample, if M ^
in figure 6.9, then first M channels from PI reach P3, and the last N-M channels are dangling. If
M>Ny then all N channels from PI reach P3, but the last M-N channels at P3 are dangling.
Attempting to get a token from thesechannels will trigger an exception. Sending a token to thesechan
nels just results in loss of the token.

Note that data is not actually transported through the relations or transparent ports in Ptolemy II.
Instead, each output port caches a list of the destination receivers (in the form of the two-dimensional
array returned by getRemoteReceivers()), and sends data directly to them. The cache is invalidated
whenever the topology changes, and only at that point will the topology be traversed again. This sig
nificantly improves the efficiency of data transport.

6.2.4 Data IVansfer in Various Models of Computation

The receiver used by an input port determines the communication protocol. This is closely bound
to the model of computation. The lOPort class creates a new receiver when necessary by calling its
_newReceiver() protected method. That method delegates to the director returned by getDirector(),
calling its newReceiver() method (theDirector class willbe discussed in section 6.3 below). Thus, the
director controls the communication protocol, in addition to its primary function of determining the
flow ofcontrol. Here we discuss the receivers that are made available inthe actor package. This should
not be viewed as an exhaustive set, but ratheras a particularly useful set of receivers. Thesereceivers
are shown in figure 6.2.

Mailbox Communication. The Director base class by default returns a simple receiver called a Mail
box. A mailbox is a receiver has capacity for a single token. It will throw an exception if it is empty
and get() is called, or it is full and put() is called. Thus, a subclass of Director that uses this should
schedule the calls to put() and get() so that these exceptions do not occur, or it should catch these
exceptions.

6-8
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FIGURE 6.9. Buswidthsinsideand outsidea transparent portneed not agree.
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Asynchronous Message Passing. This is supported by the QueueReceiver class. A QueueReceiver
contains an instance of FIFOQueue, from the actor.util package, which implements a first-in, first-out
queue. This is appropriate forall flavors of dataflow as wellas Kahn process networks.

In the Kahn process networks model of computation [40], which is a generalization of dataflow [48],
each actor has itsown thread ofexecution. The thread calling get() will stall if the corresponding queue
is empty. If thesize of the queue isbounded, then the thread calling put() may stall if the queue is full.
This mechanism supports implementation of a strategy thatensures bounded queues whenever possi
ble [68].

In theprocessnetworks model of computation, thehistoryof tokens that traverse anyconnection is
determinate under certain simple conditions. With certain technical restrictions on the functionality of
the actors (they mustimplement monotonic functions underprefix ordering of sequences), our imple
mentation ensures determinacy in that the history does not depend on the order in which the actors
carry out their computation. Thus, the history does not depend on the policies used by the thread
scheduler.

FIFOQueue is a support class that implements a first-in, first-out queue. It is part of the actor.util
package, shown in figure 6.10. This class has two specialized features that make it particularly useful
in this context. First, its capacity can be constrained or unconstrained. Second, it can record a finite or
infinitehistory, the sequenceof objectspreviouslyremovedfrom the queue. The histoiy mechanism is
useful both to support tracing and debuggingand to provide access to a finite bufferof previously con
sumed tokens.

An example of an actor definition is shown in figure 6.11. This actor has a multiport output. It
reads successive input tokens from the input port and distributes them to the output channels. This
actor is written in a domain-polymorphic way, and can operate in any of a number of domains. If it is
used in the PN domain, then its input will have a QueueReceiver and the output will be connected to
ports with instances QueueReceiver.

Rendezvous Communications. Rendezvous, or synchronous communication, requires that the origina
tor of a token and the recipient of a token both be simultaneously ready for the data transfer. As with
process networks, the originator and the recipient are separate threads. The originating thread indicates

publicclassDistributor extends lypedAtomicActor {

publicTypedlOPort Jnput;
publicTypedlOPort .output;

publicDistribute(CompositeActor container. Stringname)
throws NameDuplicationException, llIegalActionException {

super(container.name);
Jnput = newTypedIOPort(this, "input", true,false);
.output = newTypedlOPort(this, "output", false, true);
_output.setMuItipon(true);

)

public voidflre() throws llIegalActionException {
for (int i=0;i < .output.getWidth(); i-H-) {

.output.send(index,Jnput.get(O));
}

FIGURE6.11. An actor that distributes successive input tokensto a set of outputchannels.
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a willingness to rendezvous by calling send(), which in turn calls the put() method of the appropriate
receiver. The recipient indicates a willingness to rendezvous by calling get() on an input port, which in
turn calls get() of the designated receiver. Whichever thread does this first must stall until the other
thread is ready to complete the rendezvous.

This style of communication is implemented in the CSP domain. In the receiver in that domain, the
put() method suspends the calling thread if the get() method has not been called. The get() method sus
pends the calling thread if the put() method has not been called. When the second of these two methods
is called, it wakes up the suspended thread and completes the data transfer. The actor shown in figure
6.11 works unchanged in the CSP domain, although its behavior is different in that input and output
actions involve rendezvous with another thread.

Nondeterministic transfers can be easily implemented usingthis mechanism. Suppose for example
thata recipient is willing to rendezvous with anyof several originating threads. It couldspawn a thread
foreach. These threads should each callget(), which willsuspend thethread until theoriginator is will
ing to rendezvous. When one of the originating threads is willing to rendezvous with it, it will call
put().The multiplerecipient threads will all be awakened, but only of them will detect that its rendez
vous hasbeen enabled. Thatonewill complete therendezvous, and others will die. Thus, thefirst orig-
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FIGURE 6.10, Static structure diagram for theactor.util package.
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inating thread to indicate willingness to rendezvous will be the one that will transfer data. Guarded
communication [4] can also be implemented.

Discrete-Event Communication. In the discrete-event model of computation, tokens that are trans
ferred between actors have a time stamp, which specifies the order in which tokens should be pro
cessed by the recipients. The order is chronological, by increasing time stamp. To implement this, a
discrete-event system will normally use a single, global, sorted queue rather than an instance of FIFO-
Queue in each input port. The kemeLutil package, shown in figure 6.10, provides the CalendarQueue
class, which gives an efficient and flexible implementation of such a sorted queue.

6.2.5 Discussion of the Data Transfer Mechanism

This data transfer mechanism has a number of interesting features. First, note that the actual trans
fer of data does not involve relations, so a model of computation could be defined that did not rely on
relations. For example, a global name server might be used to address recipient ports. For example, to
construct highly dynamic networks, such as wireless communicationsystems, it may be more intuitive
to model a systemas a aggregation of unconnected actors with addresses. A name server would return
a reference to a port given an address. This could be accomplishedsimply by overriding the getRemo-
teReceiversO methodof lOPort or lypedlOPort, or by providingan alternative method for getting ref
erences to receivers. The subclass of lOPort would also have to ensure the creation of the appropriate
number of receivers. The base class relies on the width of the port to determine how many receivers to
create, and the width is zero if there are no relations linked.

Note further that the mechanism here supports bidirectional ports. An lOPort may return true to
both the isInputO and isOutput() methods.

6.3 Execution

The Executable interface, shown in figure 6.12, is implemented by the Director class, and is
extended by the Actor interface. An actor is an executableentity. There are two types of actors,Atom-
icActor, which extends ComponentEntity, and CompositeActor, which extends CompositeEntity. As
the names imply, an AtomicActor is a single entity, while a CompositeActor is an aggregation of
actors. Two furtherextensions implementa type system, TypedAtomicActor and TypedCompositeAc-
tor.

The Executable interface defines how an object can be invoked. There are seven methods.The ini-
tializeO method is assumed to be invoked exactly once during the lifetime of an execution of a model.
It may be invoked again to restart an execution. The prefire(), fire(), and postfire() methods will usu
ally be invoked many times. The fire() method may be invoked several times between invocations of
prefireO and postfire(). The stopFire() method is invoked to request suspension of firing. The wrapupO
method will be invoked exactly once per execution, at the end of the execution.

The terminateO method is provided as a last-resort mechanism to interrupt execution based on an
external event. It is not called during the normal flow of execution. It should be used only to stop run
away threads that do not respond to more usual mechanism for stopping an execution.

An iteration is defined to be one invocation of prefire(), any number of invocation of fire(), and
one invocation of postfire(). An execution is defined to be one invocation of initialize(), followed by
any number of iterations, followed by one invocation of wrapupQ. The methods initialize(), prefire(),
fireO, postfireO, and wrapupO are called the action methods. While, the action methods in the execut-
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'frequestChange(change: CtiangeRequest)
'••resolveTypesO
'••iBsumeO
'fstaitRunO
'ftermlnateO
'fwrapupO
•.makeManageiOf(ca: CompositeActor)
»_setState(newState: State)

•hgotDiroctorO: Omctor
*i/otE)ceeutlveDimctoiO:DUacloi
-tgeOAanageiQ:Manager
*inputPortsO: Enumeration
•HtewRecelvefO: Receiver
•KTUtputPortsO: Gnume/aljion

container

♦AtomloActor()

♦AtomlcActor(w:Workspace)
*AtomloActor(container: CompositeActor, name: String)

mterfaca

TVpedActor

+typeConstrt^nts(): Enumaratior

♦TypedAtomlcActorO
♦TypedAtomlcActortw:Workspace)
♦TypedAtomlcActor(container: Typ^CompositeActor, name: String)

♦TypedCompositeActor()

♦TypedComposileActor(w: Workspace)
♦TypedCompositeActor(container:TypedCompositeActor, name: String)
-fcheckTypesO: Enumeration

TypedAtomlcActor

♦DIRECTOR:lnt

.drector: Director

.manager: Manager

♦ComposlteActort)

♦ComposlteActortw;Workspace)
♦Compo8iteActor(container: CompositeActor, name: String)
♦newtnsideRecelvsrO: Receiver
♦setDirectorfd:Director)
♦setManagerfm: Manager)

♦DefaultExecutlonUstenerQ

FIGURE 6.12. Basic classes in the actor package that support execution.
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ExeeuOonUstener

♦executionError(m:Manager, ex; Exception)
+executionRnished(m: Manager)
•fmaitagerStateClt8nged(m: Manager)

Ptolemy II



Actor Package

able interface are executed in order during the normal flow of an iteration, the terminate() method can
be executed at any time, even during the execution of the other methods.

The initializeO method of each actor gets invoked exactly once, much like the beginQ method in
Ptolemy Classic. Typical actions of the initialize() method include creating and initializing private data
members. In domains that use typed ports and/or schedulers, type resolution and scheduling has not
been performed when initializeO is invoked. Thus, the initializeO method may define the types of the
ports and may set parameters that affect scheduling.

The prefireO method may be invoked multiple times during an execution, but only once per itera
tion. The prefireO returns true to indicate that the actor is ready to fire. In other words, a return value of
true indicates "you can safely invoke my fire method," while a false value from prefire means "My
preconditions for firing are not satisfied. Call prefire again later when conditions have change." For
example, a dynamic dataflow actor might return false to indicate that not enough data is available on
the input ports for a meaningful firing to occur.

In opaque composite actors, the prefireO method is responsible for transferring data from the
opaque ports of the composite actor to the ports of the contained actors. See section 6.3.5 below.

The fire() method may be invoked multiple times during an iteration. In most domains, this
method defines the computation performed by the actor. Some domains will invoke fire() repeatedly
until some convergence condition is reached. Thus, fire() should not change the state of the actor.
Instead, update the state in postfire().

In some domains, the fire method initiates an open-ended computation. The stopFire() method
may be used to request that firing be ended and that the fire() method return as soon as practical.

The postfireO method will be invoked exactly once during an iteration, after all invocations of the
fireO method in that iteration. An actor may return false in postfire to request that the actor should not
be fired again. It has concluded its mission. However, a director may elect to continue to fire the actor
until the conclusion of its own iteration. Thus, the request may not be immediately honored.

The wrapupO method is invoked exactly once during the execution of a model, even if an excep
tion causes premature termination of an execution. Typically, wrapupO is responsible for cleaning up
after execution has completed, and pertiaps flushing output buffers before execution ends and killing
active threads.

The terminateO method may be called at any time during an execution, but is not necessarily
called at all. When terminate() is called, no more execution is important, and the actor should do every
thing in its power to stop execution right away. This method should be used as a last resort if all other
mechanisms for stopping an execution fail.

6.3.1 Director

A director governs the execution of a composite entity. A manager governs the overall execution
of a model. An example of the use of these classes is shown in figure 6.13. In that example, a top-level
entity, EO, has an instance of Director, Dl, that serves the role of its local director. A local director is
responsible for execution of the components within the composite. It will perform any scheduling that
might be necessary, dispatch threads that need to be started, generate code that needs to be generated,
etc. In the example, Dl also serves as an executive director for E2. The executive director associated
with an actor is the director that is responsible for firing the actor.

A composite actor that is not at the top level may or may not have its own local director. If it has a
local director, then it defined to be opaque (isOpaque() returns true). In figure 6.13, E2 has a local
director and E3 does not. The contents of E3 are directly under the control of Dl, as if the hierarchy
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were flattened. By contrast, the contents of E2 are under the control of D2, which in turn is under the
control of Dl. In the terminology of the previous generation, Ptolemy Classic, E2 wascalled a worm-
hole. In Ptolemy 11, we simply call it a composite opaque actor. It will be explained in more detail
below in section 6.3.5.

We define the director (vs. local director or executive director) of an actor to be either its local
director (ifit has one) or itsexecutive director (if it does not). A composite actor that is not at the top
level has as its executive director the director of the container. Every executable actor has a director
except the top-level composite actor, and thatdirector is what is retumed by thegetDirector() method
of the Actor interface (see figure 6.12).

When any action method is called on an opaque composite actor, the composite actor will gener
ally call the corresponding method in its local director. This interaction is crucial, since it is domain-
independent and allows for communication between different models of computation. When fire() is
called in the director, the director is free to invoke iterations in the contained topology until the stop
ping condition for the modelof computation is reached.

ThepostfireO method ofa director returns false to stop itsexecution normally. It is theresponsibil
ityofthe next director upin the hierarchy (orthe manager if the director isat the top level) toconclude
the execution of this directorby callingits wrapupO method.

The Director class provides a default implementation of an execution, although specific domains
may override this implementation. In order to ensure interoperability of domains, they should stick
fairly closely to the sequence.

Two common sequences ofmethod calls between actors and directors areshown infigure 6.14 and
6.15. These differ inthe shaded areas, which define the domain-specific sequencing ofactor firings. In
figure 6.14, the fire() method of the director selects an actor, invokes its prefire() method, and if that
returns true, invokes its fire() method some number of times (domain dependent) followed byitspost
fireO method. In figure 6.15, the fire() method of the director invokes the prefire() method of all the
actors before invoking any of their fire() methods.

When a director is initialized, via its initialize() method, it invokes initialize() on all theactors in
the next level of the hierarchy, in the order in which these actors were created. The wrapupO method
works in a similar way, deeply traversing the hierarchy. In other words, calling initialize() on a com
posite actor is guaranteed to initialize in all the objects contained within that actor. Similarly for wra-
pup().

M: Manager

EO Dl: local director

D2: local director

FIGURE 6.13. Example application, showing a typical arrangement of actors, directors, andmanagers.
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The methods prefire() and postfire(), on the other hand, are not deeply traversing functions. Call
ing prefireO on a director does not imply that the director call prefire() on all its actors. Some directors
may need to call prefire() on some or all contained actors before being able to return, but some direc
tors may not need to call prefire() on any contained objects at all. A director may even implement
short-circuit evaluation, where it calls prefire() on only enough of the contained actors to determine its
own return value. Postfire() works similarly, except that it may only be called after at least one suc
cessful call to HreQ.

The fire() method is where the bulk of work for a director occurs. When a director is fired, it has
complete control over execution, and may initiate whatever iterations of other actors are appropriate
for the model of computation that it implements. It is important to stress that once a director is fired,
outside objects do not have control over when the iteration will complete. The director may not iterate
any contained actors at all, or it may iterate the contained actors forever, and not stop until terminate()
is called. Of course, in order to promote interoperability, directors should define a finite execution that
they perform in the fire() method.

In case it is not practical for the fire() method to define a bounded computation, the stopFire()
method is provided. A director should respond when this method is called by returning from its fire()
method as soon as practical.

In some domains, the firing of a director corresponds exactly to the sequential firing of the con
tained actors in a specific predetermined order. This ordering is known as a static schedule for the
actors. Some domains support this style of execution. There is also a family of domains where actors
are associated with threads.

6.3.2 Manager

While a director implementsa model of computation, a manager controls the overall execution of
a model. The manager interacts with a single composite actor, known as a top level composite actor.
The Manager class is shown in figure 6.12. Execution of a model is implemented by three methods,
executeO, run() and startRun(). The startRun() method spawns a thread that calls run(), and then imme
diately returns. The run() method calls execute(), but catches all exceptions and reports them to listen
ers (if there are any) or to the standard output (if there are no listeners).

More fine grain control over the execution can be achieved by calling initialize(), iterate(), and
wrapupO on the managerdirectly. The execute()method, in fact, calls these, repeating the call to iter-
ate() until it returns false. The iterate method invokes prefire(), fire() and postfire() on the top-level
composite actor, and returns false if the postfire() in the top-level composite actor returns false.

An execution can also be ended by calling terminate() or fmish() on the manager. The terminate()
method triggers an immediate halt of execution, and should be used only if other more graceful meth
ods for ending an execution fail. It will probably leave the model in an inconsistentstate, since it works
by unceremoniously killing threads. The finishO method allows the system to continue until the end of
the current iteration in the top-level composite actor, and then invokes wrapup(). Finish() encourages
actors to end gracefully by calling their stopFire() method.

Execution may also be paused between top-level iterations by calling the pause() method. This
method sets a flag in the manager and calls stopFire() on the top-level composite actor. After each top-
level iteration, the manager checks the flag. If it has been set, then the manager will not start the next
top-level iteration until after resume() is called. In certain domains, such as the process networks
domain, there is not a very well defined concept of an iteration. Generally these domains do not rely on
repeated iteration firings by the manager. The call to stopFire() requests of these domains that they sus-
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pend execution.

6.3.3 ExecutionListener

The ExecutionListenerinterface providesa mechanismfor a managerto report events of interest to
a user interface. Generally a user interface willuse the events to notifythe user of the progress of exe
cutionof a system. A user interface can register one or moreExecutionListeners with a manager using
the method addExecutionListener() in the Manager class. When an event occurs, the appropriate
method will get called in all the registered listeners.

Two kinds of events are defined in the ExecutionListener interface. A listener is notified of the

completion of an execution by the executionFinished() method. The executionError() method indicates
that executionhas ended with an error condition. The managerStateChanged() indicates to the listener
that the manager has changed state. The new state can be obtained by calling getState() on the man
ager.

A default implementation of the ExecutionListener interface is provided in the DefaultExecution-
Listenerclass. This class reportsall eventson the standard output.

6.3.4 Mutations

A mutation is a run-time modification of a model. In most domains, it is not safe for mutations to
occur at arbitrary times during an execution. For example, a schedule may need to be recalculated to
take into account the mutation.Type resolutionmay need to be redone.

The Director and Manager classes leverage the event subpackage of the kernel, which provides
support for requesting and tracking changes in the topology. Thissupport is documented in the Kernel
chapter. The general strategy in Director is simple. Any code thatwishes toperform a mutation queues
that mutation with the director or manager rather than performing it directly (using the request-
ChangeO method, shown in figure 6.12). When it is safe, that mutation is performed, and all change
listeners that have been registered with the director (using the addChangeListener() method of Man
ager) are informed of the mutation. Most directors delegate the implementation of mutations to the
manager, which performs them between iterations.

For convenience, certain kinds of common mutations are supported by concrete base classes of
ChangeRequest, asshown infigure 6.16. These classes can beinstantiated and the queued with a direc
tor or manager using their requestChange() method. They can also be grouped into a ChangeList so
that they will execute allat once. Further details about mutations are covered inthe Kernel chapter.

6.3.5 Opaque Composite Actors

One ofthe key features ofPtolemy II is itsability tohierarchically mix models ofcomputation ina
disciplined way. The way that it does this is to have actors that are composite (non-atomic) and
opaque. Such anactor was called a wormhole in theearlier generation ofPtolemy. Its ports areopaque
and its contents are not visible via methods like deepGetEntities().

Recall thatan instance of CompositeActor thatis at the top level of thehierarchy musthavea local
director in order to beexecutable. A CompositeActor at a lower level of thehierarchy may alsohave a
local director, in which case, it is opaque (isOpaque() returns true). It also has an executive director,
whichis simply the directorof its container. For a composite opaqueactor, the localdirectorand exec
utivedirector neednotfollow the same model of computation. Hence hierarchical heterogeneity.

The ports of a composite opaque actor are opaque, but it is a composite (it can contain actors and
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relations). This has a number of implications on execution. Consider the simple example shown in fig
ure 6.17. Assume that both EO and E2 have local directors (D1 and D2), so B2 is opaque. The ports of
E2 therefore are opaque, as indicated in the figure by their solid fill. Since its ports are opaque, when a
token is sent from the output port PI, it is deposited in P2, not P5.

In the execution sequences of figures 6.14 and 6.15, E2 is treated as an atomic actor by D1; i.e. D1
acts as an executive director to E2. Thus, the fire() method of D1 invokes the prefire(), fire(), and post-
fire() methods of El, E2, and E3. ThefireO method of E2 is responsible for transferring the token from
P2 to P5. It does this by delegating to its local director, invoking its transferlnputs() method. It then
invokes the fire() method of D2, which in turn invokes the prefireO, fire(), and postfire() methods of
E4.

During its fire() method, E2 will invoke the fire() method of D2, which typically will fire the actor
E4, which may send a token via P6. Again, since the ports of E2 are opaque, that token goes only as far
as P3. The fire() method of E2 is then responsible for transferring that token to P4. It does this by dele
gating to its executive director, invoking its transferOutputsO method.

ChangeReqt»st

j-_descrifMion: String
|-_wiginator: Nameable
i.KCriange(ortglnalor: Nameable, description: String)
l+executeO ;
l-t^etDescriptionO: String !
l+getOriginatorO: Object i
••Hiotlfy(listener: ChangeUstener) I

inhializeActor

•
RemoveReiatlon

-.actor: Actor |^H-.relation: ComponentRelation

•)-lnltializeActor(source: Object, a : Actor)
•fgetActorO: Actor H

•fRemoveRelation(source : Object, r: ComponentRelation)
4getReialion(); ComponentRelation

•_port: ComponentPort
-.relation :ComponentRelation Hg+RemovePort(source: NameatHe, p; Port, e : Entity)
+Link(source: Object, p; ComponentPort, r: ComponentRelalion)^^+getPott(): Port
•fgetPortO: ComponentPort
+getRelalion(): ComponentRelation

•JirstPort; ComponentPort
-.secondPort: ComponentPort

+Connect(source : Nameable, pi : ComponentPort, p2; ComponentPort)
+getRrstPort{): ComponentPort
•rgetSecondPortO: ComponentPort

RemoveActor

•t-RemoveActor(source: Object, a : Actor)
-fgetActorO: Actor

FIGURE 6.16. A set of concrete base classes of ChangeRequest provided in the actor.event package.
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The CompositeActor class delegates transfer of its inputs to its local director, and transfer of its
outputs to its executive director. This is the correct organization, because in each case, the director
appropriateto the model of computationof the destination port is the one handling the transfer. It can
therefore handle it in a manner appropriate to the receiver in that port.

Note that the portP3 is an output, but it has to be capableof receiving data fromthe inside,as well
as sending data to the outside. Thus, despite being an output, it contains a receiver. Such a receiver is
calledan inside receiver. The methods of lOPortofferonly limited access to the insidereceivers (only
via the getInsideReceivers() method and getReceivers(re/fl!rio/i), where relation is an inside linked
relation).

In general, a portmaybe bothan inputandan output. An opaque portof a composite opaque actor,
thus, mustbecapable of storing twodistinct types of receivers, a set appropriate to theinside model of
computation, obtained from the local director, and a set appropriate to the outside model of computa
tion, obtained from its executive director. Most methods that access receivers, such as hasToken() or
hasRoomO, refer only to the outside receivers. The use of the inside receivers is rather specialized,
only for handling composite opaque actors, so a more basic interface is sufficient.

6.3.6 Scheduler and Process Support

The actor package has two subpackages, actor.sched, which provides rudimentary support for
domains that use static schedulers to control the invocation of actors, and actor.process, which pro
vides support fordomains where actors areprocesses. TheUML diagram is shown in figure 6.18.

6-20

M; Manager

EO Dl: local director

02: local director

FIGURE 6.17. An example of an opaque composite actor. EO and E2 both have local directors, not necessar
ily implementing the same model of computation.
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Director

T
StaticScliedulIngDirector

'.scheduler: Scheduler

'fStaticScheduIingDireotoiO
-fStaticScheduIlngDirectortnaffle: String)
'KStaticSchedullngDiractor(contatnef: CompositeActor,name: String)
'fgetSoheduleiO: Scheduler
-fisScheduleValidO; boolean
'fsetSchedulerts: Scheduler)
♦setScheduleValld(valld:boolean)

ProcessDiroctor

•_notdone: boolean
-.actoisActlve: long
-_actoisPaiJ3ad: long
•_pausedReceiv8fs: LinkedUst
JhroadUst: UnkedUst
'.newThreads: UnkedUst
•_threadsStopped: int
'fProcessOireotorO
'fProcessDlreotor(workspace: Workspace)
')'ProcessOlrector(container; CompositeActor, name: String)
'fincreasePausedCourttO
'I'PauseO
'HogisterStopperfThreadO
'ffosumeO
•.addNewThreadithr: ProcessThread)
e.areAtlThreadsStoppedO: boolean
f.checkForOeadlocicO: boolean
#.checkForPause<): boolean
e.decreaseActlveCountO
'.getAcliveActorsCourttO: long
»_getPausedActorsCount(); long
».getProce8sThread{actor: Actor, director: ProcessOirector): ProcessThread
a.handleOeadlockO: boolean
s.increaseActiveCountO
#.lsDeadlocked(): boolean
a.isPausedQ: boolean

Thread

j'frunQ

NotlfyThread

NameriObj

T

Sctwduler

'.container: StatjcSchedutlngDireotor
'.valid: boolean
'fSchedulerO
'»'Scheduler(w: Workspace)
'tscheduleO: Enumeration
'fisValidO: boolean
't'SetVali^valld: boolean)
».makeSchedulefO((dir: StatlcScheduitngDirector)
».8chedule(): Enumeration

NotSchedulabteException

-unschedulableActors; Enumeration

'FNotSchedulableException(det8il: String)
•)'NotSchedutableException(obi: Nameable, detail: String)
'fNotSchedulableException(obJ1: Nameable, obj2: Nameable, detail: String)
'i'NotSchedulableException(actots: Enumeration,detaB: String)
'»gstUnschedu!at>leActor5():Enumeration
•thasUnschedulabteActoteO: boolean

•Interface*

Recevier

PtolomyTtjroad

ProcessThread

-.actor: Actor
-.director: ProcessOirector

threadStopRequested: boolean
'fProcessThreadja: Actor, d: ProcessOirector)
'*getActor(): Actor
••'restartThreadO
'fStopThreadO
•wwrapupQ

'Jock: Object
'Jocks: UnkedUst

•Interface*

ProconReeelvef

'fNotifyThreadllock: Object)
'I'NotifyThreadilocks: UnkedUst)
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FIGURE 6.18. UML static structure diagram for the actor.sched and actor.process packages.
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7.1 Introduction

The data package provides data encapsulation, polymorphism, parameter handling, an expression
language, and a type system. Figure 7.1 shows the key classes in the main package (subpackages will
be discussed later).

7.2 Data Encapsulation

The Token class and its derived classes encapsulate application data. The encapsulated data can be
transported via message passing between Ptolemy n objects. Alternatively, it can be used to parame
terize Ptolemy II objects. Encapsulating the data in such a way provides a standard interface so that
such data can be handled uniformly regardless of its detailed structure. Such encapsulation allows for a
great degree of extensibility, permitting developers to extend the library of data types that Ptolemy II
can handle. It also permits a user interface to interact with application data without detailed prior
knowledge of the structure of the data.

Tokens in Ptolemy II, except ObjectToken, are immutable. This means that their value cannot be
changed after the instance of Token is constructed. The value of a token must therefore be specified as
a constructor argument, and there must be no other mechanism for setting the value. If the value must
be changed, then a new instance of Token must be constructed.

There are several reasons for making tokens immutable.
• First, when a token is to be sent to several receivers, we want to be sure that all receivers get the

same data. Each receiver is sent a reference to the same token. If the Token were not immutable,
then it would be necessary to clone the token for all receivers after the first one.

• Second, we use tokens to parameterize objects, and parameters have mutual dependencies. That is.
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FIGURE 7.1. Static Structure Diagram (Class Diagram) for the classes in the datapackage.
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the value of a parameter may depend on the value of other parameters. The value of a parameter is
represented by an instance of Token. If that token were allowed to change value without notifying
the parameter, then the parameter would not be able to notify other parameters that depend on its
value. Thus, a mutable token would have to implement a publish-and-subscribe mechanism so that
parameters could subscribe and thus be notified of any changes. By making tokens immutable, we
greatly simplify the design.

• Finally, having our Tokens immutable makes them similar in concept to the data wrappers in Java,
like Double, Integer, etc., which are also immutable.

An ObjectToken contains a reference to an arbitrary Object created by the user. Since the user may
modify the Object after the token is constructed, ObjectToken is an exception to immutability. More
over, the getValueO method returns a reference to the token. That reference can be used to modify the
object. Although ObjectToken could clone the object in the constructor and return another clone in
getValueO, this would require the object to be cloneable, which severely limits the use of the Object-
Token. In addition, even if the object is cloneable, since the default implementation of clone() only
makes a shallow copy, it is still not enough to enforce immutability. In addition, cloning a large object
could be expensive. For these reasons, the ObjectToken does not enforce immutability, but rather
relies on the cooperation of the user. Violating this convention could lead to unintended non-determin
ism.

For matrix tokens, immutability requires the contained matrix (Java array) to be copied when the
token is constructed, and when the matrix is returned in response to the queries such as intMatrix(),
doubleMatrixO, etc. This is because arrays are objects in Java. Since the cost of copying large matrix is
non-trivial, the user should not make more queries then necessary. The getElementAt() method should
be used to read the contents of the matrix.

7.3 Polymorphism

7.3.1 Polymorphic Arithmetic Operators

One of the goals of the data package is to support polymorphic operations between tokens. For
this, the base Token class defines methods to overload the primitive arithmetic operations, which are
add(), multiplyO, subtract(), divide(), modulo() and equals(). Derived classes overload these methods
to provide class specific operation where appropriate. The objective here is to be able to say, for exam
ple,

a.add(b)

where a and b are arbitrary tokens. If the operation a + b makes sense for the particular tokens, then the
operation is carried out and a token of the appropriate type is returned. If the operation does not make
sense, then an exception is thrown. Consider the following example

IntToken a = new IntToken(5);

DoubleToken b = new DoubleToken(2.2);

StringToken c = new StringToken("hello");

then

a.add(b)
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gives a new DoubleToken with value 7.2,
a.add(c)

gives a new StringToken with value "5Hello", and
a.modulo(c)

throws anexception. Thus in effect wehave overloaded theoperators +, *,/, %and ==.
It is not always immediately obvious what is the correct implementation'of an operation and what

the return type should be. For example, the result of adding an integer token to a double-precision
floating-point token should probably be a double, not an integer. The mechanism for making such
decisions depends on a type hierarchy that is defined separately from the class hierarchy. This type
hierarchy is explained in detail below.

The token classes alsoimplement the methods zero() andone() which return the additive and mul
tiplicative identities respectively. These methods are overridden sothat each token type returns a token
of its type with theappropriate value. For numerical matrix tokens, zero() returns a zero matrix whose
dimension is the same as the matrix of the token where this method iscalled; and one() returns the left
identity, i.e., it returns an identity matrix whose dimension is the same as the numberof rows of the
matrix of the token. Another method oneRight() is also provided in numerical matrix tokens, which
return the right identity, i.e., the dimension is the same as the number of columns of the matrix in the
token.

Since data is transferred between entities using Tokens, it is straightforward to write polymorphic
actors that receive tokens on their inputs, perform one ormore ofthe overloaded operations and output
the result. For examplean add actor that looks like this:

might contain some code like:

Token inputl, input2, output;
// read Tokens from the input channels into inputl and input2 variables
output = inputl.add(input2);
// send the output Token to the output channel.

We call such actors datapolymorphic to contrast them from domain polymorphic actors, which are
actors that can operate inmultiple domains. Ofcourse, an actor may be both data and domain polymor
phic.

7.3.2 Lossless Type Conversion

Forthe above arithmetic operations, if the two tokens being operated on have different types, type
conversion is needed. In Ptolemy II, only conversions that do not lose information are implicitly per
formed. Lossy conversions must be explicitly done by the user, either through casting or by other
means. The lossless type conversion relation among different token types is modeled as a partially
ordered setcalled the type lattice, shown infigure 7.2. In that diagram, type Aisgreater than type Bif
there is a path upwards from BtoA. Thus, ComplexMatrix is greater than Int. Type Ais less than type
Bif there is a path downwards from B toA. Thus, Intis less than ComplexMatrix. Otherwise, types A
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and B are incomparable. Complex and Long, for example, are incomparable.
In the type lattice, a type can be losslessly converted to any type greater than it. This hierarchy is

related to the inheritance hierarchy of the token classes in that a subclass is always less than its super
class in the type lattice. However, some adjacent types in the lattice are not related by inheritance.

This hierarchy is realized by the TVpeLattice class. Each element in the lattice is an instance of the
Java class Class corresponding to a token type. The top element. General^ which is "the most general
type", is represented by the base class Token; the bottom element, NaT (Not a TVpe), is represented by
java.lang.Void.TYPE. The TypeLatticeclass provides methods to compare two token types.

Two of the types. Numerical and Scalar^ are abstract. They cannot be instantiated. This is indi
cated in the type lattice by italics.

Type conversion is done by the static method convert() in the token classes. This method converts
the argument into an instance of the class implementing this method. For example, DoubleToken.con-
vert(Token token) converts the specified token into an instance of DoubleToken. The convert() method
can convert any token immediately below it in the type hierarchy into an instance of its own class. If
the argument is higher in the type hierarchy, or is incomparable with its own class, convert() throws an
exception. If the argument to convert() is already an instance of its own class, it is returned without any

General

MatnxUpperBound

Numerical

LongMatrix Com^exMatrixBooleanMatnx FixMatrix
Object

DoubleMatn

IntMatnx

MatnxLowerBoiind

Scalar

Boolean omplex

FIGURE 7.2. The type lattice.
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change.

The implementation of the add(), subtract(), multiplyO, divide(), moduloQ, and equals() methods
requires that thetype of theargument and the implementing class becomparable in thetype hierarchy.
If this condition is notmet, these methods will throw anexception. If thetype of theargument is lower
than thetype of theimplementing class, then theargument isconverted to thetype of theimplementing
class before the operation is carried out.

The implementation is more involved if the type of the argument is higher than the implementing
class, in which case, the conversion must be done in the other direction. Since theconvert () method
only knows how to convert types lower in the type hierarchy up, the operation must take place in the
class of the argument Furthermore, since many of the supported operations are notcommutative, for
example, "Hello" + "world" is not the same as "world" + "Hello", and 3-2 is not the same as
2-3, the implementation of the arithmetic operations cannot simply call the same method on the class
of the argument. Instead, a separate set of methods must be used. These methods are addReverse(),
subtractReverseO, multiplyReverse(), divideReverse(), and moduloReverse(). The equality check is
always commutative so no equalsReverseQ is needed. Under this setup, a.add(b) means a+by and
a.addReverse(b) means b+Oy where a and b are both tokens. If, forexample, when a.add(b) is invoked
and the type of b is higher than a, the add() method of a will automatically call b.addReverse(a) to
carry out the addition.

For scalar and matrix tokens, methods are also provided to convert the contentof the token into
another numeric type. In ScalarToken, these methods are intValue(), longValue(), doubleValue(), and
ComplexValueO (fixValue() will beadded later). In MatrixToken, the methods are intMatrixQ, long-
MatrixO, doubleMatrix(), and ComplexMatrix() (fixMatrixO will be added later). The default imple
mentation in these two base classes just throw an exception. Derived classes override the methods if
the corresponding conversion is lossless, returning a new instance ofthe appropriate class. For exam
ple, IntToken overrides all the methods defined in ScalarToken, but DoubleToken does not override
intValue(). Adouble cannot, in general, be losslessly converted toan integer.

7.3.3 Limitations

As of this writing, the following issues remainopen:
• FixToken and FixMatrixToken classes are planned for supporting fixed-point computation, but

they do not exist yet.

• Fornumerical matrix tokens, only the add() and addReverse() methods are supported; other arith
metic operations are not implementedyet.

7.4 Variables and Parameters

In Ptolemy II, any instance of NamedObj can have attributes, which are instances of the Attribute
class. A variable is an attribute that contains a token. Its value can bespecified by an expression that
can refer to other variables. A parameter is identical to a variable, but realized by instances of the
Parameter class, which is derived from Variable and adds no functionality. See figure 7.3.

The reason for having twoclasses with identical interfaces and functionality. Variable and Param
eter, is that their intended use is different. Parameters are meant to visible to the end user of a compo
nent, whereas variables are meant to operate behind the scenes, unseen. A GUI, for example, might
present parameters for editing, but not variables.
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FIGURE 7.3. static structure diagram for the data.expr package.
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7.4.1 Values

The value of a variable can be specified by a token passed to a constructor, a token set using the
setTokenO method, or an expression set using the setExpression() method.

When the value of a variable is set by setExpression(), the expression is not actually evaluated
until you call getToken() or getType(). This is important, because it implies that a set of interrelated
expressions can be specified in any order. Consider for example the sequence:

Variable v3 = new Variable(container,"v3")
Variable v2 = new Variable (container, "v2'')
Variable vl = new Variable(container,"vl")
v3.setEbq>ression("vl + v2");
v2.setExpression("1.0");
vl.setExpression("2.0");
v3.getToken();

Notice that the expression for v3 cannot be evaluatedwhenit is set because v2 and vl do not yet have
values. But there is no problem because the expression is not evaluated until getToken() is called.
Obviously, an expression can only reference variables that are added to the scope of this variable
before the expressionis evaluated(i.e., before getToken() is called). Otherwise,getToken() will throw
an exception. By default, all variables contained by the same container, and those contained by the
container's container, are in the scope of this variable. Thus, in the above, all three variables are in each
other's scopebecause theybelong to the samecontainer. Thisis whythe expression "vl + v2" can be
evaluated.

A variable can also be reset. If the variable was originally set from a token, then this token is
placedagain in the variable, and the type of the variable is set to equal that of the token. If the variable
was originally given an expression, then this expression is placedagain in the variable (butnot evalu
ated), and the type is reset to null. The type will be determined when the expression is evaluated or
when type resolution is done.

7.4.2 Types

Ptolemy II, in contrast to Ptolemy Classic, does not have a plethora of type-specific parameter
classes. Instead, a parameter has a type that reflects the token it contains. You can constrain the allow
able types of a parameter or variable using the following mechanisms:

• Youcan require the variable to have a specific type. Use the setTypeEquals() method.
• You can requirethe type to be at most someparticulartype in the type hierarchy (see the Type

System chapter to see what this means).
• Youcan constrain the type to be the same as that of some other object that implements the Type-

able interface.

• Youcan constrain the type to be at least that of some other object that implements the Typeable
interface.

Except for the first type constraint, these are not checked by the Variable class. They must be checked
by a type resolution algorithm, which is implemented in the graph package.

7-8 PtolemyII



Data Package

The type of the variable can be speciried in a number of ways, ail of which require the type to be
consistent with the specified constraints (or an exception will be thrown):

• It can be set directly by a call to setTypeEquals(). If this call occurs after the variable has a value,
thenthe specified type mustbe compatible withthe value. Otherwise, an exception willbe thrown.
Type resolution will not change the type set through setTypeEquals() unless Ae argument ofthat
call is null. If this method is not called, or called with a null argument, type resolution will resolve
the variable typeaccording to all the typeconstraints. Note that whencallingsetiypeEqualsOwith
a non-null argument while the variablealready contains a non-null token, the argument must be a
type no less than then the type of the contained token. To set type of the variable lower than the
type of the currently contained token, setToken() must be called with a null argumentbefore set-
TVpeEqualsC).

• Setting the value of the variable to a non-null token constrains the variable type to be no less than
the type of the token. This constraint will be used in type resolution, together with other con
straints.

• The type is also constrained when an expression is evaluated. The variable type must be no less
than the type of the token the expression is evaluated to.

• If the variabledoes not yet have a value,then the type of a variablemay be determined by type res
olution. In this case, a set of type constraints is derived from the expressionof the variable (which
presumablyhas not yet been evaluated, or the type would be already determined). Additional type
constraints can be added by calls to the setTypeAtLeast()and setlVpeSameAsO methods.

Subject to specifiedconstraints, the type of a variable can be changed at any time. Some of the type
constraints, however, are not verified until type resolution is done. If type resolution is not done, then
these constraints are not enforced. IVpe resolution is normally done by the Manager that executes a
model.

The type of the variable may change when setToken() or setExpression() is called.
• If no expression, token, or type has been specifiedfor the variable, then the type becomes that of

the current value being set.

• If the variablealready has a type, and the value can be convertedlosslesslyinto a token of that
type, then the type is left unchanged.

• If the variablealready has a type, and the value cannot be converted losslessly into a token of that
type, then the type is changed to that of the current value being set.

If the type of a variable is changedafter having once been set, the containeris notified of this by call
ing its attributeTypeChangedO method. If an attribute does not allowtype changes, it should throw an
exception in this method. If the value is changedafter having once been set, then the container is noti
fied of this by calling its attributeChanged() method. If the new value is unacceptable to the container,
it should throw an exception. The old value will be restored.

The tokenreturned by getToken() is always an instance of the classgivenby the getType() method.
This is not necessarily the same as the class of the token that was inserted via setToken(). It mightbe a
distinct typeif the contained token can be converted losslessly intoone of the typegivenby getType().
In rare circumstances, you may need to directly access the contained token without any conversion
occurring. To do this, use getContainedToken().
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7.4.3 Dependencies

Expressions set by setExpression() can reference any other variable that is within scope. By
default, the scopeincludesall variablescontainedby the same container, and all variables containedby
the container'scontainer. In addition, any variable can be explicitly addedto the scopeof a variable by
calling addToScope().

When an expression for one variable refers to another variable, then the value of the first variable
obviously depends on the value of the second. If the value of the secondis modified, then it is impor
tant that the value of the first reflect the change. This dependency is automatically handled. When you
call getTokenO, the expression will be reevaluated if any of the referenced variables havechangedval
ues since the last evaluation.

7.5 Expressions

Ptolemy n includes a simplebut extensible expression language. This language permits operations
on tokens to be specified in a scripting fashion, without requiring compilation of Java code. The
expression language canbe usedto define parameters in terms of otherparameters, forexample. It can
also be used to provide end-users with actors that compute a user-specified expression that refers to
inputs and parameters of the actor.

7.5.1 The Ptolemy II Expression Language

The Ptolemy n expression language uses operator overloading, unlike Java. Although we fully
agreethatthedesigners of Javamade a gooddecision in omitting operator overloading, ourexpression
language is used in situations where compacmess of expressions is extremely important Expressions
oftenappear in crowded dialog boxes in the userinterface, so we cannot afford the luxury of replacing
operators with method calls.

The Token classes from the data package form the primitives of the language. For example the
number 10 becomes an IntToken with the value 10 when evaluating an expression. Normally this is
invisible to the user.The expression language is object-oriented, of course, so methodscan be invoked
on these primitives. A sophisticated user, therefore, can make use of the fact that "10" is in fact an
object to invoke methods of that object.

The expression language is extensible. The basic mechanism for extension is object-oriented. The
reflection package in Java is used to recognize method invocations and user-defined constants. We
also expect the language to grow over time, so this description should be viewed as a snapshot of its
capabilities.

Types. The types currently supported in the language are boolean, complex, double, int, long, string,
and matrices. Note that there is no float or byte. Use double or int instead. A long is defined by
appending an integerwith "1" or "L", as in Java. A complex is defined by appending an "i" or a "j" to
a double. This gives a purely imaginary complex number which can then leverage the polymorphic
operations in the Token classes to create a general complex number. Thus 2 + 3i will result in the
expected complex number. The expression language supports the same lossless type conversion pro
vided by the Tokenclasses (see section 7.3.2). Lossy conversionhas to be done explicitly via a method
call.

Arithmeticoperators. The arithmetic operators are +, -, *, / and %. These operators, along with ==, are
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overloaded, so their implementation depends on the types being operated on. Operator overloadingis
achieved using the methods in the Token classes. These methods are add(), subtract(), multiplyO,
divideO, modulo() and equals().

Bit manipulation. The bitwiseoperators are &, I, and ~. They operated on integers.

Relational operators. The relational operators are <, <=, >, >=, == and !=. They return booleans.

Logical operators. The logical boolean operators are &&, il, !, & and I. They operate on booleans and
return booleans. Note that the difference between logical && and logical & is that & evaluates all the
operands regardless of whether their value is now irrelevant. Similarly for logical II and I. This
approach is borrowed from Java.

Conditionals. The language is an expression language, not an imperative language with sequentially
executed statements. Thus, it makes no sense to have the usual if.. .then.. .else... construct.
Such a construct in Java (and most imperative languages) depends on side effects. However, Java does
have a functional version of this construct (one that returns a value). The syntax for this is

boolean ? valuel : value2

If the boolean is true, valuel is returned, else value2 is returned. The Ptolemy U expression lan
guage uses this same syntax.

Comments. Anything inside /*...*/ is ignored, as is the rest of a line following //. (Expressions can be
split over multiple lines).

Variables. Expressions can contain references by name to parameters within the scope of the expres
sion. Consider a parameter P with container X which is in turn contained by Y. The scope of an expres
sion for P includes all the parameters contained by X and Y. The scope is implemented as an instance
of NamedList, which provides a symbol table. Note that a class derived from Parameter may define
scope differently.

Constants. If an identiEer is encountered in an expression that does not match a parameter in the scope,
then it might be a constant which has been registered as part of the language. By default, the constants
Ply pij Ey e, trueyfalsey /, and j are registered, but as we will see later, this can easily be extended by a
user. (The constants i and j are complex numbers with value equal to the 0.0 + l.Oi). In addition, literal
constants are supported. Anything between quotes, is interpreted as a string constant. Numerical
values without decimal points, such as "10" or "-3" are integers. Numerical values with decimal
points, such as "10.0" or "3.14159" are doubles. Integers followed by the character "1" (el) are long
integers. Matrices are specified with square brackets, using commas to separate row elements and
semicolons to separate rows. E.g., "[1, 2,3; 4, 5, 5+1]" gives a two by three integer matrix (2 rows and
3 columns). Note that a matrix element can be given by an expression. A row vector can be given as
"[1,2, 3]" and a column vector as "[1; 2; 3]".

Matrix references. Reference to matrices have the form "na/ne(/i, m)" where name is the name of the
matrix variable (or a constant matrix), n is the row index, and m is the column index. Index numbers
start with zero, as in Java, not 1, as in Matlab. >\^th row vectors, it is not necessary to specify both
indices. Thus, if name = "[1, 3, 5, 7]", then ''name(2)" will evaluate to 5. To access elements of a col
umn vector, you must specify both indices, so if name = "[1; 3; 5; 7]" then name(2y0) evaluates to 5.

Functions. The language includes an extensible set of functions, such as sin(), cos(), etc. The functions
that are built in include all static methods of the java.lang.Math class and the ptolemy.data.expr.Utili-
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tyFunctions class. As we will see below in section 7.5.2, this can easily be extended by a user by regis
tering another class that includes static methods.

Methods. Every element and subexpression in an expression represents an instance of Token (or more
likely, a class derived from Token). The expression language supports invocation of any method of a
given token, as long as the arguments of the method are of type Token and the return type is Token (or
a class derived from Token). The syntax for this is {token).name(args)y where name is the name of the
method and args is a comma-separated set of arguments. Each argument can itself be an expression.
Note that the parentheses around the token are not required, but might be useful for clarity. As an
example, this could be used to convert a number to a string as follows

(2*4-6.5).stringValue0

This returns the string "1.5". The expression (2*4-6.5) evaluates to a double token, and
StringValue () is a method of DoubleToken.

Note that methods, unlike functions, must take arguments that are of type Token. This is logical
becausethe methodsbelongto instancesof classToken. Functions, however, are implemented as static
methodsof some otherclass, such as java.lang.Math. Thoseclasses cannot be expectedto derine inter
faces with Token. Thus, Tokens are converted, if this can be done losslessly, to the type expected by
the function.

7.5.2 Functions

By default all of the static methods in java.lang.Math and ptolemy.data.expr.UtilityFunctions are
available. The functions currently supported in ptolemy.data.util.UtilityFunctions are:
• reading the string from a file via a readFile("filename") function, and

• calling the parseragain to process a Stringvia eval("..."). For exampleone use of eval()mightbe
eval(readFile("foo.bar")).

Eventually we hope to support calls to external packages such as matlab or tcl via tcl("...") or mat-
lab("..."). Note this only requires that whatever is inside the parenthesis resolve to a StringToken, so
we couldhavefor example tcl("puts " + xx) where xc is a Parameter in the scope. Wealsoplan to sup
port access to system environment variables via env("name").

7.5.3 Limitations

The expression language has a rich potential, and only some of this potential has been realized.
Here are some of the current limitations:

• The class ptolemy.data.util.UtilityFunctions containing the utility functions has not yet beenfully
written. Currently the functions available are eval() and readFile().

• Functions in the mathpackageneed to be supported in much the same way thatjava.lang.Math is
supported.

• Method calls are currently only allowed on tokens in the ptolemy.data package.
• The language does not yet handle matrices or vectors.

• Statements are not supported. It is not clear that they ever will be, since currently the expression
languageis strictly functional, and convertingit to imperative semanticscould drastically change
its flavor.
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Appendix D: Expression Evaluation

The evaluation of an expression is done in two steps. First the expression is parsed to create an
abstract syntax tree (AST) for the expression. Then the AST is evaluated to obtain the token to be
placed in the parameter. In this appendix, "token" refers to instances of the Ptolemy n token classes, as
opposed to lexical tokens generated when an expression is parsed.

D.I Generating the parse tree

In Ptolemyll the expression parser, called PtParser^ is generated using JavaCC and JJTree. Jav-
aCC is a compiler-compiler that takes as input a file containing both the definitions of the lexical
tokens that the parser matches and the productionrules used for generating the parse tree for an expres
sion. The production rules are specified in Backus normal form (BNE). JJTree is a preprocessor for
JavaCC that enables it to create an AST. The parser definition is stored in the file PtParser.jjt, and the
generated file is PtParser.java. Thus the procedure is

PtParser.jjt ^PtParser.jj ^ n. PtParser.java
•T JJTree J • T JavaCC J- •

Note that JavaCC generates top-down parsers, or LL(k) in parser terminology. This is different
from yacc (or bison) which generate bottom-up parsers, or more formally LALR(l). The JavaCC file
also differs from yacc in that it contains both the lexical analyzer and the grammar rules in the same
file.

The input expression string is first converted into lexical tokens, which the parser then tries to
match using the production rules for the grammar. Each time the parser matches a production rule it
creates a node object and places it in the abstract syntax tree. The type of node object created depends
on the production rule used to match that part of the expression. For example, when the parser comes
upon a multiplication in the expression, it creates an ASTPtProductNode.

The parser takes as input a string, and optionally a NamedList of parameters to which the input
expression can refer. That NamedList is the symbol table. If the parse is successful, it returns the root
node of the abstract syntax tree (AST) for the given string. Each node object can contain a token,
which represents both the type and value information for that node. The type of the token stored in a
node, e.g. DoubleToken, IntToken etc., represents the type of the node. The data value contained by
the token is the value information for the node. In the AST as it is returned from PtParser, the token
types and values are only resolved for the leaf nodes of the tree.

One of the key properties of the expression language is the ability to refer to other tokens by name.
Since an expression that refers to other parameters may need to be evaluated several times (when the
referred parameterchanges), it is important that the parse tree does not need to be recreatedevery time.
When an identifier is parsed, the parser first checks whether it refers to a parameter within the current
scope. If it does it creates a ASTPtLeafNode with a reference to that parameter. Note that a leaf node
can have a parameter or a token. If it has a parameter then when the token to be stored in this node is
evaluated, it is set to the token contained by the parameter. Thus the AST tree does not need to be rec
reated when a referencedparameterchanges as upon evaluation it will just get the new token stored in
the referenced parameter. If the parser was created by a parameter, the parameterpasses in a reference
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toitself in the constructor. Then upon parsing a reference to another parameter, the parser takes care of
registering the parameter that created it as a listener with the referred parameter. This is how depen
dencies between parameters get registered. There is also a mechanism built into parameters to detect
dependency loops.

If the identifier does not refer to aparameter, the parser then checks ifit refers to aconstant regis
tered with the parser If it does it creates a node with the token associated with the identifier. If the
identifier isneither a reference to a parameter oraconstant, an exception is thrown.

D.2 Evaluating the parse tree
TheAST canbeevaluated byinvoking themethod evaluateParseTree() ontherootnode. TheAST

is evaluated in a bottom up manner as each node can only determine its type after the types ofall its
children have been resolved, ^en the type ofthe token stored in the root node has been resolved, this
token is returned as theresult of evaluating theparse tree.

As an example consider the input string 2 + 3.5. The parse tree returned from the parser will look
like this:

Step 1: C^E)

Csum)

^ ^tToken(2) CH?) DoubleToken(3.5)

which will then get evaluated to this:

Step 2: DoubleToken(5.5)

( sum)
DoubleToken(5.5)

^^^^^ntToken(2) 012) DoubleToken(3.5)

A

Tree evaluation

A

Tree evaluation

and DoubleToken(5.5) will be returned as the result.

As seen in the above example, when evaluateParseTree() is invoked on the root node, the type and
value of the tokens stored ateach node in the tree is resolved, and finally the token stored in the root
node is returned. If an error occurs during either the creation of the parse tree or the evaluation of the
parse tree, an IllegalArgumentException is thrown with a error message about where the error
occurred.

If a node has more than two children, type resolution is done pairwise from the left. Thus "2+ 3 +
"hello""resolves to 5hello. This is the same approach thatJavafollows.

Each time the parser encounters a function call, it creates an ASTPtFunctionNode object. When
this node isbeing evaluated, it.uses reflection tolook for that function in the list ofclasses registered
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with the parser for that purpose. The classes automatically searched are java.lang.Math and
ptolemy.data.expr.UntilityFunctions. To register another class to be searched when a function call is
parsed, call registerFunctionClass() on the parser with the full name of the class to be added to the
function search path.

When a parameter is informed that another parameter it references has changed, the parameter re-
evaluates the parse tree for the expression to obtain the new value. It is not necessary to parse the
expression again as the relevant leaf node stores a reference to the parameter, not the token contained
in the parameter. Thus at any time, the value of a parameter is up to date.

D.2.1 Node types

There are currently eleven node classes used in creating the syntax tree. For some of these nodes
the types of their children are fairly restricted and so type and value resolution is done in the node. For
others, the operators that they represent are overloaded, in which case methods in the token classes are
called to resolve the nodes type and value (i.e. the contained token!). By type resolution we are refer
ring to the type of the token to be stored in the node.

ASTPtBitwiseNode. This is created when a bitwise operation(&, I, happens. Type resolution occurs
in the node. The & and I operators are only valid between two booleans, or two integer types. The
operator is only valid between two integer types.

ASTPtLeafNode. This represents the leaf nodes in the AST. The parser will always place either a token
of the appropriate type (e.g. IntToken if "2" is what is parsed) or a parameter in a leaf node. A param
eter is placed so that the parse tree can be reevaluated without reparsing whenever the value of the
parameter changes. No type resolution is necessary in this node.

ASTPtRootNode. Parent class of all the other nodes. As its name suggests, it is the root node of the
AST. It always has only one child, and its type and value is that of its child.

ASTPtFunctionNode. This is created when a function is called. Type resolution occurs in the node. It
uses reflection to call the appropriate function with the arguments supplied. It searches the classes reg
istered with the parser for the function. By default it only looks in java.lang.Math and
ptolemy.data.expr.UtilityFunctions.

ASTPtFunctionallfNode. This is created when a functional if is parsed. Type resolution occurs in the
node. For a functional if, the first child node must contain a BooleanToken, which is used to chose
which of the other two tokens of the child nodes to store at this node.

ASTPtMethodCallNode. This is created when a method call is parsed. Method calls are currently only
allowed on tokens in the ptolemy.data package. All of the arguments to the method, and the return
type, must be of type Token (or a subclass).

ASTPtProductNode. This is created when a *, / or % is parsed. Type resolution does not occur in the
node. It uses the multiplyO, divide() and modulo() methods in the token classes to resolve the nodes
type.

ASTPtSumNode. This is created when a + or - is parsed. Type resolution does not occur in the node. It
uses the add() and subtract() methods in the token classes to resolve the nodes type.

ASTPtLogicalNode. This is created when a && or II is parsed. Type resolution occurs in the node. All
children nodes must have tokens of type BooleanToken. The resolved type of the node is also Boolean-
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Token.

ASTPtRelationalNode. This is created when one of the relational operators(!=, =, >, >=, <, <=) is
parsed. The resolvedtype of the token of this node is BooleanToken. The and "!=" operatorsare
overloaded via the equals() method in the token classes. The other operators are only valid on Scalar-
Tokens. Currently the numbers are converted to doubles and compared, this needs to be adjusted to
take account of Longs.

ASTPtUnaryNode. This is created when a unary negation operator(!, -) is parsed. Type resolution
occurs in the node, with the resulting type being the same as the token in the only child of the node.

D.2.2 Extensibility

The Ptolemy II expression language has been designed to be extensible. The main mechanisms for
extending the functionality of the peu^er is the ability to register new constants with it and new classes
containing functions that can be called. However it is also possible to add and invoke methods on
tokens, or to even add new rulesto the grammar, although both of theseoptionsshouldonlybe consid
ered in rare situations.

To add a new constant that the parser will recognize, invoke the method registerConstant(String
name. Object value) on the parser. This is a static methodso whateverconstant you add will be visible
to all instances of PtParser in theJava virtual machine. The method works by converting, if possible,
whatever data the objecthas to a token and storing it in a hashtable indexed by name. By default, only
the constants in java.lang.Math are registered.

To add a new Class to the classes searched for a a function call, invoke the method register-
Class(String name) on the parser. This is also a static method so whatever class you add will be
searched by all instances of PtParserin the JVM. The name given mustbe the fiilly qualified name of
the class to be added, for example "java.lang.Math". The method works by creating and storing the
Classobjectcorresponding to thegivenstring. If the classdoesnot existan exception is thrown. When
a function call is parsed, an ASTPtFunctionNode is created. Then when the parse tree is being evalu
ated, the node obtains a list of the classes it should search for the function and, using reflection,
searches the classes until it either finds the desired function or there are no more classes to search. The
classes are searched in the sameorderas they wereregistered with the parser, so it is betterto register
those classes that are used frequently first. By default, only the classes java.Lang.Math and
ptolemy.data.expr.UtilityFunctions are searched.
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8.1 Introduction

The Ptolemy n kernel provides extensive infrastructure for creating and manipulating clustered
graphs of a particular flavor. Mathematical graphs, however, are simpler structures that consist of
nodes and edges, without hierarchy. Edges link only two nodes, and therefore are much simpler than
the relations of the Ptolemy II kernel. Moreover, in mathematical graphs, no distinction is made
between multiple edges that may be adjacent to a node, so the ports of the Ptolemy n kernel are not
needed. A large numberof algorithms have been developed that operateon mathematical graphs, and
many of these proveextremelyuseful in supportof scheduling, type resolution, and other operationsin
Ptolemy n. Thus, we have created the graph package, which provides efficient data structures for
mathematical graphs, and collects algorithms for operating on them. At this time, the collection of
algorithms is nowhere near as complete as in some widely used packages, such as LEDA. But this
package will serve as a repository for a growing suite of algorithms.

The graph package provides basic infrastructure for both undirected and directedgraphs. Acyclic
directed graphs, which can be usedto model complete partial orders (CPOs) and lattices, are alsosup
ported with more specialized algorithms.

The graphs constructed using this package are lightweight, designed for fast implementation of
complex algorithms more than for generality. This makesthem maximally complementary to the clus
tered graphs of the Ptolemy II kernel, which emphasize generality. A typical use of this package is to
construct a graph that represents the topology of a CompositeEntity, run a graph algorithm, and extract
useful information from the result. Forexample, a graph mightbe constructed that represents data pre
cedences, and a topological sort might be used to generate a schedule. In thiskind of application, the
hierarchy of the original clustered graph is flattened, so nodes in thegraph represent only opaque enti
ties.

The architecture of this package is somewhat different from LEDA, in part because of the exist-
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ence of thecomplementary kernel package. Unlike LEDA, there areno dedicated classes representing
nodes and edges in the graph. The nodes in this package are represented by arbitrary instances of the
JavaObject class, andthe graph topology is stored in a structure similar to an adjacency list.

The facilities that currently exist in this package are those that we have had most immediate need
for. Since the type system of Ptolemy 11 requires extensive operations on lattices and CPOs, support
for theseis betterdeveloped than for other typesof graphs.

8.2 Classes and Interfaces in the Graph Package

Figure 8.1 shows theclass diagram of the graph package. The classes Graph, DirectedGraph and
DirectedAcyclicGraph support graph construction and provide graph algorithms. Currently, only topo-
logical sort and transitive closure are implemented; other algorithms will be added as needed. The
CPO interface defines thebasic CPO operations, and theclass DirectedAcyclicGraph implements this
interface. An instance of DirectedAcyclicGraph is also a finite CPO where all the elements and order
relations areexplicitly specified. Defining theCPO operations in an interface allows future expansion
to support infinite CPOs and finite CPOs where the elements are not explicitly enumerated. The Ine-
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qualityTerm interface and the Inequality class model inequality constraints over the CPO. The details
of the constraints will be discussed later. The InequalitySolveesi class provides an algorithm to solve a
set of constraints. This is usedby the Ptolemy n typesystem, but Qjther uses mayarise.

The implementationof the above classes is not synchronized. If multiple threads access a graph or
a set of constraints concurrently, external synchronization will be needed.

8.2.1 Graph

This class models a simple undirected graph. Each node in the graph is representedby an arbitrary
Java object. The method add() is used to add a node to the graph, and addEdge() is used to connect two
nodes in the graph. The argumentsof addEdgeQare two Objects representing two nodes already added
to the graph. To mirror a topology constructed in the kernel package, multiple edges between two
nodes are allowed. Each node is assigned a node ID based on the order the nodes are added. The trans
lation from the node ID to the node Object is done by the _getNodeObject() method, and the transla
tion in the other direction is done by _getNodeId(). Both methods are protected. The node ID is only
used by this class and the derived classes, it is not exposed in any of the public interfaces. The topol
ogy is stored in the Vector _graph. The indexes of this Vector correspond to node IDs. Each entry of
_graph is also a Vector, in which a list of node IDs are stored. When an edge is added by calling add-
Edge() with the first argumenthaving node ID i and the secondhaving node IDy, an Integercontaining
j is added to the Vector at the /-th entry of _graph. For example, if the graph in figure 8.2(a) is con
nected using the sequence of calls: addEdge(nO, nl); addEdge(nO, n2); addEdge(n2, nl), where nO, nl,
n2 are Objects representing the nodes with IDs 0, 1,2, respectively, then the data structure will be in
the form of 8.2(b).

Note that in this undirected graph, the data format is dependent on the order of the two arguments
in the addEdge() calls. Since each edge is stored only once, this data structure is not exactly the same
as the adjacency list for undirected graphs, but it is quite similar.This structure is designed to be used
by subclasses that model directed graphs, as well as by this base class. If it appears awkward when
adding algorithms for undirected graph, a new class that derives from Graph may be added in the
future to model undirected graph exclusively, in which case. Graph will provide the basic support for
both undirected and directed graphs.

8.2.2 Directed Graphs

The DirectedGraph class is derived from Graph. The addEdge() method in DirectedGraph adds a
directed edge to the graph. In this package, the direction of the edge is said to go from a lower node to

(a)

FIGURE 8.2. An undirected graph
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a higher node, as opposed to from source to sink^ head to tail, etc. The terms lower and higher con
forms withthe convention of the graphical representation of CPOsand lattices (the Hassediagram), so
they can be consistently used on both directed graphs and CPOs.

The computation of transitive closure is implemented in this class. The transitive closure is inter
nally stored as a 2-D boolean matrix, whose indexes correspond to node IDs. The entry (i,j) is true if
and only if thereexistsa path from the node with ID i to the node withIDj. This matrixis not exposed
at the public interface; instead, it is used by this class and its subclass to do other operations. Once the
transitive closure matrix is computed, graph operations like reachableNodes can be easily accom
plished.

8.2.3 Directed Acyclic Graphs and CPO

The DirectedAcyclicGraph class further restricts DirectedGraph by not allowing cycles. For per
formance reasons, this requirement is not checked when edges are added to the graph, but is checked
when any of the graph operations is invoked. An exception is thrown if the graph is found to be cyclic.

The CPO interface defines the common operations on CPOs. The mathematical definition of these
operations can be found in [19]. Informal definitions are given in the class documentation. This inter
face is implemented by the class DirectedAcyclicGraph.

Since most of the CPO operations involve the comparison of two elements, and comparison can be
done in constant time once the transitive closure is available, DirectedAcyclicGraph makes heavy use
of the transitive closure. Also, since most of the operations on a CPO have a dual operation, such as
least upper bound and greatest lower bound, least element and greatestelement, etc., the code for the
dual operations can be shared if the order relation on the CPO is reversed. This is done by transposing
the transitive closure matrix.

8.2.4 Inequality Terms, Inequalities, and the Inequality Solver

The InequalityTerm interface and Inequality and InequalitySolverclasses supports the construc
tion of a set of inequality constraints over a CPO and the identification of a member of the CPO that
satisfies the constraints. A constraint is an inequality defined over a CPO, which can involve constants,
variables, and functions. As an example, the following is a set of constraints over the 4-point CPO in
figure 8.3:

a^vv

p<XAa
a< p

where a and p are variables, and a denotes greatest lower bound. One solution to this set of constraints
is a = p = X.

An inequality term is either a constant, a variable, or a function over a CPO. The InequalityTerm

FIGURE 8.3. A 4-point CPO that also happens to be a lattice.
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interface defines the operations on a term. If a term consists of a single variable, the value of the vari
able can be set to a specific element of the underlying CPO. The isSettable() method queries whether
the value of a term can be set. It returns true if the term is a variable, 2ct\d false if it is a constant or a
function. The setValue() method is used to set the value for variable terms. The getValue() method
returns the current value of the term, which is a constant if the term consists of a single constant, the
current value of a variable if the term consists of a single variable, or the evaluation of a function based
on the current value of the variables if the term is a function. The getVariables() method returns all the
variables contained in a term. This method is used by the inequality solver.

The Inequality class contains two InequalityTerms, a lesser term and the greater term. The isSatis-
fied() method tests whether the inequality is satisfied over the specified CPO based on the current
value of the variables. It returns true if the inequality is satisfied, dindfalse otherwise.

The InequalitySolver class implements an algorithm to determine satisfiability of a set of inequal
ity constraints and to find the solution to the constraints if they are satisfiable. This algorithm is
described in [72]. It is basically an iterative procedure to update the value of variables until all the con
straints are satisfied,or until conflicts among the constraints are found. Some limitations on the type of
constraints apply for the algorithm to work. The method addlnequalityO adds an inequality to the set of
constraints. Two methods solveLeast() and solveGreatest() can be used to solve the constraints. The
former tries to find the least solution, while the latter attempts to find the greatest solution. If a solu
tion is found, these methods return true and the current value of the variables is the solution. The

method unsatisfiedlnequalities() returns an enumeration of the inequalities that are not satisfied based
on the current value of the variables. It can be used after solveLeast() or solveGreatest() xtXxxm false to
find out whichinequalities cannotbe satisfied after the algorithm runs. The bottomVariables() and top-
VariablesO methods return enumerations of the variables whose current values are the bottom or the
top element of the CPO.

8.3 Example Use

8.3.1 Generating A Schedule for A Composite Actor

The following is an example of using topological sort to generate a firing schedule for a Compos-
iteActorof the actor package. The connectivity information amongthe Actors withinthe composite is
translated into a directed acyclic graph, with each node of the graph represented by an Actor. The
schedule is stored in an array, where each element of the array is a reference to an Actor.

Object(I generateSchedule(CompositeActor composite) {
DirectedAcyclicGraph g = new DirectedAcyclicGraph();
// add all the actors contained in the composite to the graph.
Enumeration allactors = composite.deepGetEntities();
while (allactors.hasMoreElements0) {

Actor actor = (Actor)allactors.nextElement(};
g.add(actor);

)

// add all the connection in the composite as graph edges,
allactors = composite.deepGetEntitiesO;
while (allactors.hasMoreElementsO) {

Actor loweractor = (Actor)allactors.nextElementO;

// find all the actors "higher* than the current one.
Enumeration alloutports = loweractor.outputPortsO;
while (alloutports.hasMoreElementsO) {
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lOPort outport = (IOPort)alloutports.nextElement();
Enumeration allinports = outport.deepConnectedlnPortsO;
while (allinports.hasHoreElements()) {

lOPort inport = (lOPort)allinports.nextElement();
Actor higheractor = (Actor)inport.getContainerO;
if (g.contains(higheractor)) {

g.addEdgedoweractor, higheractor);
)

}

}

}
return g.topologicalSortO ;

}

8.3.2 Forming and Solving Constraints over a CPO

The code below uses two classes implementing the InequalityTerm interface. They model constant
and variable terms, respectively. The values of these terms are Strings. Inequalities can be formed
using these two classes.

//A constant InegualityTerm with a String Value,
class Constant in^lements InequalityTerm {

// construct a constant term with the specified String value,
public Constant(String value) {

_value = value;

}

// Return the constant String value of this term,
public Object getValueO (

return _value;

}

// Constant terms do not contain any variable, so return an array of size zero,
public InequalityTermd getVariables() (

return new InequalityTerm[0];
}

// Constant terms are not settable.

public boolean isSettableO {
return false;

}

// Throw an Exception on an attempt to change this constant,
public void setValue(Object e) throws IllegalActionException (

throw new IllegalActionException("Constant.setValue: This term is a constant.");
1

)

// the String value of this term,
private String _value = null;

//A variable InequalityTerm with a String value,
class Variable implements InequalityTerm {

II Construct a variable InequalityTerm with a null initial value,
public Variable 0 {

)

11 Return the String value of this term,
public Object getValueO {

return _value;

}

// Return an array containing this variable term.
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}

public InequalityTermO getVariables() {
InequalityTerm[] variable = new lnequalityTenn[l];
variable[0] = this;
return variable;

)

// Variable terms are settable.

public boolean isSettableO {
return true;

)

// Set the value of this variable to the specified String.
// Not checking the type of the specified Object before casting for simplicity.
public void setValue(Object e) throws IllegalActionException {

_value = (String)e;
)

private String _value = null;

As a simple example, the followingJava class constructs the 4-pointCPO of figure 8.3, forms a set
of constraints with three inequalities, and solves for both the least and greatest solutions. The inequali
ties dirta<w\b<a\b<Zy where w and z are constants in figure 2.3, and a and b are variables.
//An exanqple of forming and solving inequality constraints,
public class TestSolver {

public static void main(String[] arv) {
// construct the 4-point CPO in figure 2.3.
CPO cpo = constructCPO0;

// create inequality terms for constants w, z and
// varicibles a, b.
InequalityTerm tw = new Constant("w");
InequalityTerm tz = new Constant("z");
InequalityTerm ta = new Variable();
InequalityTerm tb = new Variable();

// form inequalities: a<=w; b<=a; b<=z.
Inequality iaw = new Inequality(ta, tw);
Inequality iba = new Inequality(tb, ta);
Inequality ibz = new Inequality(tb, tz);

// create the solver and add the inequalities.
InequalitySolver solver = new InequalitySolver(cpo);
solver.addlnequality(iaw);
solver.addlnequality(iba);
solver.addlnequality(ibz);

// solve for the least solution

boolecin satisfied = solver.solveLeast();

// The output should be:
// satisfied=true, least solution: a=z b=z

System.out.printlnCsatisfied=* + satisfied + •, least solution:*
+ • a=* + ta.getValueO + • b=* + tb.getValueO) ;

// solve for the greatest solution
satisfied = solver.solveGreatest();

// The output should be:
// satisfied=true, greatest solution: a=w b=z
System.out.println("satisfieds* + satisfied + greatest solution:"

+ • a=" + ta.getValueO + " b=* + tb.getValueO);

}

public static CPO constructCPO() {
DirectedAcyclicGraph cpo = new DirectedAcyclicGraph();
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cpo.addCw") ;
cpo.add("x");
cpo.addCy") ;
cpo.add("z*);

cpo.addEdgeCx*, "w")
cpo.addEdgeCy, "w")
cpo.addEdgeCz", "x"),
cpo,addEdge(*z", •y");

return cpo;

Graph Package
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9.1 Introduction

The computation infrastructure provided by the actor classes is not statically typed, i.e., the
lOPorts on actors do not specify the type of tokens that can pass through them. This can be changed by
giving each lOPort a type. One of the reasons for static typing is to increase the level of safety, which
means reducing the number of untrapped errors [16].

In a computation environment, two kinds of execution errors can occur, trapped errors and
untrapped errors. Trapped errors cause the computation to stop immediately, but untrapped errors may
go unnoticed (for a while) and later cause arbitrary behavior.Examples of untrapped errors in a general
purpose language are jumping to the wrong address, or accessing data past the end of an array. In
Ptolemy 11, the underlying language Java is quite safe, so errors rarely, if ever, cause arbitrary behav
ior.^ However, errors can certainly go unnoticed for an arbitrary amount oftime. As an example, figure
9.1 shows an imaginary application where a signal from a source is downsampled, then fed to a fast
Fourier transform(EFT)actor, and the transformresult is displayedby an actor. Suppose the FFT actor
can accept ComplexToken at its input, and the behavior of the Downsampler is to just pass every sec
ond token through regardlessof its type. If the Source actor sends instances of ComplexToken, every-

Source cj) •(j) fft (j) Display

FIGURE9.1. An imaginary Ptolemy II application

I. Synchronization errors in multi-threadapplicationsare not considered here.
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thing works fine. But if, due to an error, the Source actor sends out a StringToken, then the
StringToken will pass through the sampler unnoticed. Ina more complex system, the time lag between
when a token of the wrong type is sent by an actor and the detection of the wrong type may bearbi
trarily long.

In languages without static typing, such asLisp and the scripting language Tel, safety is achieved
by extensive run-time checking. In Ptolemy II, if we imitated this approach, we would have torequire
actors to check the type of the received tokens before using them. Forexample, the FFTactor would
have toverify that the every received token isan instance ofComplexToken, orconvert it toComplex-
Token ifpossible. This approach gives the burden oftype checking to the actor developers, distracting
them from their development effort. It also relies on a policy that cannot be enforced by the system.
Furthermore, since type checking is postponed to the last possible moment, the system does nothave
fail-stop behavior, soa system may generate an error only after running for an extended period oftime,
as figure 9.1 shows. To make things worse, an actor may receive tokens from multiple sources. If a
token with the wrong typeis received, it might be hardto identify from which source the token comes.
All these make debugging difficult.

To address this and other issues discussed later, we added static typing to Ptolemy H. This
approach is consistent with Ptolemy 0.x. In general-purpose statically-typed languages, such as C++
and Java, static type checking done by the compiler can find a large fraction of program errors. In
Ptolemy H, execution ofa model does not involve compilation. Nonetheless, static type checking can
correspondingly detect problems before any actors fire. In figure 9.1, if the Source actor declares that
its output port type is String, meaning that it will send out StringTokens upon firing, the static type
checkerwill identify this type conflictin the topology.

In Ptolemy II, because models arenot compiled, static typing alone is not enough to ensure type
safety at run-time. Forexample, even if theabove Source actor declares itsoutput type to beComplex,
nothing prevents it from sending outa StringToken at run-time. Sorun-time type checking is still nec
essary. With the help of static typing, run-time type checking can be done when a token is sent out
from a port. I.e., the run-time type checker checks the token type against the type of the output port.
This way, a type error is detected at the earliest possible time, and run-time type checking (as well as
static typechecking) canbe performed by the system instead of by theactors.

One design principle of Ptolemy II is that data type conversions that lose information are not
implicitly performed by the system. In the data package, a lossless data type conversion hierarchy,
called the type lattice, is defined (see figure 7.2). In that hierarchy, the conversion from a lower type to
a higher type is lossless, and is supported by the token classes. This lossless conversion principle also
applies to data transfer. This means that across every connection from an output port to an input, the
type of the outputmustbe the sameas or lowerthan the type of the input. This requirement is called
thetypecompatibility rule. Forexample, an output portwith type Intcanbeconnected to an input port
with type Double, buta Double to Int connection will generate a type errorduring static type checking.
This behavior is different from Ptolemy 0.x, but it should be useful in many applications where the
users do not want lossy conversion to take place without their knowledge.

As can be seen from above examples, when a system runs, the type of a token sent out from an out
put port may not be the same as the type of the input port the token is sent to. If this happens, the token
must be converted to the input port type before it is used by the receiving actor. This kind of run-time
type conversion is done transparently by the Ptolemy II system (actors are not aware it). So the actors
can safelycast the received tokens to the typeof the inputport. This makes the actordevelopment eas
ier.

Ousterhout [67] argues that static typing discourages reuse.
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"Typing encourages programmers to create a variety of incompatible interfaces,
each interface requires objects ofspecific type and the compilerprevents any other
types ofobjectsfrom being used with the interface, even ifthat would be useful".

In Ptolemy II, typing does apply some restrictions on the interaction of actors. Particularly, actors can
not be interconnected arbitrarily if the type compatibility rule is violated. However, the benefit of typ
ing should far outweigh the inconvenience caused by this restriction. In addition, the automatic run
time type conversion provided by the system permits ports of different types to be connected (under
the type compatibility rule), which partly relaxes the restriction caused by static typing. Furthermore,
there is one important component in Ptolemy that brings much flexibility to the actor interface, the
type-polymorphic actors.

Type-polymorphic actors (called polymorphic actors in the rest of this chapter) are actors that can
accept multiple types on their ports. For example, the Downsampler in figure 9.1 does not care about
the type of token going through it; it works with any type of token. In general, the types on some or all
of the ports of a polymorphic actor are not rigidly defined to specific types when the actor is written, so
the actor can interact with other actors having different types, increasing reusability. In Ptolemy 0.x,
the ports on polymorphic actors whose types are not specified are said to have ANYTYPE, but
Ptolemy II uses the term undeclared type, since the type on those ports cannot be arbitrary in general.
The acceptable types on polymorphic actors are described by a set of type constraints. The static type
checker checks the applicability of a polymorphic actor in a topology by finding specific types for
them that satisfy the type constraints. Tliis process is called the type resolution, and die specihc types
are called the resolved types.

Static typing and type resolution have other benefits in addition to the ones mentioned above.
Static typing helps to clarify the interface of actors and makes them more manageable. Just as typing
may improve run-time efficiency in a general-purpose language by allowing the compiler to generate
specializedcode, when a Ptolemy system is synthesizedto hardware, type information can be used for
efficientsynthesis. For example, if the type checkerasserts that a certain polymorphic actor will only
receiveIntTokens, then only hardwaredealing with integers needs to be synthesized.

To summarize, Ptolemy II takes an approach of static typing coupled with run-time type checking.
Lossless data type conversions during data transfer are automatically implemented. Polymorphic
actors are supported through type resolution.

9.2 Formulation

9.2.1 Type Constraints

In a Ptolemy II topology, the type compatibility rule imposes a type constraint across every con
nectionfrom an outputport to an input port. It requires that the type of the outputport, outType, be the
same as the type of the input port, inType, or less than inType under the type lattice in figure 7.2. I.e.,

outType < inType (2)

This guarantees that information is not lost during data transfer. If both the outType and inType are
declared, the static typechecker simply checks whether this inequality is satisfied, and reports a type
conflict if it is not.

In addition to the above constraint imposed by the topology, actors may also imposeconstraints.
This happens when one or both of the outType and inType is undeclared, in which case the actor con-
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taining the undeclared port needs todescribe the acceptable types through type constraints. All the type
constraints in Ptolemy n are described in the form of inequalities like the one in (2). If a port has a
declared type, its type appears as a constant in the inequalities. On the other hand, if a port has an
undeclared type, its type is represented bya variable, called the type variable, in the inequalities. The
domain of the type variable is the elements of the type lattice. The type resolution algorithm resolves
the undeclared types subject tothe constraints. If resolution is not possible, a type conflict error will be
reported. Asan example of the inequality constraints, consider figure 9.2.

The port on actors A1 has declared type int; the ports on A3 and A4 have declared type double;
and the ports onA2 have their types undeclared. Letthe type variables for the undeclared types bea,
p, and y,thetype constraints from thetopology are:

int < a

double < p
Y< double

Now, assume A2is a polymorphic adder, capable of doing addition for integer, double, tuid complex
numbers, and therequirement is that it does not lose precision during the operation. Then the type con
straints for the adder can be written as:

a<y

Y< Complex

The first two inequalities constrain the output precision to be no less than input, the last one
requires thatthedataon theadder ports canbeconverted to Complex losslessly.

These six inequalities form the complete set of constraints and are used by the type resolution
algorithm to solve for a, p, and y.

This inequality formulation is inspired by the type inference algorithm in ML [59]. There, equali
ties areused to represent type constraints. In Ptolemy n, the lossless type conversion hierarchy natu
rally implies inequality relation among the types. In ML, the type constraints are generated from
program constructs. In a heterogeneous graphical programming environment like PtolemyH, the sys
tem does nothave enough information about thefunction of theactors, so theactors must present their
type information by either declaring the type on their port, or specify a set of type constraints to
describe theacceptable types on theundeclared ports. ThePtolemy II system also generates type con
straints based on (1).

This formulation converts type resolution into a problem of solving a set of inequalities. An effi
cient algorithm is available to solve constraints in finite lattices [72], which is described in the appen-

douMi ^ ^

double

FIGURE 9.2. A topology with types.
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dix through an example. This algorithm finds the set of most specific types for the undeclared types in
the topology that satisfy the constraints, if they exist.

As mentioned earlier, the static type checker flags a type conflict error if the type compatibility
rule is violated on a certain connection. There are other kind of type conflicts indicated by one of the
following:

• The set of type constraints are not satisfiable.

• Some type variables are resolved to NaT.

• Some type variables are resolved to an abstract type, such as Numerical in the type hierarchy.

The first case can happen, for example, if the port on actor A1 in figure 9.2 has declared type Com
plex. The second case can happen if an actor does not specify any type constraints on an undeclared
output port This is due to the nature of the type resolution algorithm where it assigns all the unde
clared types to NaT at the beginning. If the type constraints do not restrict a type variable to be greater
than NaTy it will stay at NaT after resolution. The third case is considered a conflict since an abstract
type does not correspond to an instantiable token class.

To avoid the second case above, any output port must either have a declared type, or some con
straints to force its type to be greater than NaT. This requirement should be easily satisfied on most
actors. A situation that needs some attention is the source actor. A source actor cannot leave its output
port type unconstrained. One way to cope with this is to declare the type at a time after the type infor
mation is known, but prior to type resolution. For example, if the output data is determined by a
parameter set by the user, the parameter can be evaluated during the initialization phase of the execu
tion and the port type can be declared at the end of the initialization, which precedes type resolution.

9.2.2 Run-time I^pe Checking and Lossless Type Conversion

The declared type is a contract between an actor and the Ptolemy n system. If an actor declares an
output port to have a certain type, it asserts that it will only send out tokens whose types are less than
or equal to that type. If an actor declares an input port to have a certain type, it requires the system to
only send tokens that are instances of the class of that type to that input port. Run-time type checking is
the component in the system that enforces this contract. When a token is sent out from an output port,
the run-time type checker finds its type using the run-time type identification (RTTI) capability of the
underlying language (Java), and compares the type with the declared type of the output port. If the type
of the token is not less than or equal to the declared type, a run-time type error will be generated.

As discussed before, type conversion is needed when a token sent to an input port has a type less
than the type of the input port but is not an instance of the class of that type. Since this kind of lossless
conversion is done automatically, an actor can safely cast a received token to the declared type. On the
other hand, when an actor sends out tokens, the tokens being sent do not have to have the exact
declaredoutputport type. Any type that is less than the declared type is acceptable. For example, if an
output port has declared type doubley the actor can send IntToken from that port. As can be seen, the
automatic type conversion simplifies the input/output handling of the actors.

Note that even with the convenience provided by the type conversion, actors should still declare
the inputtypes to be the mostgeneral that theycan handle and the outputtypes to be the mostspecific
type that includes all tokens they will send. This maximizes their applications. In the previous exam
ple, if the actor only sends out IntTokeriy it shoulddeclare the output type to be int to allow the port to
be connected with an input with type int.

If an actor has ports with undeclared types, its type constraints can be viewed as both a require
ment and an assertion from the actor. The actor requires the resolved types to satisfy the constraints.
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Once the resolved types are found, they serve the role of declared types at run time. I.e., the type
checking andtypeconversion system guarantees to onlyput tokens thatare instances of theclassof the
resolved type toinput ports, andtheactorasserts toonly send tokens whose types areless than orequal
to the resolved type from output ports.

9.3 Implementation Classes

9.3.1 Static Type Checking and lype Resolution

Type checking and typeresolution are done in the actorpackage. The Actorinterface, the Atomi-
cActor, CompositeActor, lOPort andlORelation classes are extended with TypedActor, lypedAtomi-
cActor, lypedCompositeActor, TypedlOPort and TypedlORelation, respectively, as shown in figure
9.3. Thecontainer for lypedlOPort must be a ComponentEntity implementing the TypedActor inter
face, namely, lypedAtomicActor and TypedCompositeActor. The container for TypedAtomicActor
andTypedCompositeActor must be a TypedCompositeActor. TypedlORelation constraints that Type
dlOPort can only be connected with TypedlOPort. lypedlOPort has a declared type and a resolved
type, plusthemethods to setandquery them. Undeclared typeis represented bya nulldeclared type. If
a porthasa non-null declared type, the resolved typewill be thesame as thedeclared type. Calling set-
DeclarediypeO with a non-null argument will setboth thedeclared and resolved type.

Static type checking is done in the checkiypesO method of TypedCompositeActor. This method
finds all the connection within thecomposite by first finding theoutput ports on deep contained enti-^
ties, and then finding the deeply connected input ports to those output ports. Transparent ports are
ignored for type checking. For each connection, if the types on both ends are declared, static type
checking is performed using the type compatibility rule. If the composite contains other opaque
lypedCompositeActors, this method recursively calls the checkTypes() method of the contained
actors to perform type checkingdown the hierarchy. Hence, if this method is called on the top level
TypedCompositeActor, typechecking is performed through out the hierarchy.

If a typeconflict is detected, i.e., if the declared typeat the source end of a connection is greater
than or incomparable with the typeat the destination end of the connection, the ports at both ends of
the connection are recorded and will be returned in an Enumeration at the end of typechecking. Note
that type checkingdoes not stop afterdetectingthe first typeconflict,so the returnedEnumeration con
tainsall theportsthathavetypeconflicts. Thisbehavior is similar to a regular compiler, where compi
lation will generally continue after detecting errors in the source code.

The class Inequalityin the graph package is used to representtype constraints. This class contains
two objects implementing the InequalityTerm interface, which represent the lesser and greater terms.
TypeTerm in the actor package is such a class that implements the InequalityTerm interface. In type
resolution, an inequality term can be a type variable that represents the type of a port with undecl£U'ed
type, a type constant that represent the type of a port with declared type, or a type constant not associ
ated with a port. For example, in the constraint int ^ a in figure 9.2, a is a type variable representing
the resolved type of one of the inputs of the adder A2, and int is a type constant representing the
declared type (and also the resolved type) of the port on actor A1; in the constraint y < Complex, Com
plex is a type constant not associatedwith any port. To accommodate these needs, the class TypeTerm
provides two constructors, one with a TypedlOPort argument, the other with a Class argument which
is a type in the type hierarchy. When an instance of TypeTerm is constructed using the first construc
tor, the value of the TypeTerm is the resolved type of the associated TypedlOPort, and the term may be
either a constant or a variable, depending on whether the type of the port is declared or not. When a
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TypeTerm is constructed using the second constructor, it represents a type constant not associated with
a port. The class TypedlOPort has a method getTypeTerm (), which returns a TypeTerm associated
with itself. To form a type constraint between two TVpedlOPorts, the code can be written as:

AtomicAetor

TypedAtomlcActor

•tnterfece*

Actor

IT

•Intoffaco*
TypodAetor

1
CoaipotlteActor

*typeConstralntsO: EnumeraVon

TypetfCofliposltaActor

0..1

'fTypedAtomicActorO
'fTypedAtomicActortw: Woftcspaco)
»Type<lAtomlcActor(container: TypedComposHeActof. name: Stiing)

lOPort

|*TYPE:lnt
'.constraints; UnkedUst
'.convertMeitiod: Method
'.dedaredType: Class
'.rssolvedType: Class
-.typeXeim: TypeTerm

.ty^tJsterwrs: Unkedlist

0..1

TjfpoaMt

*gatTypaO: Class
•tgonypoTemtO: IneqtuJUyTeim
*satTypoAtLaast(lesser: Typeabia)
*setTypeAtMost(lype: Class)
*setTypeequals(tj^; Class)
*setTypaSama^aqual: Typeablo)
HypoCanstmlntsO: Enumeration

TypedtOPort

'••TypedCoinpositsActorO
'••TyiwdConipositeActoitw: Woikspace)
-••TypodCompositeActOftcontainer: Typ^CompositeActor, name: String)
♦criedtType^): Enumeration

0..1

-••TypedlOPoitO
+Tyi>edtOPort(container: ComponentEntity, name: String)
•*-TypedIOPort(container: ComponentEntity, name: String, isinput; boolean, isoutput: boolean)
-faddTypeUstenert!: TypeUstener)
-t-removeTypoListenertl: TypeUstener)

0..1

r

0..1

TypeTerm

-.port: TypedlOPort

•Interface*
InequalltyTerm

1
\-hgalAssociatedObiaclO: Obiecl j
\*getValueO: Object j
l-i^tVariaUesO: InequaOtyTe/mlf
\+isSettableO: boolean |
HisValueAcceptableO: bodean j
\+setValue(e: Object)

TypedlORelation

'•'TypedtOReiationO
4'TypedlOReiation(w: Workspace)
•i-TypedlORelationfcontainer: Typ^ComposileAdor, name: String)

FIGURE9.3. Classes in the actor package that support type checking.
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11 portl and port2 are two TypedlOPorts, the constraint is that
11 the type of portl is less than or equal to the type of port2.
Inequality constraint = new Inequality(portl.getTypeTerm(), port2.getTypeTenn());

To form a type constraint like y < Complex, the code can be written as:

// port is the TypedlOPort associated with the type variable y.
TypeTerm con^lexTerm = new TypeTerm(Con^lexToken.class);
Inequality constraint = new Inequality(port.getTypeTennO, complexTenn);

TheTypedActor interface hasa typeConstraints () method, which returns the typeconstraints
of this actor. For atomic actors, the type constraints are different in different actors, but the Typed-
AtomicActor class provides a default implementation, which is that the type of any input port with
undeclared type must be less than or equal to the type of any undeclared output port. Ports with
declared types are not included in the default constraints. If all the ports have declared type, no con
straints are generated. This default works for most of the control actors such as commutator, multi
plexer, and the Downsampler in figure 9.1. It also covers most of the constraints for arithmetic actors
such as the adder in figure 9.2. For the adder, the default typeconstraints covers a < y and p < y, the
typeConstraints {) method of the adder only needs to add y < Complex. This method can be writ
ten as:

public Eniimeration typeConstraints () {
LinkedList result = new LinkedList();
result.appendElements(super.typeConstraints());

TypeTerm complexTerm = new TypeTerm(ComplexToken.class);
// _output is the output TypedlOPort.
TypeTerm portTerm = _output .getTypeTermO ;

Inequality constraint = new Inequality(portTerm, complexTerm);

}

result.insertLast(ineq);
return result.elements();

The typeConstraintsO method in TypedCompositeActor collects all the constraints within the
composite. It works in a similar fashion as the checkTypes() method, where it recursively goes down
the containment hierarchy to collect type constraints of the contained actors. It also scans all the con
nections and forms type constraints on connections involving undeclared types. As checkTypes(), if
this method is called on the top level container, all the type constraints within the composite are
returned.

The Manager class has a resolveTypes() method that invokes type checking and resolution. It uses
the InequalitySolver class in the graph package to solve the constraints. If type conflicts are detected
during type checking or after type resolution, this method throwsTypeConflictException. This excep
tion contains an Enumeration of TVpedlOPorts where type conflictsoccur. The resolveTypes() method
is called inside Manager after all the mutationsare processed. If TypeConflictException is thrown, it is
caught within the Manager and an ExecutionEvent is generated to pass the exception information to
the user interface.
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9.3.2 Run-time Type Checking and Type Conversion

Run-time type checking is done in the send() method, of TypedlOPort. The checking is simply a
comparison of the type of the token being sent with the resolved type of the port. If the type of the
token is less than orequal to the resolved type, type checking is passei otherwise, an IllegalActionEx-
ception is thrown.

The need for type conversion is also determined in the send() method. The type of the destination
port is the resolved type of the port containing the receivers that the token is sent to. If the token is not
an instance of the class of the destination resolved type, type conversion is needed.

The conversion is done by the convert() method in the token classes. This method is invoked
through the Reflection interface of Java. Each TypedlOPort has a method _getConvertMethod() that
returns a java.reflect.Method for the convert() method of the resolved type. When type conversion is
needed, the send() method of the port sending out the token calls _getConvertMethod() of the destina
tion port to get the convert() method, then invoke it to perform the conversion. Since both the send()
and the _getConvertMethod() methods are in TypedlOPort, the _getConvertMethod() is private. For
efficiency, the reference to the convert method is cached in TypedlOPort, and _getConvertMethod()
will return the cached reference unless it is called for the first time after the resolved type changes.

9.4 Examples

9.4.1 Polymorphic Downsampler

In figure 9.1, if the Downsampler is designed to do downsampling for any kind of token, its type
constraint is just samplerin < samplerOuU where samplerin andsamplerOut are the types of the input
and outputports, respectively. The default type constraints works in this case. Assuming the Display
actorjust calls the stringValue() method of the received tokens and displays the string value in a cer
tain window, the declare typeof its port would be General. Let the declared types on the portsof FFT
be Complex, the The type constraints of this simple application are:

sourceOut < samplerin

samplerin < samplerOut
samplerOut < Complex

Complex < General

Where sourceOut represents the declared type of the Source output. The last constraint does not
involve a typevariable, so it is just checked by thestatic type checker andnot included in typeresolu
tion. Depending on the valueofsourceOut, the ports on the Downsampler wouldbe resolved to differ
ent types. Some possibilities are:

• If sourceOut = Complex, the resolved types would be samplerin = samplerOut = Complex.
• If sourceOut= Double, the resolved types wouldbe samplerin = samplerOut= Double. At run

time, DoubleTokens sentoutfrom theSource will be passed to theDownSampler unchanged.
Before they leave theDownsampler and sent to the actor, they areconverted to ComplexTo-
kens by the system.The Complextoken output from the FFT actor are instancesof Token,which
corresponds to the Generaltype, so they are transferred to theinputof theDisplay without change.

• If sourceOut =String, thesetof type constraints donothave a solution, a typeConflictException
will be thrown by the static type checker.
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9.4.2 Fork Connection

Consider two simple topologies in figure 9.4. where a single output is connected to two inputs in
9.4(a) and two outputs are connected toa single input in9.4(b). Denote the types ofthe ports by al, a2,
a3, bl, b2, b3, as indicated in the figure. Some possibilities of legal and illegal type assignments are:
• In 9.4(a), if al = //it,a2 = Double^ a3 = Complex. Thetopology is well typed. At run-time, the

IntToken sent out from actor Al will be convertedto DoubleToken before transferred to A2, and
converted to ComplexToken before transferred to A3.Thisshows thatmultiple ports with differ
ent types can be interconnected as longas the typecompatibility ruleis obeyed.

• In9.4(b), if bl = InU b2= Double^ andb3is undeclared. Thetheresolved type for b3 will beDou
ble. If bl = int andb2= Boolean, theresolved typeforb3 will beString since it is the lowest ele
ment in the type hieiarchy that is higher than both Int and Boolean. In this case, if the actor B3 has
sometypeconstraints that require b3 to be less thanString, thentyperesolution is not possible, a
type conflict will be signaled.

9.4.3 A Sampler System

Figure 9.5shows a more complete system builtinPtolemy IIDE domain. Thetypes are marked by
the ports. The underline below some types means that the corresponding port has undeclared type and
those types are the resolved type. The functions of the actors are:

1. Clock andPoisson: TheClock actorgenerates events at regular interval. Its output is a "puresig-
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nal" without value, so the output port type is General, which corresponds to the base Token class.
The Poisson actor is similar to Clock except that the time spacing between the events follows the
Poisson probability distribution.

2. Ramp: This actor sends out events whose value changes by a constant amount every time. It has
two Parameters for the initial value and step size. These two Parameters are set by the user and
evaluated at the initialization stage. The type of the output is the higher type of the two Parameters.
For example, if the initial value Parameter has type Int and the step size has type Double, the out
put type is Double. Figure 9.5 assumes the output type is Double. The input port of the Ramp
serves as a trigger. The output event is sent out when a token is received from the input. Since the
trigger input does not care the value of the received token, its type is declared as General, which
means that any type of token can trigger the output.

3. Sampler: This is a polymorphic actor. It passes a token from its input port on the left to the output
on the right when a token is received from the bottom input port, so the bottom input is also a trig
ger input. This actor can do sampling for any type of token, but to ensure that information is not
lost, it requires that the type on the left input is less than or equal to the type on the right output.
This constraint is covered by the default implementationof the type constraint in lypedAtomicAc-
tor, so the Sampler class does not need to override the typeConstraints() method.

4. Plot: This is also a polymorphic actor. It plots the value of the received token in a certain window.
Assuming that it requires the input to be a kind of ScalarToken, then the type constraint of this
actor is that the input type is less than or equal to Scalar.

In this example, all the ports with undeclared type are resolved to Double.
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Appendix E: The Type Resolution Algorithm

The type resolution algorithm starts by assigning all the typevariables the bottom element of the
typehierarchy, NaT, thenrepeatedly updating thevariables to a greater element until all theconstraints
are satisfied, or when the algorithm finds that the set of constraints are not satisfiable. The kind of ine
quality constraints the algorithm can determine satisfiability are the ones with the greater term (the
right side of the inequality) being a variable, or a constant. The algorithm allows the left side of the
inequality to contain monotonic functions ofthe type variables, but not the right side. The first step of
the algorithm is todivide the inequalities into two categories, Cvar and Ccnst. The inequalities in Cvar
have a variable onthe right side, and the inequalities in Ccnst have a constant onthe right side. In the
example of figure 9.2, Cvar consists of:

int < a

double < p

a< Y

And Ccnst consists of:

y< double

Y^ Complex
The repeated evaluations are only done on Cvar, Ccnst are used as checks after the iteration is fin

ished, as we willsee later. Before the iteration, all the variables are assigned the value NaT, and Cvar
looks like:

int < a(NaT)

double < ^{NaT)
a(NaT) < y(NaT)

^(NaT)<y{NaT)
Where the current value of the variablesare inside the parenthesis next to the variable.

At this point, Cvar is further divided into two sets: those inequalities that are not currently satis
fied, and those that are satisfied:

Not-satisfied Satisfied

int < aiNoT) a{NaT) < y(NaT)
double< ^{NaT) ^{NaT) < y{NaT)

Now comes the update step. The algorithm takes out an arbitraryinequality from the Not-satisfied
set, and forces it to be satisfiedby assigning the variable on the right side the least upper bound of the
values of both sides of the inequality. Assuming the algorithm takes out int < a(NaT), then

a = intvNoT = int (3)

After a is updated,all the inequalities in Cvarcontainingit are inspectedandare switched to either
the Satisfied or Not-satisfied set, if they are not already in the appropriate set. In this example, after
this step, Cvar is:

Not-satisfied Satisfied

double < ^{NaT) int < a(int)
a(int) < y{NaT) ^{NaT) < y{NaT)

The update step is repeated until all the inequalities in Cvar are satisfied. In this example, P and y
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will be updated and the solution is:

a = int, P = y = double
Note that there always exists a solution for Cvar. An obvious one is to assign all the variables to

the top element. General, although this solution may not satisfy the constraints in Ccnst. The above
iteration will find the least solution, or the set of most specific types.

After the iteration, the inequalities in Ccnst are checked based on the current value of the variables.
If all of them are satisfied, a solution to the set of constraints is found.

This algorithm can be viewed as repeated evaluation of a monotonic function, and the solution is
the fixed point of the function. Equation (3) can be viewed as a monotonic function applied to a type
variable. The repeated update of all the type variables can be viewed as the evaluation of a monotonic
function that is the composition of individual functions like (3). The evaluation reaches a fixed point
when a set of type variable assignments satisfying the constraints in Cvar is found.

Rehof and Mogensen [72] proved that the above algorithm is linear time in the number of occur
rences of symbols in the constraints, and gave an upper bound on the number of basic computations. In
our formulation, the symbols are type constants and type variables, and each constraint contains two
symbols. So the type resolution algorithm is linear in the number of constraints.
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Plot Package

Author:Edward A. Lee

Contributor: Christopher Hylands

10.1 Overview

The plot package in PtolemyII is one of severalutility packagesthat providesupport functionality
for simulations and applets. It is available in a stand-alone distribution, or as part of the Ptolemy II sys
tem. The class diagram is shown in figure 10.1. The key classes are:
• PlotBox: A panel that draws a box with axes along the edges, tick marks along the axes, axis

labels, a title, and a legend.

• Plot:An extension of PlotBoxthat supports a suiteof two-dimensional plotsof sets of data, includ
ing x-y plots, scatter plots, and bar graphs.

• PlotLive: An extension of Plot designed to run continuously in its own thread, continually updat
ing an on-screen plot.

• PlotApplet: An applet thatcontains a singleinstance of Plot andthat can readthedata to be plotted
from a URL.

• PlotLiveApplet: An extension of PlotApplet that contains an instance of PlotLive instead of Plot.
This is used for applets with animated plots that are continuallyupdated.

• PlotFrame: A window containing a single plot and a menu barwithcommands for opening and
displaying new data files.

• PlotApplication: An extension of PlotFrame that is an application (a standalone Java program).

10.2 User Interface

The user interface supported by these classes is very rudimentary. Zooming in and out is sup
ported. To zoom in, drag the mouse downwards to draw a box. Tozoom out,drag the mouse upward.
In addition, several of these classes permit the placement of buttons thatexercise certain simple con-
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various

-•-PlotBaxO
»«WLeflend(dalaset: int.legend: Stiir)g)
'MddXT1d((l^: String; positian: dcuUe)
♦addYTIci^label: Strir>g, position:double)
♦dea/tffiees: boolean)
'M9qrat(out: OutputStream)
>faiPlotO
tOfltCdotBvNamelnama: String^: Cdof

'fgetUgend(dataset: int): String
'̂ gelMt^mSlzeO: Dimension
•^getPrefenedSizeO: Dimension
-fread(in: inputStream)
+read(Ilne: String)
•fsampiePlotO
'fsetBackgroundCcoior: Color)
+8etBouRds(x: M, y; int,width:kit,height: kit)
'fsetSuttonslvisibie: boolean)
+setFareground(color:Odor)
'fsetGrfd(grid:boolean)
'fselLabetFontCfontname; String)
fselSlze(width:int.height: ktl)
+seiri1te(title:String)
>selTHleFdnt((ontname: String)
'••selWfap(wrap: booleah)
*eelXLabeI(ialiei; String)
'MelXLog(iog:booleen)
4eetXRange(iower: doiibie,upper: double)
^YUbei(l8bei: String)
'fselYLog(l^: boolean)
'•'SetYRan^iormr: doubie, upper: double)
'•'Wrtte(out: OutputStream)
-fzoonxiowx: double, lowy:double, highx:doubie, Wghy: double)
«_drawPlol(g: Qraphics,dearfiist: boolean)
#_dtBwPolnt(g: Graphics, set: kit,x; long, y: long,c8p: boolean)
»_par8elJne(iine: String)
#_8etButtansVislbitlty<vis: boolean)
•_writa(output: PrintWriteO
#_zoom(x:int,y;kit)
»_ZoamBox(x;kit,y: int)
»_20omStait(x: int, y: int)

...: various

1 Pand

+pial:Plot

♦PlotFrameO
+PloiFrame(tl1le:String)
'•f>lotFi3n)e(t!tte: String,plol: PlotBox)
-fsamplePlotO
#_ab^)
iLciose()
#_heipO
#_openO
kjwintO
#_save()
»„8aveiUo

♦PlolO

•^addPoint(d3tasel: int,X: double,y: double, connected: boolean)
•faddPQintWithErrorBars(d5: int,x; double, y: double, ylxwr: doutrie, yHigh: double, crtct:boolean)
+erasePoint(dataset: int, index: int)
'fgatCmdUneRenameO: Siring
+parsaArgs(args: StringO): int
•».parsePxgraphargs<args: String)
•••readPxgraph(input: inputStream)
•fselBarsCon: boolean)
'fselBarsCwidth: double,offset: doubie)
'fsetConiiected(on: boolean)
')-settmpulses(on:boolean)
'f8eltnn()ulses(on:boolean,datasel; int)
'•'86tMari(sStyle(sty(e: String)
+8etMai1(sS^e(sVe: String, dataset: int)
+setNumSets(nums6ts: bit)
-fselPointsPecsistenceCnumPaints:int)
a.chedrDatasettndexfdataset: int)
•_drBw68r(g: Graphi^ dataset: kitx:long, y: long, dip;bodean)
•_drawErrDc8ai(g: Grapfrics, dataset: int X:long,ytow:long, ytiigh:long,dip: boolean)
•_drawlmpulse(g; Giaphtcs,dataset: int x: long,y; long,dip: bodean)
»_drawUne(g: Graphics, datasel: kitstartx: long, starty; kxig, endr: king, endy: long)
»_drawPlol(g: Graces, dearfirst: bodean)
#_drawPdnt(g: Graphics,dataset: kit x; long,y: long,dip: bodean)
#_parseUne(iine: String): bodean
»_write(cutput: PrinlWriter)

FIGURE 10.1, The classesof the plot package.
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trols. The fill button fills the available space with the available data. The start and stop buttons, used by
the PlotLive class, start and stop an animated plot.

The PlotFrame class adds a menu that contains a richer set of commands, including opening files,
saving the plotted data to a file, printing, etc. Currently, the set of commands is far from complete. In
the future, we hope that on-line formatting of the plots and exporting to popular graphics formats will
be supported.

10.3 File Format

Instances of the PlotBox and Plot classes can read a simple file format that speciHes the data to be
plotted. These files can be accessed via URLs. Each file contains a set of commands, one per line, that
essentially duplicate the methods of these classes. There are two sets of commands currently, those
understood by the base class PlotBox, and those understood by the derived class Plot. Both classes
ignore commands that they do not understand. In addition, both classes ignore lines that begin with
"#", the comment character. The commands are not case sensitive. In addition, for backward compati
bility, these classes can read the binary Ble format of a prior plotting program called pxgraph.

NOTE: Weare likely to change the preferred file format to one based on XML. Wehope to main
tain backward compatibility with this format, but do not plan to extend this format.

10.3.1 Commands Configuring the Axes

The following commands are understood by the base class PlotBox. These commands can be
placedin a file and then read via the read()method, or via a URLusing the PlotApplet class.The rec
ognized commands include:

• TitleText: string

• XLabel: string

• YLabel: string

Thesecommands provide a titleand labels for the X (horizontal) andY (vertical) axes. A string is sim
ply a sequence of characters, possibly including spaces. There is no need here to surround them with
quotation marks, and in fact, if you do, the quotation marks will be included in the labels.

The ranges of the X and Y axes can be optionally given by commands like:
• XRange: mm, max

• YRange: mm, max

Thearguments mm andmaxarenumbers, possibly including a sign anda decimal point. If theyarenot
specified, then the ranges are computed automatically from the data and padded slightly so that
datapoints are not plotted on the axes.

The tick marks for the axes are usually computed automatically from the ranges. Every attempt is
made to choose reasonable positions for the tick marks regardless of the data ranges (powers of ten
multiplied by 1, 2, or 5 are used). However, theycan alsobe specified explicitly usingcommands like:
• XUcks: label position, label position,...
• YTicks: label position, label position,...
A label is a stringthatmustbe surrounded by quotation marks if it contains anyspaces. A position is a
number giving the location of the tick mark along the axis. For example, a horizontal axis for a fre
quency domain plot might have tick marks as follows:
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XTicks: -PI-3.14159, -PI/2-1.570795,00,PI/21^70795,PI3.14159

Tickmarks could also denoteyears, months, days of the week, etc.

TheX andY axescan usea logarithmic scalewiththe following commands:
• XLog: on

• YLog: on

The tick labels, if computed automatically, represent powers of 10. Note that if a logarithmic scale is
used, then the values must be positive. Non-positive values will be silently dropped.

By default, tickmarks areconnected by a light grey background grid. This grid can be turned off
with the following command:
• Grid: off

It can be turned back on with

• Grid: on

Also, by default, the first ten data sets are shown each in a unique color. The use of colorcan be
turned off with the command:

• Color: off

It can be turned back on with

• Color: on

Finally, the rather specialized command
• Wrap: on

enables wrapping of theX (horizontal) axis, which means that if a point is added with X outof range,
its X value willbe modified modulo the range so that it liesin range. Thiscommand onlyhasan effect
if the X range has been set explicitly. It is designed specifically to support oscilloscope-like behavior,
where theX value of points is increasing, but thedisplay wraps it around to left. A point thatlands on
the right edge of theX range is repeated on the left edgeto givea better sense of continuity. Thefea
tureworks best when points do landprecisely on the edge,and areplotted from left to right, increasing
in X.

All of the abovecommands can also be invoked directlyby callingthe corresponding publicmeth
ods from some Java code.

10.3.2 Commands for Plotting Data

The set of commands understood by the Plot class supportspecification of data to be plotted and
control over how the data is shown.

The style of marks used to denote a data point is defined by one of the following commands:
• Marks: none

• Marks: points

• Marks: dots

• Marks: various

Here, "points" are small dots, while "dots" are larger. If "various" is specified, then unique marks are
used for the first ten data sets, and then recycled. Using no marks is useful when lines connect the
points in a plot, which is done by default. If the above directive appears before any DataSet directive.
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then it specifies the default for all data sets. If it appears after a DataSet directive, then it applies only
to that data set.

To disable connecting lines, use:
• Lines: off

To re-enable them, use

• Lines: on

You can also specify "impulses", which are lines drawn from a plotted point down to the x axis.
Plots with impulses are often called "stem plots." These are off by default, but can be turned on with
the command:

• Impulses: on

or back off with the command

• Impulses: off

If that command appears before any DataSet directive, then the command applies to all data sets. Oth
erwise, it applies only to the current data set.

To create a bar graph, turn off lines and use any of the following commands:
• Bars: on

• Bars: width

• Bars: widths offset
The widthis a real number specifyingthe width of the bars in the units of the x axis. The offsetis a real
number specifying how much the bar of the i-th data set is offsetfrom the previous one.This allows
bars to "peek out" from behind the ones in front. Note that the frontmost data set will be the first one.
To turn off bars, use

• Bars: off

To specify data to be plotted, start a data set with the followingcommand:
• DataSet: string

Here, string is a label that will appear in the legend. It is not necessary to enclose the string in quota
tion marks.

To start a new dataset withoutgiving it a name, use:
• DataSet:

In this case, no item will appear in the legend.

If the following directive occurs:

• ReuseDataSets: on

then datasets with the samename will be merged. This makes it easier to combine multiple data files
that contain the samedatasets intoone file. By default, this capability is turnedoff, so datasets with the
same name are not merged.

Thedata itselfis givenbya sequence of commands with one of the following forms:
• x,y

• draw: x, y

• move: x, y

• X, y, yLowErrorBar, yHighErrorBar
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• draw; x, yy yLowErrorBary yHighErrorBar
• move: x, y, yLowErrorBary yHighErrorBar

The"draw"command is optional, so the first twoforms areequivalent. The "move" command causes
a break inconnected points, if lines are being drawn between points. The numbers x and y are arbitrary
numbers as supported by the Double parserin Java(e.g. "1.2","6.39e-15", etc.).If thereare fournum
bers, then the last two numbers are assumed to be thelower and upper values forerror bars. Thenum
bers can be separated by commas, spacesor tabs.

The number of datasets to be plotted doesnot needto be specified.

10.4 Exporting

Currently, theability to export a plot to otherformats is ratherlimited. A small set of keybindings
are provided:

• Cntr-c: Export the plot to the clipboard.
• D: Dump the plot to standard output.
• E: Export the plot to standard output in EPS format.
• F: Fill the plot.
• H or ?: Display a simple help message.
Theencapsulated postscript (EPS) that is produced is tuned for black-and-white printers. In thefuture,
more formats may supported. Also at this time (jdk 1.1.4), Java's interface the clipboard does not
work, so Cntr-c might not accomplish anything.

Exporting to the clipboard and to standard output, in theory, is allowed for applets, unlike writing
to a file. Thus, these key bindings provide a simple mechanism to obtain a high-resolution image of the
plotfrom anapplet, suitable for incorporation in a document. However, in some browsers, exporting to
standardout triggersa security violation. You can use Sun's appletviewerinstead.

10.5 Limitations

The plot package is a starting point, with a number of significant limitations.
• The PlotFrame andPlotApplication classesshouldbe greatlyextended to allow on-linechangesin

the format of the plots.

• A binary file format that includes plot format information is needed.
• If you zoom in far enough, the plot becomes unreliable. In particular, if the total extentof the plot

is more than 2^^ times extent ofthe visible area, quantization errors can result in displaying points
or lines. Note that 2^^is over 4 billion.

• The log axis facility has a numberof limitations listedin the documentation of the _gridlnit()
method in the PlotBox class.

• Graphs cannot be currently copied via the clipboard.
• There is no mechanism for customizing the colors used in a plot.
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PART 3:

DOMAINS

The chapters in this part describe existing Ptolemy domains. The domains implement models of com
putation, which are summarized in chapter 1. Most of these models of computation can be viewed as a
framework for component-based design, where the framework defines the interaction mechanism
between the components.Some of the domains (CSP, DDE, and PN) are thread-oriented, meaning that
the components implementJava threads.These can be viewed, therefore,as abstractionsupon which to
build threadedJava programs. These abstractions are much easier to use (much higher level) than the
raw threads and monitors of Java. Others (CT,DE, SDF) of the domains implement their own schedul
ing between actors, rather than relying on threads. This usual results in much more efficient execution.
The non-threaded domains are described first, followed by the threaded domains. A^^thin this group
ing, the domains are ordered alphabetically (which is an arbitrary choice).





CT Domain

Author: Jie Liu

11.1 Introduction

The continuous-time (CT) domain in PtolemyII aims to help the design and simulation of systems
that can be modeled using ordinary differentialequations (ODEs). ODEs are often used to model ana
log circuits, plant dynamics in control systems, lumped-parameter mechanical systems, lumped-
parameter heat flows and many other physical systems.

Using digital computers to simulate continuous-time systems has been studied for more than two
decades. One of the most well-known tools is Spice [62]. The CT domain differs from Spice-like con
tinuous-time simulators in two ways — the system specification is somewhat different, and it is
designed to interact with other models of computation.

11.1.1 Basic Terminology

We outline some basic terminology that are used in this chapter. This is not an overview of the
numerical ODE solving methods, but it will help explain the operation of the domain and the motiva
tion for its design. For a detailed understanding of ODEs and their numerical solutions, please refer to
books on numerical solutions for ODEs, e.g. [26].

In general, an ODE-based continuous-time system has the following form:

X = f{X, Uy t)

y = g(x, «, t)

^(^o) = -^0'

where, / e 91, / > /q , a real number, is continuous time. At any time r, x e SR", ann-tuple of real num
bers, is the state of the system; ug SR'" is the m-dimensional input ofthe system; ye 9l' is the /
dimensional output of the system; x e 91" isthe derivative of x with respect totime r, i.e.
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dx
X = (7)

Equations (4), (5), and (6)are called the system dynamics^ the output map^ and the initial condition of
the system, respectively. The solution of the set of ODE is a continuous waveform jc(/), which is a
function of time that satisfies the equation (4) and initial condition (6). The output of the systemis then
defined as the function of the input that satisfies (5).

Not all DDEs have a solution, and some ODEs have more than one solution. In such situations, we
say that the solution is not well defined. This is usually a result of errors in the system modeling. The
following are conditions for the existence and uniqueness of solutions of ODEs. We restrict our discus
sion to systems that have unique solutions.

We denote by D a set in which contains at most a finite number of points per unit interval, and
5R\D=9? n D thedifference set, thosepoints in that arenot in D. lfj[ ) is continuous on SKXD, and

) satisfies the Lipschitz condition, then ODE (4) with the initial condition (6) has a unique solution,
which is a continuous function \j/: 9? —> 91" such that,

V(^o) = ^0 (8)

and

¥(0 = /(¥(0» w(0,0, Vf e 9t\D. (9)

The solution is sometimes calledthestate trajectory of the system. By applying the output mapon the
state trajectory, the output of the system can be obtained.

Usually, only the solution on a finite time interval is needed. A simulation of the system is
performed on discrete timepoints in this interval. Herewe denote by

= {'o»'l» ^2» ••• ^ [^0'» (1®)

where

ro</,<r2<...<^„<...<V' 01)

the set of the discrete timepoints. A "snapshot" of all the signals at t is called thebehavior of the sys
tem at time t. Toexplicitly illustrate the discretization of time and the difference between the precise
solution andthenumerical solution, weusethefollowing notation in the restof thechapter:
• : the /i-th time point, to explicitly show the discretization of time. We also write t if the order n is

not important.

• x[r., tj\: the (continuous) state trajectory from time r, to tj;
• x(r„): the precise solution of (4) at time ;

• X.: the numerical solution of (4) at time /_;
#1 "

• = 'fl - 'n -1 • Stepsize of the discretization of time. We also write h if the position n in the
sequence is not important. For accuracy reason, h may not be uniform.
A general way of simulatinga continuous-time systemnumerically is to compute the state and the

output of the system in increasing order of r„. Such algorithms are called the time-marching algo
rithms, and, at this time, we only consider thesealgorithms. There are variety of numerical algorithms
differ on how x, is computed given x,^.. .x^^ ^. The choice ofalgorithm is application dependent, and
usually reflects different speed and accuracy frade-offs.
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11.1.2 Time

One distinct characterization of the CT model is the continuity of time. This implies that a contin
uous-time system must have a behavior at any time of interest. The simulation engine of the CT model,
although it marches discretely in time, must be able to compute the behavior of the system at any time
point. The discretization of time, appearing as integration step sizes, is affected by a time point of
interest (e.g. a discontinuity), by the integration error, and by the convergence in solving algebraic
equations.

Time is also global, which means that all components in the system share the same notion of time.

11.1.3 Fixed-Point Behavior

Numerical ODE solution algorithms approximate the derivative operator in (4) using the history
and the current knowledge on the state trajectory. I.e. at time r„, the derivative of x is approximatedby

i/. =P(V-'\.,(12)
Plugging in (4), we have

^,x,) =/(*, , (13)

Depending on whether x, explicitly appears in (13), the algorithms are called explicit integration
algorithms or implicit integration algorithms. By plugging the system dynamic (4) into (12), we end up
solving a set of algebraic equations in one of the two forms:

\ \ ,) (14)

or

= Fy(x^^, ...,x^), (15)

where ), and Fy( ) are derived from the time r„, the input u{t^), the function/, and the history of
Xand X. Solving (14) or (15) at a particular time point is called an iteration of the CT simulation.

Equation (14) can be solved simply by a function evaluation and an assignment. But the solution
of (15) is ihQ fixed point of Fy(), which may not exist, may not be unique, or may not be able to be
found. The contraction mapping theorem [12] shows the existenceand uniqueness of the fixed point
solution, and provides one wayto find it. Giventhe map F/() is a localcontraction map (generally true
for small enough step sizes), let the initial guess Gq be in the contraction radius, and then the unique
fixed point can be found by iterativelycomputing:

Gi = F£(Go), G2 = F£(Gj), G3 = F^(G2), ... (16)

Solving both (14) and (15) should be thought of as finding the fixed-point behavior of the system
at a particular time. This means both functions F^{ ) and Fy( ) should keep unchanged during one
iterationof the simulation.This further implies that the topology of the system, all the parameters,and
all the internal states that the firing functions depend on should maintainunchanged.

11.1.4 Discontinuity

The existence and uniqueness of the solution of an ODE (Theorem 1 in Appendix F) allows the
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function/to be discontinuous at a countable number of discrete points, which arecalled breakpoints
(also called thediscontinuous points in some literature). These breakpoints may be caused by thedis
continuity of input signal m, or by an intrinsic property off. In theory, the solutions at these points are
not well defined. But the left and right limit are. So instead of solving the ODE at those points, we
would actually try to find the left and right limit.

A breakpoint may be known beforehand, in which caseit is called a predictable breakpoint (PBP).
For example, a square wave source actorcan tell its next flip time. This information can be used to
control the discretization of time. A breakpoint can also be unpredictable (UBP), which mean it is
unknown until thetime it occurs. Forexample, anactor thatvaries itsfunctionality when theinput sig
nalcrosses a threshold canonly report a "missed" breakpoint afteran integration step is finished.

One impactof the discontinuities on the ODE solvers is that the history solutions before the dis
continuous points are useless in approximating the derivative of x after the breakpoints. The solver
should resolve thenew initial conditions and startthesolving process as if it is at thestarting point.

11.2 System Specification

There are usually two ways to specify a continuous time system, the conservative law model and
the signal-flow model [38]. The conservative lawmodel, alsocalled the nodal analysis in circuit simu
lation [35], defines a system by its physical components, which specifies relations of crossandthrough
variables, and the conservative laws are used to compile the component relations into global system
equations. For example, in circuit simulations, the cross variables are voltages, the through variables
are currents, and the conservative laws are the Kirchhoffs laws. This model directly reflects the phys
ical components of a system, thus is easy to construct from a potential implementation. The actual
mathematical form of the system is hidden. In the signal-flow model, entities in the system are maps
that define the mathematical relation between the input and outputsignals. Entities communicate by
passing signals. This model directly reflects the mathematical relations among signals, and is more
convenient for specifying the systems thatdo not havean explicitimplementation yet.

In the CT domain of Ptolemy 11, the signal-flow model is chosen as the interaction semzmtics. The
conservative lawsemantics may be used within an entityto defineits I/O relation. Thereare four major
reasons for this decision:

1. The signal-flow model is more abstract. Ptolemy is focused on the system-level design andbehav
iorsimulation. It is usually thecasethatat this stageofa design, users areworking with simplified
mathematical models of a system, and the implementation details are unknown or not cared about.

2. The signalflow model is moreflexible and extensible^ in the sense that it is easy to make topology
changes in the problem level. For models likehybridsystems, it is moreconvenient to manipulate
the system at this level.

3. The signalflow modelis consistent with other models of computation in Ptolemy II. Most models
of computation in Ptolemy use message-passing as the interaction semantics. Choosingthe signal-
flow model for CT makes it consistent with other domains, so the interactionof heterogeneous
systems is easy to study and implement.

4. Thesignalflow model is compatiblewith the conservative law model. For physical systems that
are based on conservative laws, it is usually possible to wrap them into an entity in the signal flow
model. The inputs of the entity are the excitations, like the voltages on voltage sources, and the
outputs are the variables that the rest of the system may be interested in.
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The signal flow block diagram of the system in (4) - (6) is shown in flgure 11.1. In the figure, u,
X, and y, are continuous signals (waveforms) flowing from one block to the next. Since time is shared
by all blocks, it is not considered an input. At any fixed time r, if the "snapshot" values jc(0 and u{t) are
given, x{t) and y(t) can be found by evaluating ) and g( ), which can be achieved by firing the
respective blocks.

11.2.1 An Example

Let us consider a second order linear system.

mx(t) + bx(t) + kx(t) = u(t)
y(0 = C'X(t)
rrm = 0 rm'i = o

It can be written in the form of (4)-(6), if we define a vector

z(0 =

The system equations are, in terms of z(r),

x(t)

z{t) = i 0 1
zit) +

0

m -k-b 1/m

yiO = [c o]z(0

z(0) =
0

0

The equations could be a model for an analog circuit as shown in figure 11.2(a), where

m = R\'R2C\'C2

k = R\ •Cl+R2'C2

b = 1

/?4

M(f)

(17)

(18)

(19)

(20)

c =

^3 + /?4

Or it could be a lumped-parameter model of a spring-mass mechanical model for the system shown in

g()

FIGURE 11.1. A conceptual block diagram for continuous time systems.

Heterogeneous Concurrent Modeling and Design 11-5



figure 11.2(b), where mis themass, k is thespring constant, b is the damping parameter, and c = 1. At
the system level, we would care more about the mathematical form (17) or (19), rather than the imple
mentation detail. The system, in the signal-flow block diagram form, is shown in figure 11.3. To be
concrete, the conservative law model (modifiednodalanalysis) of the implementation figure 11.2(a) is
shown in (21).

11 \—— — j. — + PI —

R\ R\ R2 dt

—+ —-I-C2—
R2 R3 dt R3

0 ''J

R3'̂ R4 °

By doing some math, we can see that (21) and (19) are in fact equivalent. Equation (21) can be easily
assembled from the circuit,but it is more complicated than (19). Notice that in (21) d/dt is the deriva-

(2) R2 (3) R3
2—' A A A A A A

(a) A circuit implementation. (b) A mechanical implementation.

FIGURE 11.2. Possible implementations of the system equations.

FIGURE 11.3. The block diagram for the example system.
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tiveoperator, which is replace by an integration algorithm at each time step, and the system equations
reduce to a set of edgebraic equations. Spicesoftware is known to have a very good simulation engine
for the systems in form of (21).

11.3 CT Actors

A CT system can be built up using actors in the ptolemy.domains.ct.lib and domain polymorphic
actors that have continuous behaviors (only those implementing the SequenceActor interface need to
beexcluded). Thecentral actorin CTis theintegrator. It serves theunique position of wiring up ODEs.
Otheractors in a CTsystem areusually stateless. A general understanding is thatall theinformation —
the state — of a CT system is stored in the integrators.

In orderto combine CT with otherdomains (which are usually discrete), some actors are designed
to convert continuous signals to discrete signals (events), and vise versa. These actors are called event
generators and event interpreters. Although these actors does not strictly belong to any domain, they
are in the ptolemy.domains.ct.lib package. When building systems, the CT part can always providea
discrete interface to other domains.

11.3.1 Integrator and ODE Solvers

An integrator is a single-input single-output actor, where the input is the derivative of the output
(with respect to time). Sinceintegration is not an operation thatcan be computed directly using digital
computers, we rely on numerical integration methods to approximate it. There are a large variety of
numerical integration methodwithdifferent speedand accuracy trade-offs.

During the execution of a continuous-time model, the functionality of the integrators is provided
by the ODE solver in charge. Toease switching ODE solvers duringexecution, (which is essential for
handling breakpoints), the integration is delegated to the ODE solvers.

There are five ODE solvers implemented in the ptolemy.domains.ct.kemel.solver package. These
solvers are ForwardEulerSolver, BackwardEulerSolver, ExplicitRK23Solver, TrapezoidalRuleSolver,
and ImpulseBESolver.

In general, simulating a continuous-time system (4)-(6) by a time-marching ODE solver involves
the following execution steps:

1. Given the state ofthe system ^attime points /q •••'«_ i. ifthe current integration step size
is h, i.e. r„ = _ j + ^, compute the new statex, using the numerical integration algorithms.
During the application ofan integration algorithm" each evaluation ofthe^a, b, t)function is
achieved by the following sequence:

• Integrators emit tokens corresponding to a;
• Source actors emit tokens corresponding to b',

• The current time is set to r;

• Thetokens are passed through the topology (in a data-driven way) until they reach the integrators
again. The returned tokens are a = f(a, b, t).

2. After the new state is computed, test whetherthis step is successful. Localtruncation error and
unpredictable breakpoints are the issues to be concerned with, those that could lead to an unsuc
cessful step.

3. If the step is successful, predict the next step size. Otherwise, reduce the step size and tryagain.
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Due to thesignal-flow representation of thesystem, thenumerical ODE solving algorithms are imple
mented as actorfirings and token passings underproperscheduling.

The ODE solvers implemented in the CT domain include:
(1) ForwardEulerSolver:

+ + (22)

(2) BackwardEulerSolver:

+ (23)

(3) ExplicitRK23Solven (2(3)-orderExplicit Runge-Kutta method)

^0 ~ ^n+I ' (24)
n n

~ 1'/(-^r^ ^0^2» j/2»'fl +/in. |/2)

~ 2 1 4 ^=\ +9'<^o +3(((i +9^2

with error control:

^3 ~ ^n+l ' +1' +1' 'n+1) (25)

if |L7E| <ErrorTolerance»^ ~ 1» otherwise, fail. If this step is successful, the next
integration step size is predicted"by:

+2 = ^« +1 •max{Q.5,0.8 •Ij{ErrorTolerance)/\LTE\) (26)

(4) TrapezoidalRuleSolver:

(5) ImpulseBESolver:

x„+i = X„ + h„^j -Xn+l (28)

^n+ 1 ~ + 1 ~ + 1 ' + I

Notice that although the two time points are labeled n and n+1, they have the same (absolute) time
value.
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Among these solvers, (1) and (2)are fixed-step-size solvers, which do not predict stepsizes according
to the error tolerance; (3) and (4) are variable-step-size solvers; and (5) is a solver that specifically
deals with impulses.

11.3.2 Actor Library

1. Integrator: Theintegrator forcontinuous-time simulation. Anintegrator has oneinput portand
one output port. Conceptually, the input is the differential of the output. So an ordinary differential
equation

X = f{x, t) (29)

can be represented as in figure 11.4

An integratoris a dynamic actor that emitsa token (with valueequal to its internal state)at the
beginningof the simulation. An integrator is a step size control actor^ which can control the accu
racyof the ODEsolutionby adjusting step sizes. An integrator has memory, its state.

To help resolving the new state, a set of variables are used:
state:Thisis thenew state at a timepoint, which hasbeenconfirmed by all thestepsizecontrol
actors.

tentative state: This is the resolvedstatewhichhas not been confirmed. It is a startingpoint for
otheractorto control the successfulness of this integration step.
history: The previous states, which may be used by some integration methods.

Fordifferent ODEsolving methods, the functionality of a integrator couldbe different. This class
provide a basic implementation of theintegrator, sosome solver-dependent methods aredelegated
to the current ODE solver.

Anintegrator hasoneparameter: InitialState. At theinitialization stage of the simulation, the state
of the integrator is set to the initial state. TheInitialState willnot impact thesimulation after the
simulation starts. Thedefault value of theparameter is 0. Anintegrator canpossibly have several
auxiliary variables — _auxVariables. The _auxVariables are for the convenience of the ODE
solver.

The integrator remembers the history states and their derivatives for the past several steps. The his
tory is used for multistep methods.

CTPeriodicalSampler. This actor periodically samples the input signal and generates events with
the value of the input signal. The sampling rate is given byparameter SamplePeriod, which has
default value 0.1.

FIGURE 11.4. An integratorwith feedback.
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3. CTZeroCrossingDetector. This is anevent detector that monitors the signal coming infrom the
trigger input. If the trigger iszero, then output thetoken from the input port. This actor controls the
integration step size toaccurately resolve the time that the zero crossing happens. It has a parame
terErrorTolerance, which controls howaccurate thezero crossing is.

4. CTButtonEvent. This is a continuous time actor that responds tobutton clicks onscreen. It is not
an eventgenerator. It outputs a continuous signal with value trueor false. At the beginning of the
execution it outputs false. If the parameter Button is changed, it willoutputtrue in thenextitera
tion. Le. there is,at most, one stepsizedelay in responding to thebutton event. Thetruevalue will
be kept for one iteration,after that the output goes back to false.

5. CTZeroOrderHold. Anactor thatconverts events into continuous signals. This actor acts as the
zero-orderhold. It consumes the token when the consumeCurrentEvent() is called. This value will
be heldandemitted every time it is fired, until the nextconsumeCurrentEvent() is called. This
actorhasonesingle input portof typeDoubleToken, onesingle output portof typeDoubleToken,
and no parameters.

6. CTThresholdMonitor. This actor monitors theintegration steps so thatthegiven threshold (on
theinput) isnotcrossed in onestep. This actor hasoneinput port, butnooutput ports. Itsfunction
alityis solely devoted to controlling the integration stepsize. It hastwoparameters Threshold-
>\^dth andThresholdCenter, which have default value le-2 and0, respectively.

11.3.3 Domain Polymorphic Actors

• Stateless actors: All stateless actors can beused in CT. Infact, most CTsystems can be built by
integrators and stateless actors.

• Timed actors: All the actors that implement theTimedActor interface canbeused in CT, as long
as theydo not alsoimplement SequenceActor. These actors include plotters thataredesigned to
plot timed signals.

• Sequence actors: Noneof the sequenceactorscan be used in the CT domain. The reason is that
theinputs presented to an actor in CTarefundamentally notsequences. They aresamples of con
tinuous-time signals. Thus, although these samples arein fact presented as a sequence, the
sequence depends on decisions the solvermakes,which dynamically variesthe sampletimes.

11.4 CT Directors

Thereare four CT directors ~ CTSingleSolverDirector, CTMultiSolverDirector, CTMixedSignal-
Director, and CTEmbeddedDirector. The first two can only serve as the top-level director, CTMixed-
SignalDirector can be both top-level or embedded director, and CTEmbeddedDirector can only be
contained in a composite actor. In terms of mixing models of computation, all the directors can direct
composite actors that implement other models of computation. Only CTMixedSignalDirector and
CTEmbeddedDirector can be contained by other domains. The outside domain of a composite actor
with CTMixedSignalDirector can be any discrete domain, such as DE, SDF, PN, CSP, etc. The outside
domainof a composite actor withCTEmbeddedDirector can be anotherCT composite actoror FSM, if
the outside domain of the FSM model is CT.
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11.4.1 CT Director Parameters

The CT director maintains a set of parameters which controls the simulations. The parameters
shared by all CT directors are listed in Table 18 on page 11. Individual directors may have their own
(additional) parameters, which will be discussed in their sections.

Table 18: CT Director Parameters

Name Description Type
Default

Value

ValueResoIution This is used in (implicit method) fixed-point iterations, if in two successive iterations
the difference of the states is within this resolution, then the integration step is called
converged, and the fixed point is considered reached.

double le-6

ErrorToIerance The upper bound of the local truncation error. Actors that perform integration error
control (usually integrators in variable step size ODE solving methods) will compare
the estimated local error to this value. If the local error is greater than this value, then
the integration step is considered inaccurate, and should be restarted.

double le-4

InitStepSize This is the step size that the user specifies as the desired step size. For fixed step size
solvers, this step size will be used in all iterations. For variable step size solvers, this
is only a suggestion.

double 0.1

MaxIterationsPer-

Step
This is used to avoid the infinite loops in (implicit method) fixed-point iterations. If
the number of iterations exceed this value, but the fixed point is still not found, then
the fixed-point procedure is considered failed. The step size will be reduced by half
and simulation step will be restarted.

int 20

MaxStepSize The maximum step size used in a simulation. This is an upper bound for adjusting
step sizes in variable step-size methods. This value can be used to avoid sparse time
points when the system dynamic is simple.

double 1.0

MinStepSize The lower bound for adjusting step sizes. This step size is used for the first step after
the breakpoint. In addition, at any time of a variable step size simulation, if this step
size is used and the errors are still not tolerable, the simulation aborts.

double le-5

StanTune The start time of the simulation. This is only applicable when CT is the top level
domain. Otherwise, the CT director should follow the times of its executive director.

double 0.0

StopUme The stop time of the simulation. This is only applicable when CT is the top level
domain.

double 1.0

TimeResolution This controls the comparison of time. Since time in CTT is a double precision real
number, it is sometime impossible to reach or step at a specific time point. If two
time points are within this resolution, then they are considered identical.

double le-10

11.4.2 CTSingleSolverDirector

As the name implies, this director can only have one ODE solver, and the simulation is done using
this ODE solving method. This is the simplest (and sometimes not so accurate) CT director. It is some
times more accurate to use multiple solvers to deal with different sections of a simulation; for example,
it is usually better to use another ODE solver at the breakpoints. But when the system does not have
breakpoints or the user just wants a first-order approximation, this director is a lightweight choice.
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Thisdirector hasan additional parameter, ODESolver, as shown in Table 19on page12.

Table 19: Additional Parameter for CTSingleSolverDirector

Name Description Type Default Value

ODESolver The fully qualified class name for the
ODE solver class.

string ptolemy.domains.ct.kemel.solver.ForwardEulerSolver

A CTSingleSolverDirector candirect a system that has composite actors implementing othermod
els of computation. One simulation iteration is donein two phases: the continuous phase and the dis
crete phase. Let the current iteration be n. In the continuous phase, the differential equations are
integrated from time _ j to /„. After that, in thediscrete phase, all (discrete) events which happen at

are processed. The step size control mechanism will guarantee that no events will happen between

'»-i andr„.

11.4.3 CTMultiSolverDirector

A CTMultiSolverDirector can be considered a fancy CTSingleSolverDirector. The director can
have twoODE solvers — oneforordinary useandonespecially for breakpoints. Thefirst integration
step after a breakpoint is somewhat special, since the history information is useless. Some integration
methods, like high-order implicit methods, are not capable of self starting, so another Gow-order)
solver may be introduced to regenerate the history information.

This director has one more parameter than the CTSingleSolverDirector, as shown in Table 20 on
page 12.

Table 20: Additional Parameter for CTMultiSolverDirector

Name Description lype Default Value

Breakpoint-ODE-
Solver

The fiilly qualified class name for the
breakpoint ODE solver class.

string ptolemy.domains.ct.kemeLsolver.BackwardEulerSolver

At thefirststepafterthe breakpoint, theintegration stepsize is set to the minimum stepsize.

11.4.4 CTMixedSignalDirector

This director is design to be an embeddeddirector when a CT subsystem is contained in an event-
basedsystem, like DE or DT. As provedin [51],whena CT subsystem is contained in an event-based
domain, theCT subsystem should run aheadof the global time,£ind be readyfor rollback. This director
implements this optimistic execution.

Sincethe outside domain is event-based, each time the embedded CT subsystem is fired, the input
data are events. In order to interpret the events as continuous signals, breakpoints have to be intro
duced. So this director extends CTMultiSolverDirector, which always has two ODE solvers. There is
one more parameter used by this director — the MaxRunAheadLength, as shown in Table 21 on
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page 13.

Table 21: Additional Parameter for CTMixedSignalDirector

Name Description Type
Default

Value

MaxRunAhead

Length
The maximum length of time for the CT subsystem to lun ahead of the global time. double 1.0

When the CT subsystem is fired, the CTMixedSignalDirector will get the current time t and the
next iteration time x' from the outer domain, and take the min(x - x', /) as the fire end time, where /
is the value of the parameter MaxRunAheadLength. The execution is ended either when the fire end
time is reached or an output event is detected.

This director supports rollback; that is when the state of the continuous subsystem is confirmed (by
knowing that no events with a time earlier than the CT current time will present), the state of the sys
tem is marked. If an optimistic execution is known to be wrong, the state of the CT subsystem will roll
back to the latest marked state.

11.4.5 CTEmbeddedDirector

This director is used when a CT subsystem is embedded in another continuous system, either
directly or through a hierarchy of finite state machines. This director is typically used in the hybrid sys
tem scenario [52]. This director can pass the step size control information up to the container domain.
To achieve this, the director much be contained in a CTCompositeActor, which will pass the step size
control queries from the outer domain to the inner domain.

This director extends CTMultiSolverDirector, but has no additional parameters. The biggest dif
ference of this director and the CTMixedSignalDirector is that this director does not support rollback.
In fact, when CT subsystem is embedded in a continuous time environment, it does not need to roll
back.

11.5 CT Domain Demos

There are some demos in the CT domain showing how the domain works and the interaction with
other domains.

11.5.1 Lorenz System

The Lorenz System (see, for example, pp. 213-214 in [22]) is a famous nonlinear dynamic system
that shows the unstable close orbit. The system is given by:

XI = a(x2-xi) (30)

JC2 = (X.-J:3)jCi-^2
= Xt ' X'y-b • X-x

The system is built by integrators and domain polymorphic actors, as shown in figure 11.5.
The LorenzApplet shows the chaotic attractor of the system state projected on to the (x,, Xj)

plane. The initial conditions of the state variables are all 1.0. The default value of the parameters are:
a = 1,X = 25,b = 2.0.
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11.5.2 Micro Accelerator with Digital Feedback.

Micro accelerometers are MEMS devices that use beams, gaps, and electrostatics to measure
acceleration. Beams and anchors, separated by gaps, form parallel plate capacitors. When the device is
accelerated in the sensing direction, the displacement ofthe beams causes the change ofthe gap sizes,
which further causes the change of the capacity. By measuring the change ofcapacity (using the capac
itor bridge), the accelerate can be obtained accurately. Feedback can be applied to the beams by charg
ing the capacitors. Using feedback can reduce the sensitivity to process variations, eliminate
mechanical resonances, and increase sensor bandwidth, selectivity and dynamic range.

Sigma-delta modulation [15], also called the pulse density modulation orthe bang-bang control, is
a digital feedback technique, which gets the A/D conversion functionality "for free". Figure 11.6
shows the conceptual diagram ofsystem. The central part of the digital feedback is an one bit quan
tizer.

We implemented the system as Mark Alan Lemkin designed in [50]. As shown in the figure 11.7,
the second order CT subsystem is used to model the beam. The voltage on the beam-gap capacitor is
sampled every Tseconds (much faster than the required output of the digital signal), then filtered by a

FIGURE 11.5. Blockdiagram for the Lorenzsystem.

FIGURE 11.6. Micro-acceleratorwith digital feedback
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FIGURE 11.8. Block diagram for the thermostat system.
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In thecooling state, the temperature is dropped linearly, i.e.

i = -1

CT Domain

(32)

The control rule is that if the temperature reaches 0.2 degree, then switch the controller to the cooling
state; if the temperature decreases to0 degree then switch the controller to the heating state.

Although the system does not have very interesting dynamics, it can be used to illustrate the accu
racy of detecting events, and theability to simulate hybrid systems in Ptolemy U.

11.6 Implementations

TheCTdomain consists of thefollowing packages, shown in figure 11.9.
Thect.kemel.util package provides thebasic datastructure — TotallyOrderedSet, which is used to

implement the list tostore break points. The UML for this package isshown in figure 11.10. A totally
ordered set is a set (i.e. no duplicated elements), in which the elements are totally comparable. This
data structure is used tostore the break points since break points are processed inchronological order.

The cLkemel package is key. It provided interfaces to classify actors. The classes, including the
CTBaselntegrator class and theODESolver class, are shown infigure 11.11.

CTdirectors implement the semantics of the continuous time execution. These classes, including
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ct.kemel

CTActor

CTBasetntegiator
CTCcxnposHoActOf
CTD)rector

CTDynamicActor
CTEmtteddedDIrector
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CTSingleSolverDirector
CTStatefulActor
CTStepSlzeControlActor
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NumericalNonconvergeException
ODESolver
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ct.kemel.util
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BackwardEulerSolver
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FixedStepSizeSolver
ImplicitMettrodSolver
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TrapezoidalRulSolver
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FIGURE 11.9. The packages in the CT domain.
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' cl 1
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FIGURE 11.10. UML for ct.kemel.util package.
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FIGURE 11.11. UML for ct.kemel package, actor relatedclasses.
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CTScheduler, are shown in figure 11.12,

ThectkemeLsolver package provided a setofODE solvers. The classes areshown in figure 11.13.

11.7 Technical Details

11.7.1 Scheduling

Thescheduler partitions a CT system into twoclusters: thestate transition clusterand theoutput
cluster. In a particular system, theseclusters mayoverlap.

Thestate transition cluster includes all theactors thatarein thesignal flow path forevaluating the
fi) function in (4). It starts from the source actors and the outputs of the integrators, and ends at the
inputs of the integrators. A topological sort of the clusterprovides an enumeration of the actors in the
order of their firings. This enumeration is called thestate transition schedule. After theintegrators pro
duce tokens representing Xf, oneiteration of thestate transition schedule gives thetokens representing

= /(•*/» "(0» t) back to the integrators.
The output cluster consists actors that are involved in the evaluation of the output mapg() in (5).

It is also similarly sorted in topologicalorder.The output schedule starts from the source actors and the
integrators, and ends at the sink actors.

For example, for the system shown in figure 11.3, the state transition schedule is

RxodSt^fSlxoSolvttr

.FixedStepSolverO

.FixedStepSolvertn: String)

.FlxedStepSoIveriw: Workspace, n: String)

ODESolvsr
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ImpulseBESolver
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.ImputseBESolverO
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FIGURE 11.13. UML for ct.kemel.soiver package.
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FIGURE 11.12. UML for ct.kemel package, director related classes.
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U-G1-G2-G3-A

where theorder of Gl, G2, and G3 are interchangeable. Theoutput schedule is
G4-Y

The event generatingscheduleis empty.
A special situation thatmustbe taken careof is the firing orderof a chain of integrators, as shown

in figure 11.14. For the implicit integration algorithms, the order of firings determines two distinct
kinds offixed point iterations. If the integrators are fired in the topological order, namely jcj —> X2 in
our example, the iteration is called the Gauss-Seidel iteration. Thatis, X2 always uses the new guess
from X| in this iteration for itsnew guess. Ontheotherhand, if they arefired inthereverse topological
order, the iteration is called the Gauss-Jacobi iteration^ where Xj uses the guess of Xj in the last itera
tion for its new guess. The two iterations both have their pros and cons, which are thoroughly dis
cussed in [64]. Gauss-Seidel iteration is considered faster in the speed of convergence than Gauss-
Jacobi. Forexplicit integration algorithms, where thenew states x^ are calculated solely from thehis
tory inputs up to , the integrators must be fired in their reverse topologicalorder. For simplicity,
the schedulerof the CT domain,at this time, alwaysreturns the reversedtopological order of a chain of
integrators.This order is considered safe for all integration algorithms.

11.7.2 Controlling Step Sizes

Choosing the right time points to approximate a continuous time system behavior is one of the
majortasksof simulation. Thereare three factors that may impactthe choiceof the step size.
• Error control. Forall integration algorithms, the localerror at time r„ is defined as a vector norm

(say, the 2-norm)of the difference between the actual solutionx(/„) and the approximation x,
calculated by the integrationmethod, given that the last step is accurate. That is, assuming

= •<('„. 1) then

It can be shown that by carefully choosing the parameters in the integration algorithms, the local
error is approximately of the p-th order of the step size, where p, an integer closely related to the
number of fi) function evaluations in one integration step, is called the order of the integration
algorithm. I.e. - 0((/„ -t^_{f). Therefore, inorder to achieve an accurate solution, the step
size should be chosen to be small. But on the other hand, small step sizes means long simulation
time. In general, the choice of step size reflectsthe trade-offbetweenspeed and accuracyof a sim
ulation.

• Convergence. The local contractionmapping theorem (Theorem 2 in Appendix F) shows that for
implicit ODEsolvers, in orderto findthe fixed pointat t„, the map F,( ) in (15)mustbe a (local)
contraction map, and the initial guess must be within an e ball (the contraction radius) of the solu
tion. It can be shownthat Fj{ ) can be madecontractive if the step size is smallenough. (The
choice of the step size is closely related to the Lipschitz constant). So the general approach for
resolving the fixed point is that if the iterating function F/( ) does not converge at one step size.

Xx X2 "2\dt \d,
J p,

FIGURE 11.14. A chain of integrators.
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then reduce the step size by half and try again.

• Discontinuity. At discontinuous points, the derivatives of the signals are not continuous, so the
integration formula is not applicable. That means the discontinuous points can not be crossed by
one integration step. In particular, suppose the current time is t and the intended next tinie point is
t+h. If there is a discontinuouspoints at / + 6, where 5 < A, then the next step size should be
reduced to / + 6. For a PDF, the directorcan adjust the step size accordingly beforestarting an
integration step. However for an UDP, which is reported "missed" after an integration step, the
director should be able to discard its last step and restart with a smaller step size to locate the
actual discontinuous point.

Notice that convergence and accuracy concerns only apply to some ODE solvers. For example,
explicit algorithms do not have the convergence problem, and fixed step size algorithms do not have
the errorcontrolfeature. On the otherhand,discontinuity controlis a "generic"feature that is indepen
dent on the choice of ODE solvers.

11.7.3 Interaction with other domains

See [51] and [52].
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Appendix F: Brief Mathematical Background

Theorem 1. [Existenceand uniqueness of the solution of an ODE] Consider the initial
value ODE problem

X = fix, t) . (34)

JC(fo) = Xq

If/satisfies the conditions:

1. [Continuity Condition] LetD bethesetofpossible discontinuity points; it may beempty. Foreach

fixed X6 and u g SR*" , the function /:9i\ D —¥ in (34) is continuous. And Vt g D, the

left-hand and right-hand limit/(x,«,x") and /(x, u, x^) are finite.

2. [Lipschitz Condition] There is a piecewise continuous bounded function , where 91^
is thesetofnon-negative real numbers, such that Vr g 9t, V^,^ g 9^", Vw g 91"*

||/"(5, M, t) -/(C, M, Oil < A:(Oll^ - Q . (35)

Then, for each initial condition (tg, JCq) £ 9^ x SR" there exists a unique continuous function

\|/: 9i —» 9t" suchthat,

Xi/(/o) = Xq (36)

and

¥(0 = /(¥(0, nit), t) V/ G 9t\D. (37)

This function \|/(r) is called thesolutionthrough (/g,-JCo) of ODE(34).

♦

Theorem 2. [Contraction Mapping Theorem.] If F:9t" 91" is a local contraction map at
Xwith contraction radius e, then there exists a unique fixed point of F within the e ball centered at x.

Le. there exists aunique a g 5K", ||a- j:|| <E, such that a = F(a).And Vog g 91", ||ag - jc|| <e, the
sequence

= FiGQ), C2 = FCa,), 03 = F(a2),... (38)

converges to a.
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Authors: Lukito Muliadi

Edward A. Lee

12.1 Introduction

The discrete-event (DE) domain supports time-oriented models of systems such as queueing sys
tems, communication networks, and digital hardware. In this domain, actors communicate by sending
eventSy where an event is a data value (a token) and a time stamp. A DE scheduler ensures that events
are processedchronologically accordingto this time stampby firing those actorswhose availableinput
events are the oldest (having the earliest time stamp of all pending events),

A key strength in our implementation is that simultaneous events (those with identical time
stamps) are handled systematically and deterministically. A second key strength is that the global
event queue uses an efficient structure that minimizes the overhead associated with maintaining a
sorted list with a large number of events.

12.1.1 Model Time

In the DE model of computation, time is globaly in the sense that all actors share the same global
time. The current time of the model is often called the model time or simulation time to avoid confu
sion with current real time.

Asin mostPtolemy II domains, actors communicate by sending tokens through ports. Portscanbe
input ports, output ports, or both. Tokens aresentby anoutput portandreceived byall input ports con
nected to the output port through relations. When a token is sent from an output port, it is packaged as
an eventand stored in a global eventqueue. By default, the timestampof an outputis the model time,
although specialized DE actors can produce events with future timestamps.

Actors mayalso request that theybe fired at sometimein thefuture by calling the fireAt() method
of the director. This places a pure event (one with a time stamp, but no data) on the event queue. A
pure event can be thought of as setting an alarm clock to be awakened in the future. Sources (actors
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with no inputs) are thus able to be fired despite having no inputs to trigger a firing. Moreover, actors
that introduce delay (outputs have larger time stamps than the inputs) can use this mechanism tosched
ule a firing in the future to produce an output.

Inthe global event queue, events are sorted based on their time stamps and their destination ports
(or actors, in the case of pure events). An event is removed from the global event queue when the
model time reaches its time stamp, and if it has a data token, then that token is put into the destination
input port.

At any point in the execution of a model, the events stored in the global event queue have time
stamps greater than or equal to the model time. The DE director is responsible for advancing (i.e.
incrementing) the model time when all events with time stamps equal to the current model time have
been processed (i.e. the global event queue only contains events with time stamps strictly greater than
thecurrent time). Thecurrent time is advanced to the smallest time stamp of all events in the global
event queue. This advancement marks the beginning of an iteration.

12.1.2 Iteration

At each iteration, after advancing the current time, the director chooses some events in the global
event queue based on their time stamps and destination actors. The DE director chooses events accord
ing to these rules:

• Find a non-empty set E of eventsassociated with the smallesttimestamp.
• If the set of events contains morethanoneevent, findthe one with highest priority, Simulta

neous events are prioritized carefully by means of topological sort of the actors (to ensure deter
ministic behavior).

• Choose all events in E that have the same destination actor as Note that the destination actor
of an eventis the actorcontaining the destination inputport of thatevent, or if it is a pureevent,
the actor to be fired.

The chosen events are then removed from the global event queue and their data tokens are inserted into
the appropriate input ports of the destination actor. Then, the director iterates the destination actor; i.e.
it invokes prefire(), fire(), and postfire().

A firing may produce additional events at the currentmodel time(theactorreacts instantaneously,
or has zerodelay).Therealso may be othereventswith time stampequal to the currentmodeltime still
pending on the event queue. The DE director repeats the above procedure until there are no more
events with time stamp equal to the current time. This concludes one iteration of the model.

12.1.3 Getting a Model Started

Beforeoneof the iterations described abovecan be run, therehave to be initial events in the global
event queue. Actors may produce initial pure events in their initialize() method. Normally, they cannot
produceevents with data in their initialize() methodbecause type resolution has not been done, so the
types of the ports are not set. Thus, to get a model started, at least one actor must be used that produces
such pure events. All the domain-polymorphic timed sources described in the Actor Libraries chapter
produce suchevents. Wecan define the start timeto be the smallest time stamp of these initial events.

12.1.4 Stopping Execution

Execution stops when one of these conditions become true:
• The current time reaches the stop time, set by calling the setStopTime() method of the DE director.
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• The global event queue becomes empty.

Events at the stop time are processed before stopping the model execution. The execution ends by call
ing the wrapupO method of all actors.

12.2 Overview of The Software Architecture

The UML static structure diagram for the DE kernel package is shown in figure 12.1. For model
builders, the important classes are DEDirector, DEActor and DEIOPort. At the heart of DEDirector is
a global event queue that sorts events according to their time stamps and priorities.

The DEDirector uses an efficient implementation of the global event queue, a calendar queue data
structure [11]. The time complexity for this particular implementation is 0(1) in both enqueue and
dequeue operations. This means that the time complexity for enqueue and dequeue operations is inde
pendent of the number of pending events in the global event queue. For extensibility, different imple
mentations of the global event queue can be realized by implementing the DEEventQueue interface
and specifying the event queue using the appropriate constructor for DEDirector.

The DEActor class provides convenient methods to access time, since time is an essential part of a
timed domain like DE. Nonetheless, actors in a DE model are not required to be derived from the
DEActor class. Simply deriving from TVpedAtomicActor gives you the same capability, but without
the convenience. In the latter case, time is accessible through the director.

The DEIOPort class is be used by actors that are specialized to the DE domain. It supports annota
tions that informthe scheduler aboutdelaysthrough the actor. It alsoprovides two additional methods,
overloaded versions of broadcast() and send(). The overloaded versions have a second argument for
the time delay, allowing actors to send output data with a time delay (relative to current time).

Domain polymorphic actors, such as those described in the Actor Libraries chapter, have as ports
instances of lypedlOPort, not DEIOPort, and therefore cannot produce events in the future directly by
sending it through output ports. Note that tokens sent through TypedlOPort are treated as if they were
sent through DEIOPort with the time delay argument equal to zero. Domain polymorphic actors can
produce events in the future indirectly by using the fireAt() method of the director. By calling fireAtO,
the actor requests a refiring in the future. The actor can then produce a delayed event during the refir-
ing.

12.3 The DE Actor Library

The DE domain has a small library of actors in the ptolemy.domains.de.lib package, shown in fig
ure 12.2. These actors are particularly characterized by implementing both the TimedActor and
SequenceActor interfaces. These actors use the current model time, and in addition, assume they are
dealing with sequences of discrete events. Some of them use domain-speciEc infrastructure, such as
the convenienceclass DEActorand the base class DETransformer. The DETransformer class provides
in input and output port that are instances of DEIOPort. The Delay and Server actors use facilities of
these ports to influence the firing priorities.

12.4 Mutations

The DE director tolerates changes to the model during execution. The change should be queued
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*put(event: DEEvent): void
•fiak^; DEEvent

DECQEventQueue

,cQueue: CalendaiQueue

TypedCompoalteActor
♦DECQEventOueueQ

|Type<lAtotnlcAct(

CalendarQueue

rt
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Director

♦BroO
'*'BreAt(a:Actor, Bme; doutrie)
+getCunentTimaO: double
'^getNexttteraBonTimeO: double
'finltializeO
'finvaSdateSchedtdeO
'fnewRecelverO
'rpostflreO
'fprefiraO
-••Iransferinputstp: lOPort)
'••lrans(e(OutpiJts(p: lOPort)
'^wiapupO

*gatO: Token
*gotContttin0rO: lOPoit
•t^tasRoomO: boolaan
•tttasTokmO • boolean
*put(t: Token)
*salContabtef(pon: lOPort)

long)

DEReceiver

-_ditBCtor: DEDtrector
-.tokens: UnkedUst

.container: lOPoit

•fDEReceivecO
'»getDirectorO: DEDIrector
•fput(token: Token, delay: double): void
4eetDelay(delay: double)
'.gelDepthO: long
•_8etDepth(dep1h: long): void
*-triggerEvent(token: Token): void

DEEvent

-.actor: Actor
-.receiver: DEReceiver
-.token: Token
-.tag: DEEventTag

-fDEEventtrecelver: DEReceiver, token: Token, ta g: DEEventTag)
<fDEEvent(actor:Actor,tag: DEEventTag)
^etDestinationActoiO: Actor
♦getDestinationReceiverO: DEReceiver
-rgetEveiriTagO: DEEventTag
•fgetTransferredTokenO: Token

TypemOPort

4-broadcast(t: Token)
4send{channel: Int, t; Token)

5

.BmeStamp: double
.receh/efOeplh: long

•••OEEventTag(tlmeStamp: double, receiverOepth: long)
'fceceiverOepthO: long
♦BmeSlampO: double'fDEActor(container: TypedCompositeActor, name: Siring)

'fgetCucrentTImeO: doutrie
'fgetStartTlmeO: double
+getStopTime(): double
»tlreAt(timeStamp: double): void

H
DEThreedActor

•.thread: PlolemyThread
•.IsWaiting: boolean

<«>DEThre3dActot(container: TypedCompositeActor, name: String)
•fwaitPorNewtnputsO
•fwaitForNewlnputs(potts:lOPottn)

beforeUst: UnkedUst

•triggerUst: UnkedUst

DEIOPort

•fOEIOPoitO
•fOEIOPorticontainer: CompositeEntity, name: String)
<fDEIOPoft(contalner: CompositeEntity, name: String, Islnput: boolean, isoutput: IXMlean)
•fbroadcastitoken: Token, delay: double): void
•KtelayTo(output: lOPort)
•^getOelayToPoitsO: Set
•teend(channelindex: int,token: Token,delay: double):void

FIGURE 12.1. UML static structure diagram for the DE kernel package.
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with the director or manager using requestChange(). While invoking those changes, the method invali-
dateScheduleO is expected to be called, notifying the director that the topology it used to calculate the
priorities of the actors is no longer valid. This will result in the priorities being recalculated the next
time prefireO is invoked.

However, there is one subtlety. If an actor produces events in the future via DEIOPort, then the
destination actor will be fired even if it has been removed from the topology by the time the execution
reaches that future time. This may not always be the expected behavior. The Delay actor in the DE
library behaves this way.

12.5 Writing DE Actors

It is very common in DE modeling to include custom-built actors. No pre-defined actor library
seems to prove sufficient for all applications. For the most part, writing actors for the DE domain is no
different than writing actors for any other domain. Some actors, however, need to exerciseparticular
controlover time stampsand actor priorities. Such actors use instances of DEIOPortrather than Type-
dlOPort. The first section belowgives general guidelines for writing DE actors and domain-polymor
phic actors that work in DE. The secondsection explains in detail the priorities, in preparation for the
following section, which gives an example. The final section discusses actors that operate as a Java
thread.

12.5.1 General Guidelines

The points to keep in mind are:

TimodAetor rypedAtoirieActorj

WaitingTime

••output: TypedlOPoft(DoubleToken)
.waitee: TypedlOPortCToken)
.waiter; Ty^lOPort(Tol(en)
•_waitifig: Vector

OEActor

•finput: OEIOPoit
.output: DEIOPort

Delay

.time: Parameter (DoubloToken)

FIGURE 12.2. The library of DE-specific actors.
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Transformer

l+input: TypedlOPoit |
[.output: TypedlOPortj

Sampler

•ftrigger; TypedlOPoft(Tofcen)
•_lastlnputs: TokenO

Server

•HtewServiceTime: DEIOPoiKOoubleToken)
••eerviceTime; Paiameter(OoubleToken)
•_nextTimeFree:double
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When an actor fires, not allports have tokens, and some ports may have more than one token. The
time stamps ofthe events that contained these tokens are no longer explicitly available. The cur
rent model time is assumed to be the time stamp of the events.
If the actor leaves unconsumed tokens on its input ports, then itwill be iterated again before model
time is advanced. This ensures that the current model time isin fact the time stamp ofthe input
events. However, occasionally, anactor will want toleave unconsumed tokens on itsinput ports,
and not befired again until there is some other new event tobeprocessed. To get this behavior, it
should returnfalse from prefire(). This indicates to the DE director that it does not wish to be iter
ated.

If the actor returns/a/je from postfire(), then the director will not fire that actor again. Events that
are destined for that actor are discarded.

When anactorproduces an output token, thetime stamp for theoutput event is taken to be thecur
rentmodel time. If the actorwishes to produce an eventat a future model time, onewayto accom
plish this is to callthedirector's fireAt() method to schedule a future firing, and then to produce
the token at that time. A second way to accomplish this is to use instances of DEIOPort and use the
overloaded send()or broadcast() methods that take a timedelay argument.
TheDEIOPort class (see figure 12.1) canproduce events in thefuture, butthere is an important
subtlety with using these methods. Once anevent has been produced, it cannot beretracted. In par
ticular, even if the actor is deleted before model time reaches that of the future event, the event will
be delivered to the destination. If you use fireAt() insteadto generatedelayed events, then if the
actor is deleted (or returnsfalse from postfire()) before the future event, then the future event will
not be produced.

By convention in Ptolemy H,actors update theirstateonly in the postfire() method. In DE, the
fire() method is only invoked onceperiteration, so there is no particular reason to stickto thiscon
vention. Nonetheless, we recommendthat you do in case your actor becomes useful in other
domains. The simplest way to ensure this is followthe following pattern. For each state variable,
such as a private variable named jcounty

private int _count;

create a shadow variable

private int _countShadow;

Then write the methods as follows:

public void fire{) {
_countShadow = _count;

. . . perform some computation that may modify _countShadow . . .
}

public boolean postfireO {
_count = _shadowCount;

return super.postfire();

}
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This ensures that the state is updated only in postfire().

In a similar fashion, delayed outputs (produced by either mechanism) should be produced only in
the postflreO method, since a delayed outputs are persistent state. Thus, hreAt() should be called
in postfireO only, as should the overloaded send() and broadcast() of DEIOPort.

12.5.2 Simultaneous Events

An important aspect of a DE domain is the prioritizing of simultaneous events. This gives the
domain a dataflow-like behavior for events with identical time stamps. It is done by assigning ranks to
actors. The ranks are drawn from the set of non-negative integers. They are uniquely assigned; i.e. no
two distinct actors are assignedthe same rank. Simultaneous events with highestpriorityare those des
tinedto actors with the lowest ranks. The ranksare determined by a topological sort of a directedacy
clic graph (DAG) of the actors.

The DAGof actors follows the topology of the graph, exceptwhenthereare declared delays. Con
sider thesimple topology shown in figure 12.3. Assume thatactor Tis a zero-delay actor, meaning that
its output events havethesametimestamp as the inputevents (this is suggested by the dashed arrow).
Suppose thatactorXproduces an eventwith timestamp x. Thateventis available at ports B andD, so
the scheduler could choose to fire actors Yor Z. Which should it fire? Intuition tells us it should fire the
upstream one first, Y, because that firing may produce another event with time stamp x at port D
(which is presumably a multiport). It seems logical that if actor Z is going to get one event on each
inputchannel with the sametime stamp, thenit should see thoseevents in the samefiring. If thereare
simultaneous events atB andD, thenthe oneat B should havehigher priority.

Once the DAG is constructed, it is sorted, topologically. This simply means that an ordering of
actors is assigned such that an upstream actor in the DAGis earlierin the ordering thana downstream
actor. This ordering is not unique, meaning that the priorities assigned to actors are somewhat arbi
trary. As long as actors are communicating only via events, however, then thesearbitrary choices will
have no impacton the end resultof executing the model. Wesay that the execution is deterministic.

There are situations where constructing a DAG following the topology is not possible. Consider
the topology shown in figure 12.4. It is evident from thefigure thatthe topology is not acyclic. Indeed,

FIGURE 12.3. If there aresimultaneous events at B andD, then theoneat B should have higher priority
because it may trigger another simultaneous event at E.

FIGURE 12.4. An example of a directed zero-delay loop.
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figure 12.4 depicts a zero-delay directed loop where topological sort cannot bedone. The director will
refuse to run the model, and will terminate with an error message. This iscalled azero-delay loop.

The Delay actor inDE isa domain-specific actor that asserts a delay relationship between its input
and output. Thus, if we insert a Delay actor in the loop, as shown inflgure 12.5, then constructing the
DAG becomes once again possible. The Delay actor breaks the precedences.

Note in particular thatthe Delay actor breaks theprecedences even if itsdelay parameter is set to
zero. Thus, the DE domain is perfectly capable of modeling zero-delay loops, but the model builder
has tospecify the order in which events should beprocessed byplacing a Delay actor with a zero value
for its parameter.

12.5.3 Examples

Simplified DelayActor. An example of a domain-specific actor for DE is shown in figure 12.6. This
actor delays input events by some amount specified by a parameter. The domain-specific features of
the actor are shown in bold. They are:
• It uses DEIOPort rather than lypedlOPort.
• It has the statement:

input.delayTo(output);

This statement declares to thedirectorthat this actor implements a delayfrominput to output. The
actor uses this to break the precedences when constructing the DAG to find priorities.

• It usesan overloaded send() method, which takesa delayargument, to produce the output. Notice
thatthe output is produced in the postfire() method, sinceby convention in Ptolemy n, persistent
state is not updated in the fire()method, but rather is updated in the postfire() method.

ServerActor. The Server actorin the DE library (see figure 12.2) usesa richset of behavioral proper
ties of the DE domain. A server is a process that takes some amount of time to serve "customers."
While it is serving a customer, other arriving customers have to wait. This actor can have a fixed ser
vice time (set via the parameter serviceTime, or a variable service time, provided via the input port
newServiceTime). A typical use would be to supply random numbers to the newServiceTime port to
generate random service times. These times can be provided at the same time as arrivingcustomers to
get an effect where each customer experiencesa different, randomly selected service time.

The (compacted) code is shown in figure 12.7. This actor extends DETransformer, which has two
public members, input and output, both instances of DEIOPort. The constructor makes use of the
delayToO method of these ports to indicate that the actor introduces delay between its inputs and its
output.

FIGURE 12.5. A Delay actor can be used to break a zero-delay loop.
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The actor keeps track of the time at which it will next be free in the private variable
_nextTimeFree. This is initialized to minus infinity to indicate that whenever the model begins execut
ing, the server is free. The prefire() method determines whether the server is free by comparing this
private variable against the current model time. If it is free, then this method returns true, indicating to
the scheduler that it can proceed with firing the actor. If the server is not free, then the prefire() method
checks to see whether there is a pending input, and if there is, requests a firing when the actor will
become free. It then returns false, indicating to the scheduler that it does not wish to be fired at this
time. Note that the prefire() method uses the methods getCurrentTime() and fireAt() of DEActor,
which are simply convenient interfaces to methods of the same name in the director.

The fire() method is invoked only if the server is free. It first checks to see whether the newSer-

package ptolemy.domains.de.lib.test;

import ptolemy.actor.TypedAtomicActor;
inport ptolemy.domains.de.kernel.DEIOPort;
in^ort ptolemy.data.DoubleToken;
import ptolemy.data.Token;
import ptolemy.data.expr.Parameter;
import ptoleny.actor.TypedCompositeActor;
import ptoleny.kernel.util.IllegalActionException;
import ptoleny.kernel.util.NameDuplicationException;
inport ptoleny.kernel.util.Workspace;

public class SimpleDelay extends TypedAtomicActor {

public SimpleDelay(TypedCompositeActor container. String name)
throws NameDuplicationException, IllegalActionException {

super(container, name);
input = new DBIOPort(this, "input*, true, false);
output = new DBIOPort(this, "output", false, true);
delay = new Parameter(this, "delay", new DoubleToken(1.0));
delay.setTypeEguals(DoubleToken.class);
input.delayTo(output);

}

public Parameter delay;
public DBIOPort input;
public DBIOPort output;
private Token _currentlnput;

public Object clone(Workspace ws) throws CloneNotSupportedException {
SimpleDelay newobj = (SimpleDelay)super.clone(ws);
newobj.delay = (Parameter)newobj.getAttribute("delay") ;
newobj.input = (DBIOPort)newobj.getPort("input");
newobj.output = (DBIOPort)newobj.getPort("output");
return newobj;

)

public void fireO throws IllegalActionException {
_currentInput = input.get(0);

)

public boolean postfireO throws IllegalActionException {
output.send(0, _currentlnput,

((DoubleTokan)delay.getToken()) .doubleValueO);
return super.postfire();

}

FIGURE 12.6. A domain-specific actor in DE.
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package ptolen^.domains.de.lib;
import statements ...

public class Server extends DETransformer {

public DEZOPort newServiceTime;
public Parameter serviceTime;

private Token _currentlnput;
private double _nextTimeFree = Double.NEGATIVE.INFINITY;

public Server(TypedCompositeActor container. String name)
throws NameDuplicationBxception, IllegalActionException {

super(container, name);
serviceTime = new Pareuneter(this, "serviceTime", new DotibleToken(l.O));
seirviceTime.setlVpeEquals(DoubleToken.class);
newServiceTime = new DEIOPort(this, "newServiceTime", true, false);
newServiceTime.setTypeEguals(DoubleToken.class);
output.setTypeAtLeast(input);
input.delayTo(output);
newServiceTiBO.delayTo(output);

}

... attributeChangedO, cloneO methods ...

public void initialize() throws IllegalActionException {
super.initialize0;
_nextTimeFree = Double.NEGATIVE_INFINITY;

)

public boolean prefireO throws IllegalActionException {
if (gatCuxraatTiaoO >= _nextTimeFree) {

return true;

} else {

// Schedule a firing if there is a pending token so it can be served,
if (input.hasToken(O)) {

firaXt (_naxtTixaeFrae);
)
return false;

)

}

public void fireO throws IllegalActionException {
if (newServiceTime.getWidthO > 0 && newServiceTime.hasToken(0)) {

DoubleToken time = (DoubleToken)(newServiceTime.get(O));
serviceTime.setToken(time);

}
if (input.getWidthO > 0 && input.hasToken(O)) {

_currentlnput = input.get(0);
double delay = ((DoubleToken)serviceTime.getToken()).doubleValue();
_nextTimeFree = getCurrentTiaoO + delay;

} else (

_currentlnput = null;

)

}

public boolean postfireO throws IllegalActionException {
if (_currentInput != null) {

double delay = ((DoubleToken)serviceTime.getToken()).doubleValue();
output.8eBd(0, _curzontInput, delay);

)
return super.postfire();

}

}

HGURE 12.7. Code for the Server actor. For more details, see the source code.

DE Domain
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viceTime port is connected to anything, and if it is, whether it has a token. If it does, the token is read
and used to update the serviceTime parameter. No more than one token is read, even if there are more
in the input port, in case one token is being provided per pending customer.

The fire() method then continues by reading an input token, if there is one, and updating
_nextTimeFree.The input token that is read is stored temporarilyin the private variable _currentlnput.
The postfireO method then produces this token on the output port, with an appropriate delay. This is
done in the postfire()methodrather than the fire() methodin keepingwith the policy in PtolemyII that
persistent state is not updated in the fire() method. Since the output is produced with a future time
stamp, then it is persistent state.

Note that when the actor will not get input tokens that are available in the fire() method, it is essen
tial thatprefireO return false. Otherwise, theDEscheduler will keep firing theactoruntil theinputs are
all consumed, whichwill neverhappenif the actor is not consuming inputs!

Like the SimpleDelay actor in figure 12.6, this one produces outputs with future time stamps,
usingtheoverloaded send() method of DEIOPort that takes a delay argument. Thereis a subtlety asso
ciated with this design. If the model mutatesduring execution, and the Server actor is deleted, it cannot
retract events that it has already sent to the output. Those events will be seen by the destination actor,
even if by that time neitherthe servernor the destination are in the topology! TTiis couldlead to some
unexpected results, but hopefully, if the destination actor is no longerconnected to anything, then it
will not do much with the token.

12.5.4 Thread Actors

In some cases, it is useful to describe an actoras a thread thatwaits for input tokens on its input
ports. The thread suspends while waiting for inputtokens andis resumed when someor all of its input
ports have input tokens. While this description is functionally equivalent to the standard description
explainedabove, it leverageson the Java multi-threading inirastructureto save the state information.

Consider thecode for theABRecognizer actor shown in figure 12.8. Thetwocode listings imple-

pxiblic class ABRecognizer extends DEThreadActor { public class ABRecognizer extends DEActor {
StringToken msg = new StringTokenCSeen AB"); StringToken msg = new StringToken{"Seen AB");

// the run method is invoked when the thread //We need an explicit state variable in
//is started. // this case,
public void run() { int state = 0;

while (true) {
waitForNewInputs(); public void fire() {
if (inportA.hasToken(O)) { switch (state) {

lOPortf] nextinport = (inportB); case 0:
waitForNewInputs(nextinport); if (inportA.hasToken(O)) {
outport.broadcast(insg); state = 1;

) break;
) }

} case 1:
if (inportB.hasToken(O)) {

state = 0;

outport.broadcast(msg);
)

)

}

FIGURE 12.8. Codelistings for twostyleof writing theABRecognizer actor.
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ment two actors with equivalent behavior. The left one implements it as a threaded actor, while the
right one implements it as a standard actor. We will from now on refer to the left one as the threaded
description and the right one as the standard description. In both description, the actor has two input
ports, inportA and inportB, and one output port, outport. The behavior is as follows.

Produce an output event at outportas soon as events at inportA and inportB occurs
in that particular order, and repeat this behavior.

Note that the standard description needs a state variable state, unlike the case in the threaded
description. In general the threaded description encodes the state information in the position of the
code, while the standard description encodes it explicitly using state variables. While it is true that the
context switching overhead associated with multi-threading application reduces the performance, we
argue that the simplicity and clarity of writing actors in the threaded fashion is well worth the cost in
some applications.

The infrastructure for this feature is shown in figure 12.1. To write £ui actor in the threaded fashion,
one simply derives from the DEThreadActorclass and implements the run() method. In many cases,
the content of the run() method is enclosed in the infinite *while(true)' loop since many useful
threaded actors do not terminate.

The waitForNewInputsO method is overloaded and has two flavors, one that takes no arguments
and another that takes an lOPort array as argument. The first suspends the thread until there is at least
one input token in at least one of the input ports, while the second suspends until there is at least one
input token in any one of the specifiedinput ports, ignoringall other tokens.

In thecurrent implementation, bothversions of waitForNewInputs() clearall inputportsbeforethe
thread suspends. This guarantees that when the thread resumes, all tokens available are new, in the
sense that they were not available before the waitForNewInput() method call.

The implementation also guaranteesthat betweencalls to the waitForNewInputs() method, the rest
of the DE model is suspended. This is equivalent to saying that the section of code between calls to the
waitForNewInputO method is a critical section. One immediate implication is that the result of the
method calls that check the configuration of the model (e.g. hasToken() to check the receiver) will not
be invalidated during execution in the critical section. It also means that this should not be viewed as a
way to get parallel execution in DE. For that, consider the DDE domain.

It is important to note that the implementation serializes the execution of threads, meaning that at any
given time there is only one threadrunning. When a threaded actor is running (i.e.executing inside its
run() method), all other threaded actors and the director are suspended. It will keep running until a
waitForNewInputsO statement is reached, where the flow of execution will be transferred back to the
director. Note that the director thread executes all non-threaded actors. This serialization is needed

because the DE domain has a notion of global time, which makes parallelism much more difficult to
achieve.

The serializationis accomplishedby the use of monitor in the DEThreadActorclass. Basically, the
fire() method of the DEThreadActor class suspends the calling thread (i.e. the director thread) until the
threaded actor suspends itself (by calling waitForNewInputsO). One key point of this implementation
is that the threaded actors appear just like an ordinary DE actor to the DE director. The DEThreadAc
tor base class encapsulates the threaded execution and provides the regular interfaces to the DE direc
tor. Therefore the threaded description can be used whenever an ordinary actor can, which is
everywhere.

The code shown in figure 12.9 implements the run method of a slightly more elaborate actor with
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the following behavior:

Emit an output O as soon as two inputs A and B have occurred. Reset this behavior
each time the input R occurs.

Future work in this area may involve extending the infrastructure to support various concurrency con
structs, such as preemption, parallel execution, etc. It might also be interesting to explore new concur
rency semantics similar to the threaded DE, but without the 'forced' serialization.

12.6 Composing DE nith Other Domains

One of the major concepts in Ptolemy U is modeling heterogeneous systems through the use of

public void run() {
try {

while (true) (
II In initial state..

waitForNewInputs();
if (R.hasToken(O)) {

// Resetting.,
continue;

}
if (A.hasToken(O)) {

// Seen A..

lOPortd ports = {B,R);
waitForNewInputs(ports);
if (!R.hasToken(0)) (

// Seen A then B..

0.broadcast(new DoubleToken(1.0));
lOPortEI ports2 = (R);
waitForNewInputs(ports2);

} else {
// Resetting
continue;

}
) else if (B.hasToken(O)) (

// Seen B..

lOPortO ports = (A,R};
waitForNewInputs(ports);
if (!R.hasToken(0)) (
// Seen B then A..

0.broadcast(new DoubleToken(1.0));
lOPortO ports2 = (R);
waitForNewInputs(ports2);

} else (

// Resetting
continue;

}
) // while (true)

} catch (IllegalActionException e) (
getManagerO.notifyListenersOfException(e);

}

}

FIGURE 12.9. The run() method of the ABRO actor.
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hierarchical heterogeneity. Actors on the same level of hierarchy obey the same set of semantics rules.
Insidesomeof theseactors may be anotherdomain witha different modelof computation. This mech-
anisrn is supported throughthe use of opaque compositeactors. An example is shown in figure 12.10.
The outermost domain is DE and it containssevenactors, two of them are opaque and composite. The
opaque composite actors contain subsystems, which in this case are in the DE and CT domains.

12.6.1 DE inside Another Domain

The DE subsystem completes one iteration whenever the opaque composite actor is fired by the
outer domain. One of the complications in mixing domains is in the synchronization of time. Denote
the current time of the DE subsystem by current time of the outer domain by touter
iteration of the DE subsystem is similar to an iteration of a top-level DE model, except that prior to the
iteration tokens are transferred from the ports of the opaque composite actors into the ports of the con
tained DE subsystem, and after the end of the iteration, the director requesting a refire at the smallest
time stamp in the event queue of the DE subsystem.

The first of these is done in the transferlnputs() method of the DE director. This method is
extended from its default implementation in the Director class. The implementation in the DEDirector
class advances the current time of the DE subsystem to the current time of the outer domain, then calls
super.transferlnputs(). It is done in order to correctly associate tokens seen at the input ports of the
opaque composite actor, if any, with events at the current time of the outer domain, put these
events into the global event queue. This mechanism is, in fact, how the DE subsystem synchronize its
current time, tinner with the current time of the outer domain, r^y^gpCRecall that the DE director
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FIGURE 12.10. An example of heterogeneous and hierarchicalcomposition. The CT subsystem and DE
subsystem are inside an outermost DE system. This example is developed by Jie Liu [51].
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advances timeby looking at the smallest timestampin the eventqueue of theDEsubsystem). Specifi
cally, before theadvancement of the current time of theDE subsystem is less thanor equal to the
^outen the advancement tinner is equal to the tauter

Requesting a retiring is done in the posttire() method of the DE director by calling the tireAtQ
method of the executive director. Its purpose is to ensure that events in the DE subsystem are pro
cessed on timewith respect to thecurrent timeof theouterdomain, touter

Note that if the DE subsystem is tired due to the outer domain processing a retire request, then
there may not be anytokens in the input portof the opaque composite actorat the beginning of theDE
subsystem iteration. In that case, no new events with time stamps equal to will be put into the
global event queue. Interestingly, in this case, the time synchronization will still work because
will be advanced to the smallest time stamp in the global event queue which, in turn, has to be equ^
touter becausewe always request a retire accordingto that time stamp.

12.6.2 Another Domain inside DE

Due to its nature, the opaque composite actor is opaque and therefore, as far as the DE Director is
concemed, behaves exactly like a domain polymorphic actor. Recall that domain polymorphic actors
are treated as functions with zero delay in computation time. To produce events in the future, domain
polymorphic actors request a retirefrom theDEdirector and thenproduce theevents whenit is retired.
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Author: SteveNeuendorffer

13.1 Overview

The synchronous dataflow (SDF) domain is useful for modeling simple dataflow systems without
control, such as signal processing systems. Under the SDF domain, the execution order of actors is
statically determined prior to execution. This results in execution with minimal overhead, as well as
bounded memory usage anda guarantee that deadlock will never occur. Unfortunately, static schedules
cannot be computed for all dataflow graphs. Dataflow graphs that cannot be statically scheduled
should be executed using the process networks (PN) domain instead.

13.1.1 Properties

SDF is an untimed model of computation. All actors under SDF consume input tokens, perform
theircomputation and produceoutputs in one atomicoperation. If an SDF modelis embedded withina
timedmodel, then the SDF modelwill behaveas a zero-delay actor.

Inaddition, SDFis a statically scheduled domain. Thefiring ofa composite actor corresponds toa
single iteration ofthe contained model. An SDF iteration consists ofone execution of the precalculated
SDF schedule. The schedule is calculated so that the number of tokens on each relation is the same at
the end of an iteration as at the beginning. Thus, an infinite number of iterationscan be executed, with
out deadlock or infinite accumulation of tokens on each relation.

Execution in SDF is extremely efRcientbecause of the scheduled execution. However, in order to
execute so efficiently, some extra information must be given to the scheduler. Most importantly, the
data rates on each port must be declared prior to execution. The data rate represents the number of
tokens produced orconsumed on a port during every firing. The data rates must bedetermined prior to
execution and must be constant throughout execution. In addition, explicit delays must be added to
feedback loops to prevent deadlock.
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13.1.2 Scheduling

Thefirst stepin constructing the schedule is to solve the balance equations [47]. These equations
detennine the number of times each actorwill fire during an iteration. Forexample, consider the sys
tem in figure 13,1. Thescheduler will createthe following system of equations, where ProductionRate
and ConsumptionRate aredeclared properties of eachport, andFirings is a property of each actorthat
will be solved fon

Firings(A) X ProductionRate{Al) = Firings(B) X ConsumptionRate(B\)

Firings{A) X ProductionRate{A2) = Firings{C) X ConsumptionRate{C\)

Firings(C) X ProductionRate{C2) = Firings(B) X ConsumptionRate(B2)

(39)

(40)

(41)

These equations express constraints that the number of tokens created on a relation during an iteration
is equal to the number of tokens consumed. These equations usually have an infinite number of lin
early dependent solutions, and the least positive integer solution for Firings is chosen as thefiring vec

tor^.
In some cases, a non-zero solution to the balance equations does not exist. Such models are said to

be inconsistent, and are illegal to execute under SDF. Inconsistent graphs inevitably result in either
deadlock or unbounded memory usage for any schedule. As such, inconsistent graphs are usually bugs
in the design of a model. However, inconsistent graphs can still be executed using the PN domain, if
the behavior is truly necessary. Examples of consistent and inconsistent graphs are shown in figure
13.2.

A2A2 B2B2

FIGURE 13.1. An example model.

FIGURE 13.2. The model on the left is consistent. The model on the right is inconsistent.

1. The firing vector is also known as the repetitions vector.
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The second step in constructing an SDF schedule is dataflow analysis. Dataflow analysis orders
the firing of actors* based on the relations between them. Since each relation represents the flow of
data* the actor producing data must Are before the consuming actor. Converting these data dependen
cies to a sequential list of properly scheduled actors is equivalent to topologically sorting the SDF
graph* if the graph is acyclic. Dataflow graphs with cycles cause somewhat of a problem* since such
graphs cannot be topologically sorted. In order to determine which actor of the loop to fire first* a delay
must be explicitly inserted somewhere in the cycle. This delay is represented by an initial token on
some relation in the cycle. The presence of the delay allows the scheduler to break the dependency
cycle and determine which actor in the cycle to fire first. Cyclic graphs not properly annotated with
delays cannot be executed under SDF. An example of a cyclic graph properly annotated with a delay is
shown in flgure 13.3.

13.2 Kernel

The SDF kernel package implements the SDF model of computation. The structure of the classes
in this package is shown in flgure 13.4.

13.2.1 SDF Director

The SDFDirector class extends the StaticSchedulingDirector class. When an SDF director is cre
ated* it is automatically associated with an instance of the default scheduler class* SDFScheduler. This
scheduler is intended to be relatively fast and valid* but not optimal in all situations. As such* future
development will likely result in a wide range of schedulers with difference performance goals and
trade-offs. The SDF scheduler does not currently restrict the schedulers that may be used with it.

The director has a single parameter* iterations^ which determines a limit on the number of times
the director wishes to be fired. After the director has been fired the given number of times* it will
always return false in its postfire() method* indicating that it does not wish to be fired again. This
parameter must contain a non-negative integer value. The default value is an IntToken with value 0*
indicating that there is no preset limit for the number of times the director will fire. Users will likely
specify a non-zero value for the number of iterations for the toplevel composite actor. When used this

Dl: SOFdwecior

FIGURE13.3. A consistent cyclicgraph,properly annotated withdelays. A one tokendelayis represented
by a black circle.
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way, this parameter acts similarly to the Time-to-Stop parameter inPtolemy Classic.
The newReceiverO method in SDF directors is overloaded to return instances of the SDFReceiver

class. This receiver contains optimized method for reading and writing blocks of tokens. For more
information about SDF receivers and the extra methods that they support, see section 13.2.3.

Type<IAloinieActor

SOFAtomcActor

-fSDFAtocnlcActorfw: Woitcspace)
'•^DFAtomlcActor(containsr: Typ^CompositeActor, name; String)
-rgetTokenConsumptionRatetp: lOPoit); int
4getTokanlnitProcluction(p: lOPort): Int
-tgetTokenProductionRat^p; lOPoft): Int
'MewPort{8: String); Poet
'fsetTolcenConsumptioftRate(p:lOPort, rats; int)
•»'SetTokentnitPrDcluctlon{p; lOPort rate: Int)
•wetTokenPfocluctionRate(p: lOPort rate: W)

4-ftcheduleO: Enumerali

Ports may tiave these
parameters, Ixjt are not

required to. If the
parameters are not present,

then appropriate default values
are assumed.

TypocHOPoft

jTokenConsumptionRate: Inl
TokenlnltProductlon: int

TokenProductionRate: int
SDFScheduter

'fSDFScfiedulerO
'KSOPSchedulerfw: Workspace)
•rgetFlringCountfentlty: Entity): Int

ledule ^uses parameters to schedule

CfonesMs

l^ctoneQ

L

SOFObector

.Iterations: int

'i^DFDirectorO
'fSDI=Director(w:Workspace)
•fSDFDirectoitcontalner: ComposlteActor, name: String)

ArrayRFOOueue

^INFINITE CAPACITY; Int

^DEFAULT CAPACITY: int
♦STARirna ARRAYSI2E: int

^-DEFAULT HISTORY CAPACITY-

'.container: Namealile
'.queuearray: OtrjectQ
'.historytist: UnkedUsl

Jd

'•'ArrayFIFOOueueO
'••Arrayf^FOQueuefsize; int)
'fAnayfHFOQueue(contalner: Nameatite)
-fArrayFIFOQueue(contalner: Nameable, size: int)
'«'ArTayFIFOQueue(model: ArrayFIFOOueue)
'felementsO: CollectionEnumeration
-fgetfoifsot; bit)
-fgetCapadtyO: int
'fgetContainei^; Nameable
'tgetKlstoryCapacityO: int
'fhlstoryBementsO: CollectionEnumeration
'fhistoi^zeO:bit
'fisEmptyO: boolean
'fisFulIO: boolean
-fputfo: Object)
't'PutArrayjo: OfajectO)
'»setCapacity(cap3city: int)
^•setKstoryCapacit^capacity: int)
'fsizeO: bit
•I'takeO: Object
•»takeArray(o: ObjectQ)

Receiver

j-fgetO: Token
j-fhasRoomO: boolean

sToken(): boolean
j'fput(t: Token)
j-fsetContalnertport: lOPort)

FIGURE 13.4. The static structure of the SDF kernel classes.
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13.2.2 Scheduling

The basic SDFScheduler derives directly from the Scheduler class. This scheduler provides
unlooped, sequential schedules suitable for use on a single processor. No attemptis made to optimize
the schedule by minimizing data buffer sizes, minimizing the size of the schedule, or detecting paral
lelismto allowexecution on multipleprocessors. Weanticipate that as these schedulers becomeinter
esting, they will be added.

The scheduling algorithm is based on the simple multirate algorithms in [47]. Currently, only sin
gle processor schedules are supported. The multirate scheduling algorithm relies on the actors in the
system declaring the data rates in each port. If the rates are not declared, then the scheduler assumes
that the actor is homogeneousy meaning that it consumes exactly one token from each input portand
producesexactly one token on each output port.

Data rateson portsare specified usingthreeparameters: tokenConsumptionRatey tokenProduction-
RatCy and tokenlnitProduction. The production parameters are valid only for output ports, while the
consumption parameter is valid only for input ports. If a parameter exists that is not valid fora given
port, then the value of the parameter must be zero, or the scheduler will throw anexception. If a valid
parameter is not speciiied when the scheduler runs, then appropriate values of the parameters will be
assumed^ however the parameters are not then created.

In Ptolemy classic, hierarchical SDF models were generally flattened prior to scheduling. This
technique allowed the most efficient schedule to be constructed for a model, and avoided certain com-
posability problems. In Ptolemy n, this algorithm can be replicated by using transparent composite
actors todefine thehierarchy. However, Ptolemy II also supports a stronger version ofhierarchy, in the
form of opaque composite actors. In this case, the scheduler needs to do a little more work. Prior to
scheduling a graph containing opaque composite actors, the scheduler queries each contained opaque
composite actor that may contain another scheduler and calls schedule() on that scheduler. The SDF
scheduler alsocreates and sets the appropriate rateparameters on anyports it encounters thatare con
tained within its director's container.

Disconnected graphs. SDF graphs should generally be strongly connected. If an SDF graph is not
strongly connected, then there is some concurrency between the disconnected parts that isnot captured
by theSDF rate parameters. In such cases, einother model of computation (such as process networks)
should be usedto explicitly specify the concurrency. As such,thecurrentSDFscheduler disallows dis
connected graphs, and will throw an exception if you attempt to schedule such a graph. However,
sometimes it is useful to avoid introducing another model of computation, so it is likely thata future
scheduler will allow disconnected graphs with a default notion of concurrency.

Multiports. Notice that it is impossible to seta rate parameter on individual channels of a port. This is
intentional, and all the channels ofanactor are assumed to have the same rate. Forexample, when the
AddSubtract actor fires under SDF, it will consume exactly one token from each channel of its input
plus port, consume one token from each channel of its minus port, and produce one token on each
channel of its output port. Notice that although the domain-polymorphic adder is written to be more
general than this (it will consume up to one token oneach channel of the input port), the SDFsched
ulerwill ensure that there is always at least onetoken oneach input port before theactor fires.

1. The assumed values correspond toa homogeneous, zero-delay actor. Input ports areassumed tohave a con
sumption rate ofone, output ports areassumed tohave aproduction rate ofone, and notokens areproduced dur
ing initialization.
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Dangling ports. Ports should, in general, be connected under the SDF domain. A regular port that is
not connected cannot befulfilled by the SDF scheduler and the scheduler will always throw an excep
tion. The SDF scheduler also detects multiports that are not connected to anything (and thus have zero
width). Such ports are interpreted to not actually exist, and are legal under SDF. The scheduler will
ignore thepresence ofa disconnected multiport.

13.2.3 SDF ports and receivers

Unlike most domains, multirate SDF systems tend toproduce and consume large blocks of tokens
during each firing. Since there can besignificant overhead indata transport for these large blocks, SDF
ports andreceivers haveoptimized methods for sending andreceiving a block of tokens en masse.

TheSDFReceiver class implements the Receiver interface. Instead of using theFIFOQueue class
to store data, which is based on a linked list structure, SDF receivers use the ArrayFIFOQueue class,
which is based ona circular buffer. This choice is much more appropriate forSDF, since thesizeof the
buffer is bounded, and can be determined statically^ Circular buffers also have less memory and
object allocation overhead for a queue of a given size.

In addition to the normal receiver methods, theSDFReceiver provides sendArrayO andgetArrayO
methods. These twomethods operate on arrays of tokens identically to the ways thesend andget meth
odsoperate onindividual tokens. Calling thesendArrayO method onanarray of tokens is equivalent to
calling the send() method oneach element ofthe array, only faster^.

TheSDFIOPort classextends theTypedlOPort class. It addstwomethods, sendArrayO snd getAr
rayO. If the remote port containsan SDF receiver, then the receiver's sendArrayO method will be used
instead of the sendO method. The getArrayO method operates similarly. Currently, SDF ports do not
support block operations on the history tokens of the ports.

13.2.4 ArrayFIFOQueue

The ArrayFIFOQueue class implements a first in, first out (FIFO) queue by means of a circular
array buffer. Functionally it is very similar to theFIFOQueue class. It provides a token history and an
adjustable, possibly infinite, bound on the number token it contains.

If the bound on the size is finite, then the array is exactly the size of the bound.In other words, the
queueis fiill when thearray becomes fiill. However, if the bound is infinite, thensuch an array cannot
be created! In this case, the circular buffer is given a small starting size, but allowed to grow. When
ever the circular bufferfills up, it is copied intoa newbufferthat is twicethe original size.

13.2.5 SDFAtomicActor

The SDFAtomicActor classextends theTypedAtomicActor class. It exists mainly forconvenience
when creating actors in theSDFdomain. It overrides thenewPort() method to create SDF ports. It also

1. Although the buffer sizescan be statically determined, thecurrent mechanism forcreating receivers doesnot
easily support it.The SDFdomain currently relies on thebufferexpanding algorithm that theArrayFIFOQueue
usesto implement circularbuffersof unbounded size.Although thereis someoverhead during the firstiteration,
the overhead is minimal duringsubsequent iterations (sincethe bufferis guaranteed neverto growlarger).

2. Thearray operations inArrayFIFOQueue usethejava.lang.system.arraycopy method. Thismethod is capable of
removing certainchecks requiredby the Java language. On mostJava implementations, this is significantly
fasterthana handcodedloop for laige arrays.However, dependingon the Java implementation it couldactually
be slower for small arrays. The cost is usually negligible,but can be avoided when the size of the array is small
and known when the actor is written.
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provides methods for setting and accessing the rate parameters on the actor's ports.
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14.1 Introduction

The communicating sequential processes (CSP) domain in Ptolemy n models a system as a net
work of sequential processes that communicate by passing messages synchronously through channels.
If a process is ready to send a message, it blocks until the receiving process is ready to accept the mes
sage. Similarly if a process is ready to accept a message, it blocks until the sending process is ready to
send the message. This model of computation is non-deterministic as a process can be blocked waiting
to send or receive on any number of channels. It is also highly concurrent.

The CSP domain is based on the model of computation (MoC) first proposed by Hoare [36][37] in
1978. In this MoC, a system is modeled as a network of processes communicate solely by passing mes
sages through unidirectional channels. The transfer of messages between processes is via rendezvous^
which means both the sending and receiving of messages from a channel are blocking: i.e. the sending
or receiving process stalls until the message is transferred. Some of the notation used here is borrowed
from Gregory Andrews' book on concurrent programming [4], which refers to rendezvous-based mes
sage passing as synchronous message passing.

Applications for the CSP domain include resource management and high level system modeling
early in the design cycle. Resource management is often required when modeling embedded systems,
and to further support this, a notion of time has been added to the model of computation used in the
domain. This differentiates our CSP model from those more commonly encountered, which do not typ
ically have any notion of time, although several versions of timed CSP have been proposed [34]. It
might thus be more accurate to refer to the domain using our model of computation as the "Timed
CSP" domain, but since the domain can be used with and without time, it is simply referred to as the
CSP domain.

Heterogeneous Concurrent Modeling and Design 14-1



CSP Domain

14.2 CSP Communication Semantics

At the core of CSP communication semantics are two fundamental ideas. First is the notion of
atomic communication and second is the notion of nondeterministic choice. It is worth mentioning a
related model ofcomputation known as the calculus of communicating systems (CCS) that was inde
pendently developed by Robin Milner in 1980 [58]. The communication semantics of CSP are identi
cal to those of CCS.

14.2.1 Atomic Communication: Rendezvous

Atomic communication is carried outviarendezvous and implies thatthesending and receiving of
a message occur simultaneously. During rendezvous both the sending and receiving processes block
until the other side is ready to communicate; the act of sending and receiving are indistinguishable
activities sinceonecannot happen without theother. A realworld analogy to rendezvous can be found
in telephone communications (without answering machines). Both the caller and callee must be simul
taneously present for a phone conversation to occur. Figure 14.1 shows the case where one process is
ready to send before the other process is ready to receive. The communication of information in this
way can be viewed as a distributed assignment statement.

The sending process places somedata in the message that it wants to send.The receiving process
assigns the data in the message to a local variable. Of course, the receiving process may decide to
ignorethecontents of the message and onlyconcern itselfwiththe fact that a message arrived.

14.2.2 Choice: Nondeterministic Rendezvous

Nondeterministic choice provides processes with the ability to randomly select between a set of
possible atomic communications. We refer to this ability as nondeterministic rendezvous and herein
lies much of theexpressiveness of theCSPmodel of computation. TheCSPdomain implements non-
deterministic rendezvous via guarded communication statements. A guarded communication state
ment has the form

Process A Process B

progress send(B, msg)

t

blocked

t ^ ^ receive(A, var)
/ ' transfer of data / ~

FIGURE 14.1. Illustrating how processes block waiting to rendezvous
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guard; communication => statements;

The guard is only allowed to reference local variables, and its evaluation cannot change the state of the
process. For example it is not allowed to assign to variables, only reference them. The communication
must be a simple send or receive, i.e. anotherconditional communication statement cannot be placed
here. Statementscan contain any arbitrary sequence of statements, including more conditional commu
nications.

If the guard is false, then the communicationis not attempted and the statements are not executed.
If the guard is true, then the communication is attempted, and if it succeeds, the following statements
are executed. The guard may be omitted, in which case it is assumed to be true.

There are twoconditional communication constructs built upon the guarded communication state
ments: CIF and CDO. These are analogous to the i/and while statements in most programming lan
guages. They should be read as "conditional if and "conditional do". Note that each guarded
communication statement represents one branch of the CIF or CDO. The communication statement in
each branch canbeeither a send or a receive, andthey canbe mixed freely.

CIF: The form of a CIF is

CIF {

G1;C1 => SI;

[]

G2;C2 => S2;

[]

}

For each branch in the CIF, the guard (G7, G2,...) is evaluated. If it is true (or absent, which
implies true), then the associated communication statement is enabled. If one or more branch is
enabled, then the entire construct blocks until one of the communications succeeds. If more than one
branch is enabled, the choice of which enabled branch succeeds with its communication is made non-
deterministically. Once the successful communication is carried out, the associated statements are exe
cuted and the process continues. If all of the guards are false, then the process continues executing
statements after the end of the CIF.

It is important to note that, although this construct is analogous to the common //programming
construct, its behavioris very different. In particularall guards of the branches are evaluated concur
rently, andthechoice of which onesucceeds does notdepend on itsposition in theconstruct. Thenota
tion "[]" is used to hint at theparallelism in theevaluation of theguards. In a common i/, thebranches
are evaluated sequentially and the first branch that is evaluated to true is executed. The GIF construct
also depends on the semantics ofthe communication between processes, and can thus stall the progress
of the thread if none of the enabled branches is able to rendezvous.
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CDO: The form of the CDO is

CDO {

G1;C1 => SI;

[]

G2;C2 => S2;

[]

}

Thebehavior of the CDO is similar to theGIF in thatfor each branch the guard is evaluated and
thechoice of which enabled communication to make is taken nondeterministically. However theCDO
repeats the processof evaluating andexecuting the branches untilall the guardsreturn false. Whenthis
happens the process continues executing statementsafter the CDO construct.

An example use of a CDOis in a bufferprocess which can bothaccept and sendmessages, but has
to be ready to do both at any stage. The code for this would look similar to that in figure 14.i Note that
in this case both guards can never be simultaneously false so this process will execute the CDO for
ever.

14.2.3 Deadlock

A deadlock situation is one in which none of the processes can make progress: they are all either
blocked trying to rendezvous or they are delayed (see the next section). Thus two types of deadlock
can be distinguished:

real deadlock - all active processes are blocked trying to communicate

time deadlock - all active processes areeitherblocked tryingto communicate or aredelayed, andat
least one processes is delayed.

14.2.4 Time

In the CSP domain, time is centralized. That is, all processes in a model share the same time,
referred to as the currentmodel time. Each process can only choose todelayitselffor some period rel
ative to the current model time, or a process can wait for time deadlock to occur at the current model
time. In both cases, a process is said to be delayed.

Whena process delays itselffor somelength of timefrom the current model time, it is suspended
until time has sufficiently advanced, at which stage it wakes up and continues. If the process delays
itselfforzero time, this will have noeffect and theprocess will continue executing.

A process can also choose to delay its execution until the next occasion a time deadlock is reached.
The process resumes at the samemodeltime at whichit delayed, and this is usefulas a modelcan have
several sequences of actions at the samemodel time. The next occasion timedeadlock is reached, any

CDO {

(room in buffer?); receive(input, beginningOfBuffer) => update pointer to beginning of buffer;
[]

(messages in buffer?); send(output, endOfBuffer) => update pointer to end of buffer;
}

FIGURE 14.2. Example of how a CDO might be used in a buffer
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processes delayed in this manner will continue, and time will not be advanced. An example of using
time in this manner can be found in section 14.3.2.

Time may be advanced when all the processes are delayed or are blocked trying to rendezvous,
and at least one process is delayed. If one or more processes are delaying until a time deadlock occurs,
these processes are woken up and time is not advanced. Otherwise, the current model time is advanced
just enough to wake up at least one process. Note that there is a semantic difference between a process
delaying for zero time, which will have no effect, and a process delaying until the next occasion a time
deadlock is reached.

Note also that time, as perceived by a single process, cannot change during its normal execution;
only at rendezvous points or when the process delays can time change. A process can be aware of the
centralized time, but it cannot influence the current model time except by delaying itself. The choice
for modeling time was in part influenced by Pamela [27], a run time library that is used to model paral
lel programs.

14.2.5 Differences from Original CSP Model as Proposed by Hoare

The model of computation used by the CSP domain differs from the original CSP [36] model in
two ways. First, a notion of time has been added. The original proposal had no notion of time, although
there have been severalproposalsfor timedCSP [34].Second, as mentionedin section 14.2.2,it is pos
sible to use both send and receive in guarded communication statements. The original model only
allowed receives to appear in these statements, though Hoare subsequently extended their scope to
allow both communication primitives [37].

One final thing to note is that in much of the CSP literature, send is denoted using a "!", pro
nounced "bang", and receive is denoted using a "?", pronounced "query". This syntax was what was
used in the original CSP paper by Hoare. For example, the languages Occam [14] and Lotos [21] both
follow this syntax. In the CSP domain in Ptolemy n we use send and geu the choice of which is influ
enced by the desire to maintain uniformity of syntax across domains in Ptolemy n that use message
passing. This supports the heterogeneity principle in Ptolemy 11 which enables the construction and
interoperabiUty of executable models that are built under a variety of models of computation. Simi
larly, the notation used in the CSP domain for conditional communication constructs differs from that
commonly found in the CSP literature.

14.3 Example CSP Applications

Several example applicationshave been developed which serve to illustrate the modelingcapabili
ties of the CSP model of computation in Ptolemy n. Each demonstration incorporates several features
of CSP and the general Ptolemy II framework. Below, four demonstrations have been selected that
each emphasize particular semantic capabilities over others. The applications are described here, but
not the code. See the directory $PTII/ptolemy/domains/csp/demo for the code.

The first demonstration,dining philosophers, servesas a natural example of core CSP communica
tion semantics. This demonstration models nondeterministic resource contention, e.g., five philoso
phers randomly accessing chopstick resources. Nondeterministic rendezvous serves as a natural
modeling tool for this example. The second example, hardware bus contention, models deterministic
resource contention in the context of time. As will be shown, the determinacy of this demonstration
constrains the natural nondeterminacy of the CSP semantics and results in difficulties. Fortunately
these difficultiescan be smoothlycircumventedby the timing model that has been integrated into the
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CSP domain. The third demonstration, sieve ofEratosthenesyserves to demonstrate the mutability that
ispossible in CSP models. In this demonstration, the topology ofthe model changes during execution.
The final demonstration, M/M/1 queue, features the pause/resume mechanism ofRolemy IIthat can be
used to control the progression of a model's execution in the CSP domain.

14.3.1 Dining Philosophers

Nondeterministic Resource Contention. This implementation of the dining philosophers problem illus
trates both time andconditional communication in theCSPdomain. Fivephilosophers are seated at a
table with a large bowl of food in themiddle. Between each pairof philosophers is onechopstick, and
to eat, a philosopher needsboth the chopsticks besidehim. Each philosopher spends his life in the fol
lowingcycle: thinksfor a while, getshungry, picksup oneof the chopsticks besidehim, thenthe other,
eats for a while and puts the chopsticks down on the tableagain. If a philosopher tries to graba chop-
stickbutit is already being used byanother philosopher, then the philosopher waits until thatchopstick
becomes available. This implies that no neighboring philosopherscan eat at the same time and at most
two philosophers can eat at a time.

The Dining Philosophers problem was first dreamt up by Edsger W. Dijkstra in 1965. It is a classic
concurrent programming problem that illustrates the two basic properties of concurrent programming:

Liveness. How can we designthe program to avoiddeadlock, wherenone of the philosophers can
make progress because each is waiting for someone else to do something?

Fairness. How can we design the programto avoid starvation, whereone of the philosophers
could make progress but does not because others always go first?

This implementation uses an algorithm that lets each philosopher randomly chose which chopstick to
pick up first (via a CDO), and all philosophers eat and think at the same rates. Each philosopherand
each chopstick is representedby a separate process. Each chopstick has to be ready to be used by either
philosopher beside it at any time, hence the use of a CDO. After it is grabbed, it blocks waiting for a
message from the philosopher that is using it. After a philosopher grabs both the chopsticks next to
him, he eats for a random time. This is represented by calling delayO with the random interval to eat
for. The same approach is used when a philosopheris thinking. Note that becausemessagesare passed
by rendezvous, the blocking of a philosopher whenit cannotobtaina chopstick is obtained for free.

This algorithmis fair, as any time a chopstick is not being used, and both philosophers try to use it,
they both have an equal chance of succeeding. However this algorithm does not guaranteethe absence
of deadlock, and if it is let run long enough this will eventually occur. The probability that deadlock

o o
o

o

FIGURE 14.3. Illustration of the dining philosophers problem.

= chopstick

= philosopher
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occurs sooner increases as the thinking times are decreased relative to the eating times.

14.3.2 Hardware Bus Contention

Deterministic Resource Contention, This demonstration consists of a controller, N processors and a
memory block. At randomly selected points in time, each processor requests permission from the con
troller to access the memory block. The processors each have priorities associated with them and in
cases where there is a simultaneous memory access request, the controller grants permission to the pro
cessor with the highest priority. Due to the atomic nature of rendezvous, it is impossible for the con
troller to check priorities of incoming requests at the same time that requests are occurring. To
overcome this difficulty, an alarm is employed.The alarm is started by the controller immediately fol
lowing the first request for memory access at a given instant in time. It is awakened when a delay
blockoccurs to indicate to thecontroller thatno morememory requests willoccurat the givenpoint in
time. Hence, the alarm uses CSP's notion of delay blocking to make deterministic an inherently non-
deterministic activity.

14.3.3 Sieve of Eratosthenes

Dynamic Topology. Thisexample implements thesieve of Eratosthenes. This is an algorithm for gen
erating a list of prime numbers, illustrated in figure 14.5. It originally consists of a source generating
integers,and one sieve filteringout all multiples of two. When the end sieve sees a number that it can
not filter, it creates a new sieve to filter outall multiples of thatnumber. Thus afterthe sieve filtering
out multiples of two sees the number three, it creates a new sieve that filters out multiples of three.
This then continues with the three sieve eventually creating a sieve to filter out all multiples of five,
andsoon.Thus after a while there will bea chain of sieves each filtering outa different prime number.
If any number passes through all the sieves and reaches the end with no sieve waiting, it must be
another prime and so a new sieve is created for it.

This demo is an example of how changes to the topology can be made in the CSP domain. Each
topology change hereinvolves creating a newCSPSieve actorandconnecting it to theendof thechain
of sieves.

14.3.4 An M/M/1 Queue

Pause/Resume. The example in figure 14.6 illustrates a simple M/M/1 queue. It has three actors, one
representing the arrivalof customers, one for the queue holding customers that have arrived and have

Memory Controller Alarm

Processor Processor Processor

FIGURE14.4. Processors contendingfor memoryaccess
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not yet l^en served, and the third representing the server. Both the inter-arrival times ofcustomers and
theservice times at theserver are exponentially distributed, which ofcourse is what makes this an M/
M/1 queue.

This demo makes use ofbasic rendezvous, conditional rendezvous and time. By varying the rates
for the customer arrivals and service times, and varying the length of the buffer, you can see various
trade-offs. Forexample if the buffer length istoo short, customers may arrive that cannot be stored and
so are missed. Similarly if the servicerate is faster than thecustomerarrival rate, then the servercould
spend a lot of time idle.

Another example demonstrates how pausing and resumption works. The setup isexactly the same
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as in the M/M/1 demo, except that the thread executing the model calls pause() on the director as soon
as the model starts executing. It then waits two seconds, as arbitrary choice, and then calls resume().
The purpose of this demo is to show that the pausing and resuming of a model does not affect the
model results, only its rate of progress. The ability to pause and resume a model is primarily intended
for the user interface.

14.4 Building CSP Applications

For a model to have CSP semantics, it must have a CSPDirector controlling it. This ensures that
the receivers in the ports are CSPReceivers, so that all communication of messages between processes
is via rendezvous. Note that each actor in the CompositeActor under the control of the CSPDirector
represents a separate process in the model.

14.4.1 Rendezvous

Since the ports contain CSPReceivers, the basic communication statements send() and get() will
have rendezvous semantics. Thus the fact that a rendezvous is occurring on every communication is
transparent to the actor code.

14.4.2 Conditional Communication Constructs

In order to use the conditional communication constructs, an actor must be derived from CSPAc-
tor. There are three steps involved:

1) Create a ConditionalReceive or ConditionalSendbranch for each guarded communicationstate
ment, depending on the communication. Pass each branch a unique integer identifier, starting from
zero, when creating it. The identifiers only need to be unique within the scope of that CDO or CBF.

2) Pass the branches to the chooseBranch() method in CSPActor. This method evaluates the
guards, and decides which branch gets to rendezvous, performs the rendezvous and returns the identi
fication number of the branch that succeeded. If all of the guards were false, -1 is returned,

3) Execute the statements for the guarded communication that succeeded.

A sample template for executing a CDO is shown in figure 14.7. The code for the buffer described
in figure 14.7 is shown in figure 14.8. In creating the ConditionalSend and ConditionalReceive
branches, the first argument represents the guard. The second and third arguments represent the port
and channel to send or receive the message on. The fourth argument is the identifier assigned to the
branch. The choice of placing the guard in the constructor was made to keep the syntax of using
guarded communication statements to the minimum, and to have the branch classes resemble the

customers

arriving
buffer

FIGURE 14.6. Actors involved in M/M/1 demo.
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guarded communication statements they represent as closely as possible. This can give rise tothe case
where the Token specified in a ConditionalSend branch may not yet exist, but this has no effect
becauseonce the guard is false, the token in a ConditionalSend is never referenced.

The otheroption considered wasto wrapthe creation of eachbranch as follows:

if (guard) {
// create branch and place in branches array

} else {

// branches array entry for this branch is null
}

However this leads to longer actor code, and what is happening is notas syntactically obvious.
Thecode forusing a GIF is similar to that in figure 14.7 except thatthe surrounding while loop is

omitted and thecase when the identifier returned is -1 does nothing. At some stage the steps involved
in using a GIF or a GDO may be automated using a pre-parser, but for now the user must follow the
approach described above.

It is worth pointing out that if mostchannels in a model are buffered, it maybe worthwhile consid
ering implementing the model in the PN domain which implicitly has an unbounded buffer on every
channel. Also, if modeling time is the principal concern, the model builder should consider using the
DE domain.

14.4.3 Time

If a process wishes to usetime, theactorrepresenting it mustderive from GSPActor. Asexplained
in section 14.2.4, each process in the GSP domain is able to delay itself, either for some period from
the current model time or until the next occasion time deadlock is reached at the current model time.

boolean continueCDO = true;
while (continueCDO) {

// step 1:

ConditionalBranch[] branches = new ConditionalBranch[#branchesRequired]
// Create a ConditionalReceive or a ConditionalSend for each branch
// e.g. branches[0] = new ConditionalReceive((guard), input, 0, 0);

// step 2:
int result = chooseBranch(branches);

// step 3:
if (result == 0) {

// execute statements associated with first branch
) else if (result ==1) {

// execute statements associated with second branch.
} else if ... // continue for each branch ID

} else if (result == -1) {
// all guards were false so exit CDO.
continueCDO = false;

} else {
// error

}

FIGURE 14.7. Template for executing a CDO construct.
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The two methods to call are delayO and waitForDeadlock(). Recall that if a process delays itself for
zero time from the current time, the process will continue immediately. Thus delay(O.O) is not equiva
lent to waitForDeadlockO

If no processes are delayed, it is also possible to set the model time by calling the method setCur-
rentTimeO on the director. However, this method can only be called when no processes are delayed,
because the state of the model may be rendered meaningless if the model time is advanced to a time
beyond the earliest delayed process. This method is present primarily for composing CSP with other
domains.

As mentioned in section 14.2.4,as far as each process is concerned, time can only increase while it
is blockedwaiting to rendezvous or whendelaying. A process can be awareof the currentmodel time,
but it should only ever affect the model time by delaying its execution, thus forcing time to advance.
The methodsetCurrentTime() should never be called from a process.

By default every model in the CSP domain is timed. To use CSP without a notion of time, do not
use the delayO method. The infrastructure supporting time does not affect the model execution if the
delayO method is not used.

14.5 The CSP Software Architecture

14.5.1 Class Structure

In a CSP model, the director is an instance of CSPDirector. Since the model is controlled by a
CSPDirector, all the receivers in the ports are CSPReceivers. The combination of the CSPDirectorand

boolean guard = false;
boolean continueCDO = true;
ConditionalBranch[] branches = new ConditionalBranch[2];
while (continueCDO) {

// step 1
guard = (_size < depth);
branches[0] = new ConditionalReceive(guard, input, 0, 0);
guard = (_size > 0);
branches[1] = new ConditionalSend(guard, output, 0, 1, _bufferI_readFroin])

// step 2
int successfulBranch = chooseBranch(branches);

// step 3
if (successfulBranch == 0) {

_size++;
_buffer[_writeTo) = branches [0}. getTolcen () ;
_writeTo = ++_writeTo % depth;

} else if (successfulBranch ==1) {
_size—;
_readFrom = ++_readFroni % depth;

} else if (successfulBranch == -1) {
// all guards false so exit CDC
// Note this cannot happen in this case
continueCDO = false;

} else {

throw new TerminateProcessException(getName() + *: • +
•branch id returned during execution of CDO.*);

)

FIGURE 14.8. Codeusedto implement the bufferprocess described in figure 14.7.
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CSPReceivers in the ports gives a model CSP semantics. The CSP domain associates each channel
with exactly one receiver, located at the receiving end of the channel. Thus any process that sends or
receives to any channel will rendezvous at a CSPReceiver. Figure 14.9 shows thestatic structure dia
gram of the five main classes in the CSP kernel, and a few of their associations. These are the classes
that provide all the infrastructure needed for a CSP model.

ProcessDtractor
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•tConditionalSend(guaFd : boolean, port: lOPort, ctiannel: int. Id: Int, t: Token)
-t-runQ

FIGURE 14.9. Static structure diagram for classes in the CSP kernel.
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CSPDirector: This gives a model CSP semantics. It takes care of starting all the processes and con
trols/responds to both real and time deadlocks. It also maintains and advances the model time when
necessary.

CSPReceiver: This ensures that communicationof messages between processes is via rendezvous.

CSPActor: This adds the notion of time and the ability to perform conditional communication.

ConditionalReceive, ConditionalSend: This is used to construct the guarded communication state
ments necessary for the conditional communication constructs.

14.5.2 Starting the model

The director creates a thread for each actor under its control in its initialize() method. It also
invokes the initialize() method oneach actor at this time. The director starts the threads in itsprefire()
method, and detects and responds to deadlocks in its fire() method. The thread for each actor is an
instance of FrocessThread, which invokes the prefireQ, fire() andpostfire() methods for the actoruntil
it finishes or is terminated. It then invokes the wrapupO method and the threaddies.

Figure 14.11 shows the code executed by the FrocessThread class. Note that it makes noassump
tion about the actor it is executing, so it can execute any domain-polymorphic actor as well as CSF
domain-specific actors. In fact, any other domain actor that does not rely onthespecifics of itsparent
domain can be executed in the CSF domain by the FrocessThread.

14.5.3 Detecting deadlocks:

For deadlock detection, the director maintains three counts:

• thenumber ofactive processes which are threads thathave started buthave not yetfinished
• thenumber ofblocked processes which is thenumber ofprocesses thatareblocked waiting to ren

dezvous, and

• thenumber ofdelayed processes, which is the number of processes waiting for timeto advance
plus the number of processes waiting for time deadlock to occur at the current model time.

director.initialize() =>
create a thread for each actor

update count of active processes with the director
call initialize() on each actor

director.prefire() => start the process threads =>
calls actor.prefire 0
calls actor.fire0
calls actor.postfireO
repeat.

director.fire() => handle deadlocks until a real deadlock occurs.

director.postfireO =>
return a boolean indicating if the execution of the model should continue for another iteration

director.wrapupO => terminate all the processes =>
calls actor.wrapupO
decrease the count of active processes with the director

FIGURE 14.10. Sequence of steps involved in setting upandcontrolling themodel.
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When the number ofblocked processes equals the number ofactive processes, then real deadlock
has occuired and the fire method ofthe director returns. When the number ofblocked plus the number
ofdelayed processes equals the number ofactive processes, and at least one process is delayed, then
time deadlock has occurred. If at least one process is delayed waiting for time deadlock tooccur at the
current model time, then the director wakes up all such processes and does not advance time. Other
wisethe director looks at its list of processes waiting for timeto advance, chooses the earliest one and
advances time sufficiently to wake it up. It also wakes up any other processes due to be awakened at
thenew time. Thedirector checks fordeadlock each occasion a process blocks, delays or dies.

For thedirector to work correctly, these three counts need to beaccurate at all stages of themodel
execution, so when they are updated becomes important. Keeping the active count accurate is rela
tively simple; the director increases it when it starts the thread, and decreases it when the thread dies.
Likewise the count of delayed processes is straightforward; when a process delays, it increases the
count of delayedprocesses, and the director keeps track of when to wake it up. The count is decreased
when a delayed process resumes.

However, due to the conditional communication constructs, keeping the blocked count accurate
requires a little moreeffort For a basic send or receive, a process is registered as being blockedwhen
it arrives at the rendezvous point before the matching communication. The blocked count is then
decreased by one when the corresponding communication arrives. However what happens when an
actor is carryingout a conditional communication construct? In this case the process keeps track of all
of the branches for which the guards were true, and whenall of thoseare blockedtryingto rendezvous,
it registers the process as being blocked. When one of the branches succeeds with a rendezvous, the
process is registered as being unblocked.

14.5.4 Terminating the model

A process can finish in one of two ways: either by returning false in its prefire() or postfireQmeth-

public void run() (
try {

boolean iterate = true;
while (iterate) {

// container is checked for null to detect the termination
//of the actor,

iterate = false;
if ((Entity)_actor).getContainer0 != null && _actor.prefire()} (

_actor.fire();
iterate = _actor.postfire();

}

}
} catch (TerminateProcessException t) {

// Process was terminated early
) catch (IllegalActionException e) {

_manager.fireExecutionError(e);
} finally {

try {
_actor.wrapup();

) catch (IllegalActionExeption e) {
_manager.fireExecutionError(e);

}

_director.decreaseActiveCount();
)

)

FIGURE 14.11. Code executed by ProcessThread.run().
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ods, in which case it is said to have finished normally, or by being terminated early by a TerminatePro-
cessException. For example, if a source process is intended to send ten tokens and then finish, it would
exit its fire() method after sending the tenth token, and return false in its postfire()method. This causes
the ProcessThread, see figure 14.11, representing the process, to exit the while loop and execute the
finally clause. The finally clause calls wrapupO on the actor it represents, decreases the count of active
processesin the director, and the thread representing the process dies.

A TerminateProcessException is thrown whenever a process tries to communicate via a channel
whose receiver has itsfinished flag set to true. When a TerminateProcessException is caught in Pro
cessThread, the finally clauseis alsoexecuted and the thread representing the process dies.

To terminate the model, the director sets the finished flag in each receiver. The next occasion a
process tries to send to or receive from the channel associated with that receiver, a TerminateProces
sException is thrown. This mechanism can also be used in a selective fashion to terminate early any
processes that communicate via a particular channel. When the director controlling the execution of
the model detects real deadlock, it returns from its fire() method. In the absence of hierarchy, this
causes the wrapupO method of thedirector to be invoked. It is the wrapupO method of thedirectorthat
sets the finished flag ineach receiver. Note that theTerminateProcessException is a runtime exception
so it doesnot need to be declared as beingthrown.

There is also the option of abruptly terminating all the processes in the model by calling termi-
nate() on the director. This method differs from the approach described in the previous paragraph in
that it stops all the threads immediately and does not give them a chance to update the model state.
After calling this method, the state of the model is unknown and so the model should be recreated after
calling this method. This method is only intended for situations when the execution of the model has
obviously gone wrong, and for it tofinish normally would either take too long orcould not happen. It
should rarely be called.

14.5.5 Pausing/Resuming the Model

Pausing andresuming a model does notaffect theoutcome of a particular execution of themodel,
only the rate of progress. The execution of a model can be paused at any stage bycalling the pause()
method on the director. This method is blocking, and will only return when the model execution has
been successfully paused. To pause the execution of a model, the director sets a paused flag in every
receiver, and the next occasion a process tries to send to or receive from the channel associated with
that receiver, it ispaused. The whole model ispaused when all the active processes are delayed, paused
or blocked. To resume the model, the resume() method can similarly be called on the director This
method resets thepaused flag inevery receiver and wakes upevery process waiting ona receiver lock.
If a process was paused, it sees that it is no longer paused and continues. The ability to pause and
resumethe execution of a model is intendedprimarily for user interfacecontrol.

14.6 Technical Details

14.6.1 Brief Introduction to Threads in Java

The CSP domain, like the rest of Ptolemy II, is written entirely inJava and takes advantage of the
features built intothe language. In particular, theCSP domain depends heavily onthreads andonmon
itors forcontrolling the interaction between threads. In anymulti-threaded environment, carehas to be
taken to ensure that the threads do not interact in unintended ways, and thatthe model does not dead-
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lock. Note deadlock in this sense is a bug in the modeling environment, which is different from the
deadlock talked about before which may ormay not be abug inthe model being executed.

Amonitor is a mechanism for ensuring mutual exclusion between threads. Inparticular if a thread
has a particular monitor, acquired in order to execute some code, then no other thread can simulta
neously have that monitor. If another thread tries to acquire that monitor, it stalls until the monitor
becomes available. Amonitor isalso called a lock, and one isassociated with every object in Java.

Code that is associated with a lock is defined by the synchronized keyword. This keyword can
either be in the signature of a method, in which case the entire method body is associated with that
lock, or it can be usedin the body of a method using the syntax:

synchronized(object) {
// synchronized code goes here

>

This causes the code inside the brackets to be associated with the lock belonging to the specified
object. In either case, when a thread tries to execute code controlled by a lock, it must either acquire
the lock or stall until the lock becomes available. If a thread stalls when it already has some locks,
those locksare not released, so any other threads waitingon those lockscannotproceed. This can lead
to deadlockwhen all threadsare stalled waitingto acquire some lock they need.

A thread can voluntarily relinquish a lock when stalling by calling oiyect.wait()where object is the
object to relinquish and wait on. This causes the lock to become available to other threads. A thread
can also wakeup any threads waitingon a lockassociated with an objectby callingnotifyAll() on the
object. Note that to issue a notifyAll() on an object it is necessary to own the lock associated with that
object first By careful use of these methods it is possible to ensure that threads only interact in
intended ways and that deadlock does not occur.

Approaches to locking used in the CSP domain.
One of the key coding patterns followed is to wrapeach wait() call in a while loop that checks some
flag. Only when the flag is set to false can the thread proceed beyond that point. Thus the code will
often look like

synchronized(object) {

while(flag) {
object.wait();

}

}

The advantage to this is that it is not necessary to worry aboutwhatother threadissuedthe notifyAll()
on the lock; the thread can only continue when the notifyAll() is issued and the flag has been set to
false.

Another approach used is to keep the number of locks acquired by a thread as few as possible,
preferably never more than one at a time. If several threads share the same locks, and they must
acquire more than one lock at some stage, then the locks should always be acquired in the same order.
To see how this prevent deadlocks,consider two threads, thread! and thread!, that are using two locks
A and B. If thread! obtains A first, then B, and thread! obtains B first then A, then a situation could
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arise whereby thread] owns lock A and is waitingon B, and thread! owns lock B and is waitingon A.
Neither thread can proceed and so deadlock has occurred. This would be prevented if both threads
obtained lock A first, then lock B. This approach is sufficient, but not necessary to preventdeadlocks,
as otherapproaches mayalsoprevent deadlocks without imposing thisconstraint on the program [43].

Finally, deadlock often occurs even when a thread, which already has some lock, tries to acquire
another lock only to issue a notifyAll() on it To avoid this situation, it is easiest if the notiiyAllO is
issued from a new thread which has no locks that could be held if it stalls. This is often used in the CSP
domain to wake up any threads waiting onreceivers, for example after a pause orwhen terminating the
model. The class NotifyThread, in the ptolemy.actor.process package, is used for this purpose. This
class takes a list of objects in a linked list, or a single object, and issues a notifyAll() on each of the
objects from within a new thread.

The CSP domain kemel makes extensive use of the above patterns and conventions to ensure the
modeling engine is deadlock free.

14.6.2 Rendezvous Algorithm

In CSP, the locking point for all communication between processes is the receiver. Any occasion a
process wishes to send or receive, it must first acquire the lock for the receiver associated with the
channel it is communicating over. Two key facts to keep in mind when reading the following algo
rithms are that each channel has exactly one receiver associated with it and that at most one process
can be trying to send to (or receive from) a channel at anystage. Theconstraint thateach channel can
have at most one process trying to send to (or receive from) a channel at any stage is not currently
enforced, but an exception will be thrown if such a model is not constructed.

The rendezvous algorithm is entirely symmetric for the put() and the get(), except for the direction
the token is transferred. This helps reduce the deadlock situations that could arise and also makes the
interaction between processes more understandable and easier to explain. The algorithm controlling
how a get() proceeds isshown in figure 14.12. The algorithm for aput() isexactly the same except that
put and get are swapped everywhere. Thus it suffices toexplain what happens when a get() arrives ata
receiver, i.e. when a process tries to receive from the channel associated with the receiver.

When a get() amvesat a receiver, a put() is either already waiting to rendezvous or it is not. Both
the get() and put() methods are entirely synchronized on the receiver so they cannot happen simulta
neously (only one thread can possess a lock at any given time). Without loss of generality assume a
get() arrives before a put(). The rendezvous mechanism isbasically three steps: a get() arrives, a put()
arrives, the rendezvous completes.

(1) When the get() arrives, it sees that it is first and sets a flag saying a get is waiting. It then waits
on the receiver lock while the flag is still true,

(2) When a put() arrives, it sets the getWaiting flag tofalse, wakes up any threads waiting on the
receiver (including theget), sets the rendezvousComplete flag to false and then waits on the
receiverwhilethe rendezvousComplete flag is false,

(3)Thethread executing theget() wakes up, sees that a put() has arrived, sets the rendezvousCom
plete flag to true, wakes up any threads waiting on the receiver and returns thus releasing the lock.
The thread executing the put() thenwakes up, acquires the receiver lock, seesthat the rendezvous
is complete and returns.

Following the rendezvous, the state of the receiver is exactly the same as before the rendezvous
arrived, and it is ready to mediate another rendezvous. It isworth noting that the final step, ofmaking
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sure the second communication to arrive does not return until the rendezvous is complete, is necessary
to ensure that the correct token gets transferred. Consider the case again when a get() arrives first,
except now the put() returns immediately ifaget() isalready waiting. Aput() arrives, places a token in
the receiver, sets the get waiting flag to false and returns. Now suppose another put() arrives before the
get() wakes up, which will happen if the thread the put() is in wins the race to obtain the lock on the
receiver. Then the second putQ places anew token in the receiver and sets the put waiting flag to true.
Then the get() wakes up, and returns with the wrong token! This is known asa race condition^ which
will lead to unintended behavior in the model. This situation isavoided by our design.
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FIGURE 14.12. Rendezvous algorithm.
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14.6.3 Conditional Communication Algorithm

There are two steps involved in executing a CIF or a CDO: first deciding which enabled branch
succeeds, then carrying out the rendezvous.

Built on top ofrendezvous:
When a conditionalconstruct has more than one enabled branch (guard is true or absent), a new thread
is spawned for each enabled branch. The job of the chooseBranch() method is to control these threads
and to determine which branch should be allowed to successfully rendezvous. These threads and the
mechanismcontrolling them are entirely separate from the rendezvousmechanismdescribed in section
14.6.2, with the exception of one special case, which is described in section 14.6.4. Thus the condi
tionalmechanism can be viewed as beingbuilt on top of basic rendezvous: conditional communication
knows about and needs basic rendezvous, but the opposite is not true. Again this is a design decision
which leads to making the interaction between threads easierto understand and is lessprone to dead
lock as there are fewer interaction possibilities to consider.

Choosing which branch succeeds.
The manner in which the choice of which branch can rendezvous is worth explaining. The choose-
BranchO method in CSPActor takes an array of branches as an argument. If allof theguards are false,
it returns -1, which indicates that allthe branches failed. Ifexactly one of the guards is true, it performs
the rendezvous directly and returns the identification number of the successful branch. The interesting
case is when more than one guard is true. In this case, it creates and starts a new thread for each branch
whose guard is true. It then waits, on an internal lock, for one branch to succeed. At that point it gets
woken up, sets a finished flag in the remaining branches and waits for them to fail. A^en all the
threads representing the branches are finished, it returns the identification number of the successful
branch. This approach is designed to ensure that exactly oneof the branches created successfully per
forms a rendezvous.

Algorithm used by each branch:
Similar to the approach followed for rendezvous, the algorithm by which a thread representing a
branch determines whether or not it can proceed is entirely symmetrical for a ConditionalSend and a
ConditionalReceive. The algorithm followed by a ConditionalReceive is shown figure 14.14. Again
the locking point is the receiver, and all codeconcemed with the communication is synchronized on
the receiver. The receiveris also where all necessary flags are stored.

Consider three cases.

(1) a ConditionalReceive arrives and a put is waiting.

which branch should succeed?

rendezvous

FIGURE 14.13. Conceptual view ofhow conditional communication is built ontop ofrendezvous.
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In this case, the branch checks ifitis the first branch to be ready to rendezvous, and ifso, itisgoes
ahead and executes a get. Ifit isnot the first, it waits on the receiver. When it wakes up, it checks
ifitisstill alive. Ifitisnot, itregisters that ithas failed and dies. Ifitisstill alive, itstarts again by
trying tobethe first branch torendezvous. Note that a put cannot disappear.

(2)a conditionalReceive arrives and a conditionalSend is waiting

Whenboth sides are conditional branches, it is up to the branchthat arrivessecondto check
whether therendezvous canproceed. If both branches arethefirst to try to rendezvous, thecondi
tionalReceive executes a get(), notifies its parent that it succeeded, issues a notifyAllQ on the
receiver anddies. If not, it checks whether it has been terminated by chooseBranch(). If it has, it
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registers with chooseBranch() that it has failed and dies. If it has not, it returns to the start of the
algorithm and tries again. This is because a ConditionalSend could disappear. Note that the parent
of the first branch to arrive at the receiver needs to be stored for the purpose of checking if both
branches are the first to arrive.

This part of the algorithm is somewhat subtle. When the second conditional branch arrives at the
rendezvous point it checks that both sides are the first to try to rendezvous for their respective pro
cesses. If so, then the conditionalReceive executes a get(), so that the conditionalSend is never
aware that a conditionalReceive arrived: it only sees the get().

(3) a conditionalReceive arrives first.

It sets a flag in the receiver that it is waiting, then waits on the receiver. When it wakes up, it
checks whether it has been killed by chooseBranch. If it has, it registers with chooseBranch that it
has failed and dies. Otherwise it checks if a put is waiting. It only needs to check if a put is waiting
because if a conditionalSend arrived, it would have behaved as in case (2) above. If a put is wait
ing, the branch checks if it is the first branch to be ready to rendezvous, and if so it is goes ahead
and executes a get. If it is not the first, it waits on the receiver and tries again.

14.6.4 Modification of Rendezvous Algorithm

Consider the case when a conditional send arrives before a get. If all the branches in the condi
tional communication that the conditional send is a part of are blocked, then the process will register
itself as blocked with the director. Then the get comes along, and even though a conditional send is
waiting, it too would register itself as blocked. This leads to one too many processes being registered
as blocked, which could lead to premature deadlock detection.

To avoid this, it is necessary to modify the algorithm used for rendezvous slightly. The change to
the algorithm is shown in the dashed ellipse in figure 14.15. It does not affect the algorithm except in
the case when a conditional send is waiting when a get arrives at the receiver. In this case the process
that calls the get shouldwait on the receiveruntil the conditional send waiting flag is false. If the con
ditional send succeeded, and henceexecuteda put, then the get waiting flag and the conditional send
waiting flag should both be false and the actor proceeds through to the third step of the rendezvous. If
the conditional send failed, it will have reset the conditional send waiting flag and issueda notifyAll()
on the receiver, thus waking up the get and allowing it to properly wait for a put.

The same reasoning also applies to the case when a conditional receive arrives at a receiver before
a put.

Heterogeneous Concurrent Modeling and Design 14-21



14-22

get waiting =: true

notifyAIi

conditional

send waiting?

register actor
blocked

get
waiting?

Cregister actor A
unblocked )

CheckAndWait

Yes-H CheckAndWait

FIGURE 14.15. Modification of rendezvous algorithm, section 14.6.4, shown inellipse.

CSP Domain

Ptolemy II



DDE Domain

Author: John S. Davis II

15.1 Introduction

The distributed discrete event (DDE) model of computation incorporates a distributed notion of
time intoa dataflow styleof communication. Time progresses in a DDE model when the actors in the
model execute and communicate. Actors ina DDE model communicate by sending messages through
bounded, FIFO channels. Time in a DDE model is distributed and localized, and the actors of a DDE
model each maintain their own local notion of the current time. Local time information is shared
between two connected actors whenever a communication between said actors occurs. Conversely,
communication between two connected actors can occuronly when constraints on the relative local
time information of the actors are adhered to.

The DDE domain is based on distributed discrete event processing and leverages a wealth of
research devoted to this topic. Several tutorial publications on this topic exist in [18][24][39][60]. The
DDE domain implements a specific variant of distributed discrete event systems (DDES) as
expounded by Chandy and Misra [18]. Whilethe DDEdomainhas similarities with DDES,the distrib
uted discrete event domain serves asa framework for studying DDES with two special emphases. First
we consider DDES from a dataflow perspective; we view DDE asanimplementation of the Kahn data
flow model [41] with distributed time added on top. Second we study DDES not with the goal of
improving execution speed (as has been thecase traditionally). Instead westudy DDES toleamitsuse
fulness in modeling and designing systems that are timed and distributed.

15.2 DDE Semantics

Operationally, the semantics of the DDE domain can be separated into two functionalities. The
first functionality relates to how time advances during thecommunication of dataand how communi
cation proceeds via blocking reads and writes. The second functionality considers how a DDE model
prevents deadlock due to local time dependencies. The technique forpreventing deadlock involves the
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communication of nullmessages that consist solely of local timeinformation.

15.2.1 Enabling Communication: Advancing Time

Communicating Tokens. A DDE model consists of a network of sequential actors that are connected
via unidirectional, bounded, FIFO queues. Tokens are sent from asending actor to a receiving actor by
placing a token inthe appropriate queue where the token isstored until the receiving actor consumes it.
If a process attempts to read a token from a queue that is empty, then the process will block until a
token becomes available on the channel. If a process attempts to write a token to a queue that is fiill,
then the process will block until space becomes available for more tokens in that queue. Note that this
blocking read/write paradigm is equivalent to the operational semantics found in non-timed process
netwoiics (PN) as implemented in Ptolemy n (seethePNDomain chapter).

If all processes in a DDE model simultaneously block, then the model deadlocks.Deadlock that is
due toprocesses that are either waiting toread from an empty queue, readblocks, orwaiting towrite to
a full queue, write blocks, then we say that the model hasexperienced non-timed deadlock. Non-timed
deadlock is equivalent to thenotion of deadlock found in bounded process networks scheduling prob
lems as outlined by Parks [68]. If a non-timed deadlock is due to a model that consists solely of pro
cesses that are read blocked, then we say that a real deadlock has occurred and the model is terminated.
If a non-timed deadlock is due to a model that consists of at least one process that is write blocked,
then the capacity of the full queues are increased untildeadlock no longerexists. Such deadlocks are
called artificial deadlock, and thepolicy of increasing thecapacity of fiill queues was shown by Parks
to guarantee the executionof a model in boundedmemory wheneverpossible.

Communicating Time. Each actor in a DDE model maintains a local notion of time. As tokens are
communicated between actors, time stamps are associated with each token. Whenever an actor con
sumes a token, the actor'scurrenttime is set to be equal to that of the consumed token's time stamp.
The timestamp value applied to outgoing tokens of an actor is equivalent to that actor'soutput time.
Foractors that model a process inwhich there is delay between incoming time stamps and correspond
ing outgoing time stamps, then the output time is always greater than the current time; otherwise, the
outputtimeis equalto thecurrenttime. Wereferto actors of the former caseas delayactors.

For a given queue containing timestamped tokens, the timestamp of the firsttoken currently con
tained by the queue is referred to as the receiver time of the queue. If a queue is empty, its receiver
time is thevalue of thetime stamp associated with thelast token to flow through thequeue, or0.0if no
tokens have traveled through thequeue. Anactor may consume a token from aninput queue given that
the queuehas a token available and the receiver timeof the queueis less than the receiver times of all
other input queues contained by the actor. If the queue with the smallest receiver time is empty, then
the actor blocks until this queue receives a token, at which time the actor considers the updated
receiver time in selecting a queue to read from.

Figure 15.1 shows three actors, each with three input queues. ActorA has two tokens available on
the top queue, no tokens available on the middle queue and one token available on the bottom queue.
The receivertimesof the top, middleand bottom queueare respectively, 17.0,12.0 and 15.0. Since the
queue with the minimum receivertime (the middlequeue) is empty,A must blockon thisqueuebefore
it proceeds. In the case of actorB, the minimum receiver time belongs to the bottom queue. Thus, B
would proceed by consuming the token found on the bottom queue. After consuming this token, B
would then compare all of its receiver times to determine which token it could consume from next.
Actor C is an example of an actor that contains multiple input queues with identical receiver times. To
accommodate this situation, each actor assignsa uniquepriority to each input queue.An actor can con-
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sume a token from a queue if no other queue has a lower receiver time and if all queues that have an
identical receiver timealso havea lowerpriority.

- Each receiver hasa completion time thatis setduring the initialization of a model. Thecompletion
time ofthe receiver specifies the time after which thereceiver will nolonger operate. If the time stamp
of the oldest tokenin a receiverexceeds the completion time, then that receiverwill becomeinactive.

15.2.2 Maintaining Communication: Null Tokens

Deadlocks can occur in a DDE model in a form that differs from the deadlocks described in the
previous section. This alternative form ofdeadlock occurs when anactor read blocks onan input port
eventhough it contains otherports with tokens. The topology of a DDEmodel can leadto deadlock as
read blocked actors wait on each other for time stamped tokens that will never appear. Figure 15.2
illustrates this problem. In this topology, consider a situation in which actor Aonly creates tokens on
its lower output queue. This will lead to tokens being created on actor C's output queue but no tokens
will becreated onB*s output queue (since B has no tokens to consume). Thissituation results in D read
blocking indefinitely on its upper input queue even though it is clear that no tokens will ever flow
through this queue. The result: timed deadlock! The situation shown in figure 15.2 isonly one example
oftimed deadlock. Infact there are two types oftimed dtzAXock: feedforward andfeedback.

Figure 15.2 is an example of feedforward deadlock. Feedforward deadlock occurs when a set of
connected actors are deadlocked such that all actors in the set are read blocked and at least one of the
actors in the set is read blocked on an inputqueue that has a receiver time that is less than the local
clock ofthe input queue's source actor. In the example shown above, the upper input queue ofBhas a
receivertime of 0.0 even though the localclock of A has advanced to 8.0.

Feedback deadlock occurs when a set of cyclically connected actors are deadlocked such that all
actors in the set are read blocked and at least one actor in the set, say actor X, is read blocked on an
input queue that can read tokens which are directly orindirectly a result ofoutput from that same actor
(actor X). Figure 15.3 isan example offeedback timed deadlock. Note that Bcan not produce an output
based on the consumption of the token timestamped at 5.0 because it must wait for a token on the
upper input that depends on the outputof B\

Preventing Feedforward Timed Deadlock. To address feedforward timed deadlock, null tokens are
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employed. A null token provides an actor with a means of communicating time advancement even
though data {real tokens) are not being transmitted. Whenever an actor consumes a token, it places a
null token on each ofits output queues such that the time stamp ofthe null token isequal tothe current
time of the actor. Thus, if actor Aof figure 15.2, produced a token on its lower output queue at time
5.0,it would also produce a null token on itsupper output queue at time 5.0.

If an actor encounters a null token on one of its input queues, then the actor does the following.
First it consumes the tokens ofall other input queues it contains given that the other input queues have
receivertimesthat are less than or equal to the timestampof the null token. Nextthe actor removes the
null token from theinput queue, sets itscurrent time toequal thetime stamp of thenull token andpro
duces a null token onalloutput queues such that theproduced null tokens aretime stamped to thecur
rent time. As an example, if B in figure 15.2 consumes a null token on its inputwith a timestampof
5.0 then it would alsoproduce a null tokenon its outputwitha time stamp of 5.0.

The result of using null tokens is that time information is evenly propagated through a model's
topology. The beauty of null tokens is that they inform actors of inactivity in other components of a
model without requiring centralized dissemination of this information. Given the use of null tokens,
feedforward timeddeadlock is prevented in the execution of DDE models. It is important to recognize
that null tokens areusedsolelyfor the purpose of avoiding deadlocks. Null tokens do not represent any
actual components of the physical system being modeled. Hence, we do not think of a null token as a
real token.Furthermore, the production of a null token that is the direct result of the consumption of a
null token is not consideredcomputationfrom the standpointof the systembeing modeled. The idea of
null tokens was Erst espoused by Chandy and Misra [18].

Preventing Feedback Timed Deadlock. We address feedback timed deadlock as follows. All feedback
loopsare required to havea cumulative time stampincrement that is greater thanzero. In other words,
feedback loopsare required to containdelayactors. Peacock, Wong and Manning [69]have shownthat
a necessary condition for feedback timed deadlock is that a feedback loop must contain no delay
actors. The delay value (delay = output time - current time) of a delay actor must be chosen wisely; it
mustbe less then the smallest delta timeof allotheractors contained in the samefeedback loop. Delta
time is the difference between the time stamps of a token that is consumed by an actor and the corre
sponding token that is produced in direct response. If a system being modeled has characteristics that
prevent a Exed, positive lower bound on delta time from being speciEed, then our approach can not
solve feedback timed deadlock. Such a situation is referred to as a Zeno condition. An application
involving an approximated Zeno condition is discussed in section 15.3 below.

The DDE software architecture provides one delay actor for use in preventing feedback timed
deadlock: FBDelay. We have left out a key operational detailof FBDelay that relates to the process of
initializing execution in a model with a feedback delay. This discussion can be found in section 15.4.3
below.
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15.2.3 Alternative Distributed Discrete Event Methods

The field of distributed discrete event simulation, also referred to as parallel discrete event simula
tion (PDES), has been an active area of research since the late 1970's [18][24][39][60][69]. Recently
there has been a resurgence of activity [5][6][10],This is due in part to the wide availability of distrib
uted frameworks for hostingsimulations and the application of parallel simulation techniques to non-
researchorienteddomains. For example, severalWWWsearch engines are based on networkof work
station technology.

The field of distributed discrete event simulation can be cast into two camps that aredistinguished
by the blocking read approach taken by the actors. One camp was introduced by Chandy and Misra
[18][24] [60][69] and is known as conservative blocking. The second camp was introduced by David
Jefferson through theJet Propulsion Laboratory Time Warp system and is referred to as the optimistic
approach [39][24]. The implementation found in theDDEdomain follows theconservative approach.

15.3 Example DDE Applications

To illustrate distributed discrete event execution, wehave developed an applet thatfeatures a feed
back topology and incorporates polymorphic as well asDDE specific actors. The model, shown infig
ure 15.4, consists of a single source actor(ptolemy/actor/lib/Clock) and an upper and lower branch of
four actors each. The upper and lower branches have identical topologies and are fed an identical
stream of tokens from the Clock source with the exception that in the lower branch ZenoDelay
replaces FBDelay.

As with all feedback topologies in DDE (and DE) models, a positive time delay is necessary in
feedback loops toprevent deadlock. If thetime delay ofa given loop is lower bounded byzero butcan
not be guaranteedto be greater than a fixed positive value, then a Zeno conditionoccurs in which time
will not advance beyond a certain point even though the actors of thefeedback loop continue to exe
cute without deadlocking. ZenoDelay extends FBDelay and is designed so that a Zenocondition will
be encountered. When execution of the model begins, both FBDelay and ZenoDelay are used to feed
back null tokens into Wire so that the model does not deadlock. After local time exceeds a preset
value, ZenoDelay reduces its delay so that the lowerbranch approximates a Zeno condition.

In centralized discrete eventsystems, Zenoconditions prevent progress in theentiremodel. Thisis
true because the feedback cycle experiencing theZeno condition prevents time from advancing in the
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FIGURE15.4. Localized Zenocondition topology.
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entire model. In contrast, distributed discrete event systems localize Zeno conditions as much as is
possiblebasedon the topology of the system. Thus, a Zenocondition can exist in the lowerbranch and
the upper branch will continue its execution unimpeded. Localizing Zeno conditions can be useful in
large scale modeling in which a Zeno condition may not be discovered until a great deal of time has
been invested in execution ofthe model. In such situations, partial data collection may proceed prior to
correction of the delay error that resulted in the Zeno condition.

15.4 Building DDE Applications

To build a DDE application, a DDEDirector must be used. This will ensure that each actor under
control of the director will be allocated DDEReceivers and that each actor will be assigned a Time-
Keeper to manage theactor's local notion of time. The DDE domain is typed so thatactors used in a
model must be derived from ptolemy/actor/TypedAtomicActor. The DDE domain is designed to use
both DDE specific actors as well as polymorphic actors. DDE specific actors can take advantage of
DDEActor and DDEIOPort which are designed to provide convenient support for specifying time in
the production and consumption of tokens.

15.4.1 DDEActor

The DDE model of computation makes one very strong assumption about the execution of an
actor: all input ports of an actor operating in a DDE model must be regularly polled to determine
which input channel has theoldest pending event. Any actor that adheres to this assumption canoper
ate in a DDE model. Thus, many polymorphic actors found in ptolemy/actor/[lib, gui] are suitable for
operation in DDEmodels. For convenience, DDEActor was developed to simplify the construction of
actors that have DDE semantics. DDEActor has three key methods as follows:

getCurrentlimeO. This method returns the actor thread's local notion of time. This method relies on
Java's Thread.currentThreadO returning the thread that is assigned to the actor and hence this method
is intendedfor self-referencing. If actor A calls getCurrentTime() of actorR, then the result will be the
current time of A (not B as one might expect).

getNextToken(). This method polls each input port of an actor and returns the (non-Null) token that
represents the oldest event. This method blocks accordingly as outlined in section 15.2.1 (Communi
cating Time).

getLastPort(). This method returns the input lOPort from which the last (non-Null) token was con
sumed. This method presumes that getNextToken() is beingused for tokenconsumption.

15.4.2 DDEIOPort

DDEIOPort extendsTypedlOPort with parameters for specifying time stamp values of tokens that
are being sent to neighboring actors. Since DDEIOPort extends TypedlOPort, use of DDEIOPorts will
not violate the type resolution process. DDEIOPort is not necessary to facilitate communication
between actors executing in a DDE model; standard TypedlOPorts are sufficient in most communica
tion. DDEIOPorts become useful when the time stamp to be associated with an outgoing token is
greater than the current time of the sending actor. Hence, DDEIOPorts are only useful in conjunction
with delay actors (see "Enabling Communication: Advancing Time" on page 15-2, for a definition of
delay actor). Most polymorphic actors available for Ptolemyn are not delay actors.
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15.4.3 Feedback Topologies

In order to execute feedback topologies that will not deadlock, FBDelay actors must be used.
FBDelayis found in the DDE kernel package. FBDelayactorsdo not performcomputation,but instead
increment the timestampsof tokens that flow through themby a specified delay. The delay valueof an
FBDelay actor must be chosento be less than the delta time of the feedback cycle in whichthe FBDe
layactoris contained. Elaborate delay values can be specified by overriding the getDelayO method in
subclasses of FBDelay. An exampleof such can be found in ptolemy/domains/dde/demo/LocalZeno/
ZenoDelay.java.

A difficulty found in feedback cycles occurs in theinitialization of a model's execution. In figure
15.5we see that even if ActorB is an FBDelay actor, the systemwill deadlock if the first event is cre
ated byA since C will block onanevent from B. To alleviate this problem a special time stamp value
has been reserved: TimeQueuedReceiver.IGNORE. When an actor encounters an event with a time
stamp of IGNORE (an ignore event)^ the actorwill ignore the event and the inputchannel it is associ
ated with. The actorthen considers the other inputchannels in determining the next available event.
After a non-ignore event is encountered and consumed bytheactor, allignore events will becleared. If
all of an actor's input channels contain ignore events, then the actor will clear all ignore events and
then proceedwith normaloperation.

Theinitialize method of FBDelay produces an ignore event. Thus, in figure 15.5, if Bis an FBDe
lay actor, the ignore event it produces will be sent to C's upper input channel allowing C to consume
the first eventof A. The production of null tokens and feedback delays will then be sufficient to con
tinue execution from that point on. Note that the production of an ignore event by a FBDelay actor
serves as a majordistinction between it andall otheractors. Ifa delayisdesiredsimply to represent the
computational delay ofa givenmodel, an FBDelay actor should not be used.

The intricate operation ofignore events requires special consideration when determining the posi
tioning of an FBDelay actor in a feedback topology. An FBDelay actor should be placed so that the
ignore event it produces will be ignored indeference tothe first real event that enters a feedback cycle.
Thus, choosing actor D as anFBDelay actor in figure 15.5 would notbe usefiil given thatthefirst real
event entering the cycle is created by A.

15.5 The DDE Software Architecture

Fora model to have DDE semantics, it must have a DDEDirector controlling it. This ensures that
the receivers in the ports are DDEReceivers. As with all process domains, each actorin a DDE model
is under the control of a ProcessThread, or in the case of DDE, a DDEThread. DDEThreads contain a
TimeKeeper that manages the local notion of time that is associated with the DDEThread's actor.

Actor B

Actor D

Actor A Actor C

FIGURE15.5. Initializing Feedback Topologies

Heterogeneous Concurrent Modelingand Design 15-7



DDE Domain

15.5.1 Local Time Management

The UML diagram ofthe local time management system ofthe DDE domain is shown in figure
15.6 and consists ofTimedQueueReceiver, DDEReceiver, DDEThread and TimeKeeper. Since time is
localized, the DDEDirector does not have a direct role in this process. Note that DDEReceiver is
derived from TimedQueueReceiver. The primary purpose ofTimedQueueReceiver is to keep track of
a receiver's local time information. DDEReceiver adds blocking read/write functionality to Timed
QueueReceiver.

When a DDEDirector is initialized, it instantiates a DDEThread for each actor that the director
manages. DDEThreads are derived from ProcessThreads. FrocessThreads provide functionality that is
common to all of the process domains (e.g., CSP, DDE and PN). The directors ofall process domains
(including DDE) assign a single actor to each ProcessThread. ProcessThreads take responsibility of
their assigned actor's executionby invokingthe iteration methods of the actor. The iteration methods
are prefire(), fireO and postfire(); ProcessThreads also invoke wrapupO onthe actors they control.

DDEThread extends the functionality of ProcessThread. Upon instantiation, a DDEThread creates
a TimeKeeper object and assigns this object tothe actor that it controls. The TimeKeeper gets access to
each of the DDEReceivers that the actor contains. Each of the receivers can access the TimeKeeper

oontreb

1..1

1..1

0..1

0..n
T

contains

».p: W)

FIGURE15.6. Key Classesfor LocallyManaging Time.
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and through the TimeKeeper the receivers can then determine their relative receiver times. With this
information, the receivers are fully equipped to apply the appropriate blocking rules as they get and put
time stamped tokens.

DDEReceivers use a dynamic approach to accessing the DDEThread and TimeKeeper. To ensure
domain polymorphism, actors (DDE or otherwise) do not have static references to the TimeKeeper and
DDEThread that they are controlled by. To ensure simplified mutability support, DDEReceivers do not
have a static reference to TimeKeepers. Access to the local time management facilities is accom
plished via the Java Thread.currentThread() method. Using this method, a DDEReceiver dynamically
accesses the thread responsible for invoking it. Presumably the calling thread is a DDEThread and
appropriate steps are taken if it is not. Once the DDEThread is accessed, the corresponding Time-
Keeper can be accessed as well. The DDE domain uses this approach to great gain in DDERe-
ceiver.put(Token) and DDEReceiver.get().

DDEReceiver.put(Token) is derived from the Receiver interface and is accessible by all actors and
domains. To facilitate local time advancement, DDEReceiver has a second put() method that has a
time argument: DDEReceiver.put(Token, double). This second DDE-specific version of put() is taken
advantage of without extensive code by using Thread.currentThread(). DDEReceiver.put() is shown
below:

public void put (Token token)"* {
Thread thread = Thread.current-

Thread();

double time = getLastTimeO ;
if( thread instanceof DDEThread ) {

TimeKeeper timeKeeper = ((DDETh
read) thread).getTimeKeeper();

time = timeKeeper.getOutputTime();
}

put( token, time )^;
}

DDEReceiver.put(Token) is equivalent to the
put() signature of the ptoIemy/actor/Receiver
interface.

Polymorphic actors need not be aware of
DDE-specific code such as
DDEReceiver.put(Token,double).

Similar uses of Thread.currentThread() are found throughout DDEReceiver and DDEDirector. Note
that whileThread-currentThread() can be quite advantageous, it means that if particularcode is called
by an inappropriate thread, problems mayoccur. Suchan issue makes testingof code difficult.

15.5.2 Detecting Deadlock

The other kernel classesof the DDEdomain are shownin figure 15.7.The purpose of the DDEDi
rector is to detect and (if possible) resolve timed and/or non-timed deadlock of the model it controls.
Whenever a receiver blocks, it informs the director. The director keeps track of the numberof active
processes, and the number of processes that are either blocked on a read or write. Artificial deadlocks
are resolved by increasing the queue capacity of write-blocked receivers.

15.5.3 Ending Execution

Execution of a model ends if either an unresolvable deadlock occurs, the director's completion
timeis exceeded by all of the actors it manages, or early termination is requested (e.g., by a user inter
face button). Thedirector's completion time is set via the public stopTime parameter of DDEDirector.
The completion time is passed on to each DDEReceiver. If a receiver's receiver time exceeds the com-
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pletion time, then the receiver becomes inactive. If all receivers of an actor become inactive and the
actor isnot a source actor, then the actor will end execution and its wrapupO method will be called. In
such a scenario, the actor issaid to have terminated normally.

Early terminations and unresolvable deadlocks share acommon mechanism for ending execution.
Each DDEReceiver has a boolean _tenninate flag. If the flag is set to true, then the receiver will
throw a TerminateProcessException the next time any of its methods are invoked. Termi-
nateProcessExceptions are part ofthe ptoleray/actor/process package and ProcessThreads know
to end an actor's execution if this exception is caught. In the case of unresolvable deadlock, the
.terminate flag of all blocked receivers is set to true. The receivers are then awakened from block
ingandthey each throw theexception.

15.6 Technical Details

15.6.1 Synchronization Hierarchy

Previously we have discussed ingreat detail the notion oftimed and non-timed deadlock. Separate
from these notions isadifferent kind ofdeadlock that can be inherent ina modeling environment if the
environment isnot designed properly. This notion ofdeadlock can occur ifa system isnot thread safe.
Given the extensive use of Java threads throughout Ptolemy II, great care has been taken to ensure
thread safety; we want no bugs to exist that might lead to deadlock based on the structure of the
Ptolemy n modeling environment. Ptolemy n uses monitors to guarantee thread safety. Amonitor is a
method for ensuring mutual exclusion between threads that both have access to a given portion of
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code. To ensure mutual exclusion, threads must acquire a monitor (or lock) in order to access a given
portion of code. While a thread owns a lock, no other threads can access the corresponding code.

There are several objects that serve as locks in Ptolemy II. In the process domains, there are four
primary objects upon which locking occurs: Workspace, ProcessReceiver, ProcessDirector and Atom-
icActor. The danger of having multiple locks is that separate threads can acquire the locks in compet
ing orders and this can lead to deadlock. A simple illustration is shown in figure 15.8. Assume that
both lock A and lock B are necessary to perform a given set of operations and that both thread 1 and
thread 2 want to perform the operations. If thread 1 acquires A and then attempts to acquire B while
thread 2 does the reverse, then deadlock will occur.

There are several ways to avoid the above problem. One technique is to combine locks so that
large sets of operations become atomic. Unfortunately this approach is in direct conflict with the whole
purpose behind multi-threading. As larger and larger sets of operations utilize a single lock, the limit of
the corresponding concurrent program is a sequential program!

Another approach is to adhere to a hierarchy of locks. A hierarchy of locks is an agreed upon order
in which locks are acquired. In the above case, it may be enforced that lock A is always acquired before
lock B. A hierarchy of locks will guarantee thread safety [43].

The process domains have an unenforced hierarchy of locks. It is strongly suggested that users of
Ptolemy II process domains adhere to this suggested locking hierarchy. The hierarchy specifies that
locks be acquired in the following order:

Woriispace > ProcessReceiver > ProcessDirector > AtomicActor

The way to apply this rule is to prevent synchronized code in any of the above objects from making a
call to code that is to the left of Ae object in question.

Thread 1

Thread 2

FIGURE 15.8. Deadlock Due to Unordered Locking.
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Author: Mudit Gael

16.1 Introduction

The processnetworks (PN)domainin Ptolemy II models a systemas a networkof sequential pro
cesses, implemented as Java threads [65], that communicate by passing messages through unidirec
tional first-in-first-out (FIFO) channels. A process blocks when trying to read from an emptychannel
until a message becomesavailable on it. This model of computation is deterministic in the sense that if
the processes are deterministic and communicate only via the channels, then the sequence of values
conununicated on the channels is completely determined by the model.

PN is a natural model for describing signal processing systems where infinite streams of data sam
ples are incrementally transformed by a collectionof processesexecutingin parallel. Embedded signal
processing systems are typically designed to operate indefinitely with limited resources. Thus, we
want to execute process network programs forever with bounded buffering on the communication
channels whenever possible.

PN can also be used to model the concurrency in the various hardware components of an embed
ded system. The original process networks model ofcomputation can model the ^nctional behavior of
these systems and test them for their functional correcmess,but it cannot directly model their real-time
behavior. To address this, the PN domain extends the model by introducing a notion of time.

In addition, some systems might display adaptive behavior like migrating code, agents, and arriv
als and departures of processes. For this, we provide a mutation mechanism that supports addition,
deletion, and changing of processes and channels. With untimed PN, this mightdisplaynon-determin
ism, while with timed-PN, it becomes deterministic.

The PN modelof computation a supersetof the synchronous dataflow modelof computation (see
the SDF Domain chapter). Thus any SDF actorcan be used in the PN domain. Similarly any domain-
polymorphicactor can be used in the PN domain. A separateprocess is created for each of these actors.

The software architecture for PN is described in section 16.3 and the finer technical details are

explained in section 16.4.
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16.2 Process Network Semantics

16.2.1 Asynchronous Communication

Kahn and MacQueen [40][41] describe a model of computation where processes are connected by
communication channels to form a network. Processes produce data elements or tokens and send them
along a unidirectional communication channelwhere they are storedin a FIFO queue until the destina
tion process consumes them. This is a form of asynchronouscommunication between processes.Com
munication channels are the only method processes may use to exchange information. A set of
processes that communicate through a network of FIFO queues defines a program.

Kahn and MacQueen require that execution of a process be suspended when it attempts to get data
from an empty input channel (blocking reads). A process may not poll the channel for presence or
absence of data. At any given point, a process is either doing some computation (enabled) or it is
blocked waiting for data (read blocked) on exactly one of its input channels; it cannot wait for data
from more than one channel simultaneously. Systemsthat obey this modelare determinate; the history
of tokens producedon the communication channelsdoes not dependon the executionorder.Therefore,
the results produced by executing a program are not affected by the scheduling of the various pro
cesses.

In case all the processes in a model are blocked while trying to read from some channel, then we
havea real deadlock. In sucha case,noneof the processes can do anything further. The determinacy of
the program also guarantees that a real deadlock is a program stateanddoes not depend on the sched
ule of the various processes in the model.

16.2.2 Bounded Memory Execution

The high level of concurrency in process networks makes it an ideal match for embedded system
software and for modeling hardware implementations. But the Kahn-MacQueen semantics do not
guarantee bounded memory execution of process networks even if it is possiblefor the application to
execute in bounded memory. Most real-time embedded applications and hardware processes are
intended to run indefinitely with a limited amount of memory. Thus bounded memory execution of
process networks becomes crucial for its usefulness for hardware and embedded software.

Parks [68] addresses thisaspect of process networks and provides an algorithm to make a process
network application execute in bounded memory whenever possible. He provides an implementation
of the Kahn-MacQueen semantics using blocking writes that assigns a fixed capacity to each FIFO
channel and forces processes to block temporarily if a channel is full. To avoid introducing deadlock,
these capacities are increased if absolutely necessary. A process may not poll the channel for room.
Thus a process has three states now: running (executing), read blocked, or write blocked.

Deadlocks can now occur when all processes are blocked either on a read or on a write to a chan
nel. In case all the processes in a model are blockedwith at least one process blocked on a write, then
we have an artificial deadlock. On detection of an artificial deadlock. Parks chooses the channel with
the smallest capacity among the channels on which processes are blocked on a write and increases its
capacity to break the deadlock.

16.2.3 Time

The process networksmodelof computation lacks a notion of time. In some real time systemsand
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embedded applications, the real time behavior of a system is as important as the functional correctness.
Developers can use process networks test applications for functional correctness and use some other
timed model of computation, such as DE, for testing their timing behavior. Introducing a notion of
time to the process networks model of computation is therefore a natural extension of PN. This is done
in the PN domain in Ptolemy H.

In the PN domain, time is global. That is, all processes in a model share the same time, referred to
as the current time or model time. A process can explicitly wait for time to advance. It can choose to
delay itself for some period from the current time. When a process delays itself for some length of time
from the current time, it is suspended until time has sufficiently advanced, at which stage it wakes up
and continues. If the process delays itself for zero time, this will have no effect and the process will
continue executing.

For a process, time cannot change during its normal execution (i.e. when the process is enabled).
Time for a process may advance in only one of the two states:

1. The process is delayed and is explicitly waiting for time to advance {delay block).

2. The process is waiting for data to arrive on one of its input channels {read block).

Time is advanced when all the processes are blocked on either a delay or on a read from a channel
with at least one process delayed. This state of the program is called a timed deadlock. In case of a
timed deadlock, the current time is advanced just enough to wake up at least one process.

A process can be aware of the global time, but it cannot influence the current time except by delay
ing itself. This model of time is influenced by Pamela [27], a run time library that is used to model par
allel programs.

16.2.4 Mutations

The PN domain tolerates mutations, which are run-time changes in the model structure. Normally,
mutations are realized as change requests queued with the director or manager. In case of timed PN,
requests for mutations are not processed until there is a timed deadlock. Because occurrence of a timed
deadlock is determinate, mutations in timed PN are determinate.

In case of untimed PN, there is no determinate point where mutations can occur. The only determi
nate point in case of untimed PN is a read deadlock. Performing mutations at this point is unlikely to
be useful because a real deadlock might never occur. A model with even one non-terminating source
never experiences a real deadlock. Thus in case of untimed PN, mutations are performed as soon as
they are requested (if they are queued with the director) and when real deadlock occurs (if they are
queued with the manager). Since different schedules will result in different states of the model when
mutations are performed, the former introduces non-determinism in untimed PN. The details of imple
mentations are presented later in section 16.3.

16.3 The PN Software Architecture

16.3.1 PN Domain

Ptolemy 11 is modular and is divided into packages, each of which provide separate functionalities.
The abstract syntax is separated from the mechanisms that attach semantics. In PN, the package that
attaches the process networks semantics is the ptolemy.domains.pn.kemel. A UML static structure dia-
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gram is shownin figure 16.1 (see appendix A of chapter1).This sectiondiscusses the implementation
in details.

16.3.2 The Execution Sequence

Director.

In process networks, each node of thegraph is a separate process. In thePNdomain inPtolemy II,
this is achieved by lettingeachactorhave its ownseparate threadof execution. Thesethreads are based
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FIGURE 16.1. UML diagram for classes and methodsrelated to the PN domain.
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on the native Java threads [65][43] and are instances ofptolemy.actors. ProcessThread.

BasePNDirector;

- This is the base class for the directors that govern the execution of a CompositeActor with Kahn
process networks (PN) semantics. This base class attaches the Kahn-MacQueen process networks
semantics to a composite actor. This director does not support mutations or a notion of model time.
This provides a mechanism to perform blocking reads and bounded memory execution (using blocking
writes) whenever possible. Thus it is capable of handling real and artificial deadlocks.

The first step in the execution is the call to the initialize() method of the director. This method cre
ates the receivers in the input ports of the actors for all the channels and creates a thread for each actor.
It initializes all the actors in the graph. It also sets the count of active actors in the model, which is
required for detection of deadlocks and termination, to the number of actors in the composite actor.

The next stage is the iterations. It starts with a call to the prefire() method of the director. This
method starts all the threads that were created for the actors in the initialize() method of the director. In
PN, this method always returns true.

The fireO method of the director is called next. In PN, the fire() method is responsible for handling
deadlocks. This director resolves artificial deadlocks as soon as they arise according to Parks's algo
rithm as explained in section 16.2.2. On detection of a real deadlock, the method returns.

The last stage of the iteration cycle of the director is the call to the postfire() method. This method
returns false if the composite actor containing the director has no input ports. Otherwise it returns true.
Returning true implies that if some new data is provided to the composite actor on the input ports, then
the execution can resume. If it returns false, then this composite actor will not be fired again. In such a
case the executive director or the manager will call the wrapupO method of the top-level composite
actor.This in turn calls the wrapupO method of the director.The director then terminates the execution
of the composite actor. Details of termination are discussed in section 16.3.4.

FNDirector:

PNDirector is the same as BasePNDirector with one additional functionality. This director sup
ports mutations of a graph. The mutations are processed as soon as they are requested. The point at
which the mutations are processed depends on the schedule of the threads in the model. Thus these
mutations might introduce non-determinism to the model.

TimedPNDirector:

TimedPNDirector has two functionalities that distinguishes it from BasePNDirector. It introduces
a notion of global time to the model and it allows deterministic mutations. Mutations are performed at
the earliest timed-deadlock that occurs after they are queued. Since occurrence of timed-deadlock is
completely deterministic, performingmutations at this point in the model makes mutations determinis
tic.

Execution ofActors. As mentioned earlier, a separate thread is responsible for the execution of each
actor in PN. This thread is started in the prefireO method of the director. After starting, this thread
repeatedly calls the prefire(), fire(), and postfire() methods of the actor. This sequence continues until
the postfireO or the prefire() method returns false. The only way for an actor to terminate gracefully in
PN is by returning from the fire() method and returning false in the postfire() or prefire() method of the
actor. If an actor tinishes execution as above, then the thread calls the wrapupO method of the actor.
Once this method returns, the thread informs the director about the termination of this actor and fin
ishes its own execution. This actor is not fired again unless the director creates and starts a new thread
for the actor. Also, if an actor returns false in its prefire() method, the first time it is called, the actor
would never be fired in PN.
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Message Passing.

Recall that in Ptolemy E, data transfer between entities is achieved using ports and the receivers
embedded in the input ports. Each receiver in an input port is capable of receiving messages from a
distinct channel.

An actor calls the send() or broadcast() method on its output port to transmit a token to a remote
actor. Theport obtains a reference to a remote receiver (via the relation connecting them) andcalls the
put() method of the receiver, passing it the token. The destination actor retrieves the token by calling
theget() method of its inputport, which in turn calls theget() method of thedesignated receiver.

Both the get() and send() methods of the port take an integerindex as an argument which the actor
uses to distinguish between the different channels its port is connected to. This index specifies the
channel to which the data is being sent to or being received from. If the ports are connected to a single
channel, then the index is 0. Butif theport is connected to more than one channel (a multiport), say N
channels, then the index ranges from 0 toN-1. The broadcast() method of the port does not require an
index as it transmits the token to all the channels it is connected to.

In thePN domain, these receivers are instances of ptolemy.domains.pn.kemel.PNQueueReceiver.
These receivers have a FIFO queue in them toprovide the functionality ofa FIFO channel ina process
networics graph. In addition to this, these receivers are also responsible for implementing the blocking
reads andblocking writes. They handle this using the get() and theput() methods. These methods are
as shown in figures 16.2,16.3.

public Token get() {
lOPort port = getContainer();
Workspace workspace = port.workspaceO;
Actor actor = {Actor)port.getContainer();
PNDirector director = (PNDirector)actor.getDirector();
Token result = null;
synchronized (this) {

while (!_terminate && !super.hasToken()) {
director._readBlock();
_readpending = true;
while (_readpending && ".terminate) {

workspace.wait(this);
}

)

if (.terminate) {
throw new TerminateProcessException("");

} else {

result = super.get();
if (.writepending) {

director..writeUnblock(this);
.writepending = false;
notifyAllO; //Wake up threads waiting on a write;

}

}
while (.pause) {

director.increasePausedCount();
workspace.wait(this);

)
return result;

FIGURE 16.2. get() method of PNQueueReceiver.
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The get() method checks if the FIFO queue has any tokens. If not, then it increases the count,
tracking the number of actors blocked on a read in the director and sets its _readpending flag to true.
Then the calling thread is suspended until some actor puts a token in the FIFO queue and sets the
_readpending flag of this receiver to false. (This is done in the put() method as described later.) On
resuming, it reads and removes the first token from the FIFO queue. In case some process is blocked
on a write to this receiver (the FIFO queue is full to capacity), it unblocks that process, notifies it, and
returns. This method also handles the termination of the simulation as is explained later in section
16.3.4.

The put() method of the receiver is responsible for implementing the blocking writes. This method
checks whether the FIFO queue is full to capacity. If it is, then it sets its _writepending flag to true and
informs the director that a process is blocked on a write. Then it suspends the calling process until
someone wakes it up after setting the _writepending flag to false. After this, it puts the token into the
FIFO queue and checks if some process is blocked on a read from this receiver. If a process is blocked
on a read, it unblocks it and informs it that a new token is now available for it to read. Then the method
returns.

16.3.3 Detecting deadlocks:

The mechanism for detecting deadlocks in the Ptolemy II implementation of PN is based on the
mechanism suggested in [42]. This mechanism requires keeping count of the number of threads cur
rently active, paused, and blocked in the simulation. The number of threads that are currently active in
the graph is set by a c£dl to the _increaseActiveCount() of the director. This method is called whenever
a new thread corresponding to an actor is created in the simulation. The corresponding method for
decreasing the count of active actors (on termination of a process) is _decreaseActiveCount() in the
director.

Whenever an actor blocks on a read from a channel, the count of actors blocked on a read is incre-

public void put(Token token) {
lOPort port = getContainerO;
Workspace workspace = port.workspaceO;
Actor actor = (Actor)port.getContainer();
PNDirector director = (PNDirector)actor.getDirector()
synchronized(this) {

if (!super.hasRoom()) (
_writepending = true;
director._writeBlock(this);
while(_writepending) (

workspace.wait(this);

}

}
super.put(token);
if (_readpending) (

director._readUnblock() ;
_readpending = false;
notifyAllO ;

}
while (_pause) (

director.increasePausedCount();
wor]cspace.wait (this) ;

)

>

}

FIGURE 16.3. put () method of PNQueueReceiver
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mented by calling the _informOfReadBlock() method in director. Similarly, the number of actors
blocked on a write is incremented by a call to the _informOfWriteBlock() method of the director. The
corresponding methods for decreasing the count of the actors blocked on a read or a write are
_informOfReadUnblock() and _informOfWriteUnblock(), respectively. These methods are called
from the instances of the PNQueueReceiver class when an actor tries to read from or write to a chan
nel. Similarly, when a process queues a mutation, it informs the director by a call to the
_informOfMutationBlock().

Every time an actor blocks, the director checks for a deadlock. If the total number of actors
blocked or paused equals the total number of actors active in the simulation, a deadlock is detected. On
detection of a deadlock, if one or more actors are blocked on a write, then this is an artificial deadlock.
The channel with the smallest capacity among all the channels with actors blockedon a write is chosen
andits capacity is incremented by 1. Thisimplements thebounded memory execution as suggested by
[68]. If a real deadlock is detected at the top-level composite actor, then the manager terminates the
simulation.

16.3.4 Terminating the model:

A simulation can be ended (on detection of a real deadlock) by calling the wrapupO method on
either the toplevel composite actor or the corresponding director. This method is normally called by
the manager on the top-level composite actor. In PN, this method traverses thetopology of the graph
andcalls the setFinish() method of the receivers in the inputportsof all the actors. Sincethismethod is
called only when a real deadlock is detected, one can be sure that all the active actors in the simulation
are currently blocked on a read from a channel and are waiting in the call to the get() method of a
receiver. This fact is usedto wrapup the simulation. The setFinish() method of the receiversets the ter
mination flag to true, and wakes up all the threads currently waiting in the get() method of the
receiver(Figure 16.4). This is implemented using the wait() - notifyAll() mechanism of Java [65][43].
Once these threads wake up, they see that the termination flag is set. This results in the get() method of
the receivers throwing a TerminateProcessException (a runtime exception in Ptolemy 11). This excep
tion is never caught in any of the actor methods and is eventually caught by the process thread. The
thread catches this runtime exception, calls the wrapupO method of theactorandfinishes itsexecution.
Eventually afterall threads catch this exception and finish executing, thesimulation ends.

16.3.5 Mutations of a Graph

The PN domain inPtolemy II allow graphs to mutate during execution. This implies that old pro
cesses orchannels can disappear from thegraph andnew processes and channels canbecreated during
the simulation.

Though other domains, like SDF, also support mutations in their graphs, there is a big difference
between the two. In domains like SDF, mutations can occur only between iterations. This keeps the
simulation determinate aschanges to the topology occur only ata fixed point in the execution cycle. In
PN, theexecution ofa graph is not centralized, and hence, thenotion ofan iteration is quite difficult to
define. Thus, inPN, we letmutations happen as soon as they are requested, if they are queued with the

public synchronized void setFinishO {
.terminate = true;
notifyAllO ;

}

FIGURE 16.4. setFinishO method of PNQueueReceiver
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director rather than the manager. This is the behavior of PNDirector. (TimedPNDirector performs
mutations onlywhen there is a timed-deadlock. Mutations in thisform aredeterministic.) The pointin
the execution where mutations occurwould normally depend on the schedule of the underlying Java
threads. Undercertain conditions where the application can guarantee a fixed point in the execution
cycle for mutations, or where the mutationsare localized, they can still be determined.

In case of TimedPNDirector, all mutations are deterministic as request to performmutations is not
processed unless there is a timed deadlock. Since occurrence of a timed deadlock does not depend on
the schedule of the underlying threads, the mutations are completelydeterministic.

An actor can request a mutation by creating an instance of a class derived from ptolemy.ker-
nel.event.ChangeRequest. It should override the method execute() and include the commands that it
wants to use to perform mutations in this method.

16.4 Technical Details

There are two main issues that a developer should be aware of while extending PN. The first one is
to get the mutual exclusion right and the second is to avoid undetected deadlocks.

16.4.1 Mutual Exclusion using Monitors

In PN, threads interact in variousways for messagepassing, deadlockdetection,etc. This requires
various threads to access the same data structures. Concurrency can easily lead to inconsistent states as
threads could access a data structure while it is being modified by some other thread. This can result in
race conditions and undesired deadlock [4]. For this, Java provides a low-level mechanism called a
monitor to enforce mutual exclusion. Monitors are invoked in Java using the synchronized keyword. A
block of code can be synchronized on a monitor lock as follows:

synchronized (obj) {
... //Part of code that requires exclusive lock on obj.

}

This implies that if a thread wants to access the synchronized part of the code, then it has to grab
an exclusive lock on the monitor object, obj. Also while this thread has a lock on the monitor, no
thread can access any code that is synchronized on the same monitor.

There are many actions (like mutations) that could affect the consistencyof more than one object,
such as the director and receivers. Java does not provide a mechanismto acquire multiple locks simul
taneously. Acquiring locks sequentially is not good enough as this could lead to deadlocks. For exam
ple, considera thread trying to acquire locks on objects a and b in that order. Another thread might try
to obtain locks on the same objects in the opposite order.The first thread acquires a lock on a and stalls
to acquire a lock on by while the second thread acquires a lock on b and waits to grab a lock on a. Both
threads stall indefinitely and the application is deadlocked.

The main problem in the above example is that different threads try to acquire locks in conflicting
orders.One possible solution to this is to define an order or hierarchy of locksand requireall threads to
grab the locks in the same top-down order [43]. In the above example, we could force all the threads to
acquirelocksin a strictorder,saya followed by b. If all the code thatrequires synchronization respects
this order, then this strategy can work with some additional constraints, like making the order on locks
immutable. Although this strategy can work, this might not be very efficient and can make the code a
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lot less readable. Also Java does not permit an easy and straightforward way ofimplementing this.
We follow a similar but easier strategy in the PN domain of Ptolemy 11. We define a three level

strict hierarchy of locks with the lowest level being the director, the middle level being the various
receivers and the highest level being the workspace. The rule that all threads have to respect after
acquiring their first lock is to never try acquiring a lock at a higher or at the same level as their first
lock. Specifically, ablock ofcode synchronized on the director should not try toaccess a block ofcode
that requires a lock on either the workspace orany ofthe receivers. Also, ablock ofcode synchronized
on a receiver should not try tocall a block ofcode synchronized on either the workspace orany other
receiver.

Some discussion about these locks inPNis presented in the following section.

16.4.2 Hierarchy of Locks

The highest level in the hierarchy of locks is the Workspace which is a class defined specifically
for this purpose. This level ofsynchronization though isquite different from the other two forms. This
synchronization is modeled explicitly in Ptolemy n and is another layer of abstraction based on the
Javasynchronization mechanism. Theprinciple behind thismechanism is that if a thread wants to read
the topology, then itwants to read itonly in aconsistent state. Also ifa thread is modifying the topol
ogy, then no other thread should try to read the topology as it might be in an inconsistent state. To
enforce this, we use areader-writer mechanism to access the workspace (see the Kernel chapter). Any
thread that wants to read the topology but does not modify it, requests a read access on the workspace.
If the thread already has a read orwrite access on the workspace, it gets another read access immedi
ately. Otherwise ifno thread is currently modifying the topology, and no thread has requested a write
access on the workspace, the thread gets the read access tothe workspace. If the thread cannot get the
read access currently, it stalls until it gets it. Similarly, ifa thread requests a write access on the work
space, itstalls until all other threads give up their read and write access to the workspace. Thus though
a thread does not have an exclusive lock on the workspace, the above mechanism provides a mutual
exclusion between the activities ofreading the topology and modifying the topology. This way ofsyn
chronizing on the workspace is distinctly different from possessing an exclusive lock on the work
space.

Once a thread has a read or write access on the workspace, it can call methods or blocks of code
thatare synchronized on a single receiver or thedirector. The receivers form thenextlevel in thehier
archy of locks. These receivers are once again accessed by different threads (the reader and the writer
tothe queue) and need tobe synchronized. For example, awriter thread might try towrite toa receiver
while another token is being read from it. This could leave the receiver in an inconsistent state. The
state ofa receiver might include information about the number oftokens in the queue, the information
about any process blocked ona read ora write to thereceiver andsome other information. These meth
ods orblocks ofcode accessing and modifying the state ofthe receivers, are forced to get an exclusive
lock on the receiver. These blocks might call methods that require a lock on the director, but do not call
methods that requirea lockon any other receiver.

Thelower most lock in thehierarchy is thePNDirector object. There are some internal state vari
ables, such as the number ofprocesses blocked on a read, that are accessed and modified by different
threads. For this, the code that modifies any internal statevariable should not let more thanone thread
access these variables at the same time. Since access to these variables is limited to the methods in
director, the blocks of code modifying these state variables obtain an exclusive lock on the director
itself. These blocks should not try to access any block ofcode that requires an exclusive lock on the
receivers or requires a read or a write access ontheworkspace.
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16.4.3 Undetected Deadlocks

Undetected deadlocks should be avoided while extending the PN domain in Ptolemy 11. We dis
cuss a significant but subtle issue that a developer should be aware of when trying to extend the PN
domain. This concerns the release of locks from a suspendedthread.

In Java, when a thread with an exclusive lockon multiple objects suspends by calling wait () on
an object, it releases the lock only on that object and does not release other locks. For example, con
sider a thread that holds a lock on two objects, say a and b. It calls wait () on ^ and releases the lock
on b alone. If another thread requires a lock ona to perform whatever action the first thread is waiting
for, then deadlockwill ensue. That threadcannot get a lock on a until the first thread releases its exclu
sive lockon a, and the first thread cannot continue until the second thread gets the lockon a from the
first and performs whatever action it is waiting for.

This sort of scenario is currently avoidedin PN, by followingsome simple rules. The first of them
being that a method or block synchronized on the directornevercalls wait()on any object. Thus oncea
thread grabs a lock on director, it is guaranteed to release it. The second is that a block of code with an
exclusive lock on a receiver does not call the wait() method on the workspace. (Note that the code
should never synchronize directly on the workspace object and should always use the read and write
access mechanism.) The third rule is that a threadshouldgive up all the read permissions on the work
space before calling the wait() method on the receiver object. Note that in case of workspace, we
require this because of the explicit modeling of mutual exclusion between the read and write activities
on the workspace. If a thread does not release the read permissions on the workspace and suspends,
while the second thread requires a write access on the workspace to perform the action that the first
thread is waiting for, a deadlock results. Also to be in a consistent state with respect to the number of
read accesses on the workspace, the threadshould regain those read accesses after returning from the
call to the wait() method. For this a wait(Object obj) method is provided in the class Workspace that
releases all the read accesses to the workspace, calls wait() on the argument obj, and regains all the
read accesses on waking up.

The above rules guarantee that a deadlock does not occur in the PN domain because of contention
for various locks.
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Glossary

abstract syntax A conceptual data organization, cf. concrete syntax.
action methods The methods initializeQ, prefire(), fire(), postfire(), and wrapupO in

the Executable interface.

actor An executable entity. Ibis was called a block in Ptolemy Classic.

anytype The Ptolemy Classic name for undeclared type.

applet A Java program that is downloaded from a web server by a browser
and executed in the client's computer (usually within a plug-in for the
browser). An applet has restricted access to local resources for secu
rity reasons.

application A Java program that is executed as an ordinary program on a host
computer. Unlike an applet, an application can have full access to
local resources such as the tile system.

atomic actor A primitive actor. That is, one that is not a composite actor. This was
called a star in Ptolemy Classic.

attribute A named property associated with a named object in Ptolemy 11.
block The Ptolemy Classic name for an actor.
browser A program that renders HTML and accesses the worldwide web using

the HTTP protocol.

channel A path from an output port to an input port (via relations) that can
transport a single stream of tokens.

clustered graph A graph with hierarchy. Ptolemy n topologies are clustered graphs.
code generation Translation of a model into efficient, standalone software for execu

tion autonomously from the design environment. Code generation was
a major emphasis of Ptolemy Classic.

composite actor An actor that is internally composed of other actors and relations. This
was called a galaxy in Ptolemy Classic.

concrete syntax A persistent representation of a data organization, cf. abstract syntax.

connection A path from one port to another via relations and possibly transparent
ports. A connection consists of one or more relations and two or more
links.

container An object that logically owns another. A Ptolemy II object can have at
most one container.

dangling relation A relation with only input ports or only output ports linked to it.
data polymorphism Ability to operate with more than one token type.
deep traversals Traversals of a clustered graph that see through transparent cluster

boundaries (transparent composite entities and ports).
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disconnected port A port with no relation linked to it.
director An object that controls the execution of a modelor an opaquecom

posite entity according to some model ofcomputation.
domain An implementation of a modelof computation in Ptolemy n and

Ptolemy Classic.

domain polymorphism Ability to operate undermorethan onemodel of computation.
entity A node in a Ptolemy n clusteredgraph.
execution One invocationof initializeQ, followed by any number of iterations^

followed by one invocation of wrapup().
executive director Fromthe perspectiveof an actor insidean opaquecompositeactor, the

director of the container of the opaque composite actor.
galaxy The Ptolemy Classic name for a compositeactor.
immutable property A property of an object that is set up when the object is constructed

and that cannot be changed during die lifetime of the object.
iteration One invocation of prefireQ, followed by any numberof invocations of

fireQ, followed by one invocation of postfire().
link An association between a port and a relation.
manager The top-level controller for the execution of a model.

model A complete Ptolemy n application. This was called a universe in
Ptolemy Classic.

model of computation The rules that govern the interaction, communication, and control
flow of a set of components.

multiport A port that can send or receive tokens over more than one channel.
opaque For a composite entity or a port, an attribute that indicates that the

inside should not be visible from the outside. That is, deep traversals
of the topology do not see through an opaque boundary,

opaque composite actor... A composite actor witha localdirector. Such an actor appears to the
outside domain to be atomic, but internally is composed of an inter
connection of other actors. This was called a wormhole in Ptolemy
Classic.

package A collection of classes thatforms a logical unitand occupies one
directory in the source code tree.

parameter An attribute with a value. This was called a state in Ptolemy Classic.
particle The Ptolemy Classic name for a token.
port A named interface of an entity to which connections be made.

Ptolemy Classic A C++ software system for construction of concurrent models and
implementation through code generation.

Ptolemy 11 A Java software system for construction and execution of concurrent
models.

Ptolemy Project A researchproject at Berkeley that investigates modeling,simulation,
and design of concurrent, networked, embedded systems.

relation An object representing an interconnection between entities.
resolved type A type for a port that is consistent with the type constraints of the
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actor and any port it is connected to. It is the result of type resolution.
servlet AJava program that is executed ona web server and that produces

results viewed remotely on a web browser.
star The Ptolemy Classic name for an atomic actor.
state The Ptolemy Classic name for a parameter.
subpackage Apackage that is logically related toa parent package and occupies a

subdirectorywithin the parent package in the source code tree,
token Aunit ofdata that is communicated byactors. This was called aparti

cle in Ptolemy Classic.
topology Thestructure of interconnections between entities (viarelations) in a

Ptolemy IT model. See clustered graph.
transparent Foranentity or port, notopaque. Thatis, deep traversals of the topol

ogy pass right through its boundaries,
transparent composite actor

A composite actor with no local director.

transparent port The port of a transparent composite entity. Deep traversals of the
topology see right through such a port.

type constraints Thedeclared constraints on the token types thatan actorcan work
with.

type resolution Theprocess of reconciling type constraints prior to running a model.
undeclared type Capable ofworking with any type oftoken. This was calleda/iyryp^ in

Ptolemy Classic.
universe The Ptolemy Classicnamefor a model.
width of a port The sum of the widths of the relations linked to it, or zero if there are

none.

width of a relation Thenumber of channels supported by the relation.
wormhole ThePtolemy Classic name for anopaque composite actor.
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