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ABSTRACT

This report discusses the application of tactile sensing to tactile object
recognition. Previous work in the literature is reviewed, and an implemen
tation of an object recognition scheme for polyhedra is presented. The
scheme is model based and utilizes sparse modeling data to generate con
straints for possible matchings. The recognition algorithm uses template
matching to match measured data readings from a tactile pad to possible
contact patterns generated from the object models. Test results are
reported to demonstrate the performance of the recognition scheme.
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1. Introduction

Robots are used for avariety of tasks in industry today. Typical examples

are spot welding, spray painting, assembly, and hazardous element handling. Usu
ally, the robots are preprogrammed to perform denned tasks in a structured
environment. Because of their controlled surroundings, the robots are able to per

form wellwith very primitive sensing capabilities.

Although acontrolled environment allows the robot to perform satisfactorily
with few sensors, it is costly and limiting. As applications for robots increase, and
robots become more adept at their tasks, so will the need for robots to be capable
of adapting to their environment Future intelligent robots will need adynamic
understanding of their environment. They will need to employ intelligent sensors

to improve their senses.

Modern robots sense their environment primarily in two ways, through vision

and touch. These complementary senses are used in many robotic tasks. Vision
systems have found applications in object recognition, obstacle avoidance, and
proximity sensing. Touch is necessary when contact with an object must be made.
Typical applications of tactile sensors include locating and identifying objects and

grasping.

This paper reports on Ihe development of an intelligent sensor - atwo-
dimensional tactile recognition scheme for polyhedra. The scheme is model based;
it seeks to match ameasured footprint of an object, obtained by atactile pad meas
urement, with all possible footprints generated using models of aset of known

objects.

The outline of this paper is as follows. Chapter 2 surveys the literature on

tactile object recognition and template matching. Chapter 3 describes the



developed model based recognition scheme. Chapter 4makes recommendations for

future work.



2. Tactile Object Recognition

Tactile information has many applications. A two-dimensional pad can be

used in assembly tasks where the contact pattern of apart can be used to recognize

it and determine its orientation. Three or more tactile sensors can be used for

recognition and grasping applications.

Tactile object recognition involves identifying an object from aset of known

objects using tactile information. Two-dimensional tactile information is obtained
by using amatrix sensor, such as atactile pad. It is useful for obtaining acontact
distribution, or footprint, of the object. Three^imensional information is obtained

by using multiple tactile sensors. It is useful for obtaining relative positional data.

Although the recognition scheme discussed to Chapter 3is two-dimensional,
much work has been done using three-dimensional tactile information. This

chapter will describe some of these methods as well as atwo-dimensional method
and two-dimensional template matching schemes.

2.1. Approaches toTactile Object Recognition

There are basically two types of tactile recognition schemes - statistical

schemes and model based schemes. Statistical pattern recognition seeks to compare

measured statistics of an object with Its reference statistics and classify an object
from one of many specified classes into aspecific class. Acommon measurement

device used is an articulated hand grasping the object.

Statistical recognition schemes utilize discriminant functions. Adiscriminant

function is areal valued function d(x). x €R". where n is the number of meas

ured properties, which assigns avalue to ameasurement x. Given mspecified
object classes, the objective of the recognition scheme is to derive mdiscriminant



functions such that for any measurement, x, from class t. d,Cx) >d,ix). J+t,

1 <; <m.

The discriminant functions are usually learned by using some training pattern
of measurements. Typically, the functions are represented as polynomials, and
their coefficients are determined by using measurements corresponding to known
classes. The process is called supervised learning if the classes of the measurement
vectors of the training pattern are known and unsupervised learning if they are not

known.

One method, developed by Okada and Tsuchiya 111. involves recognizing the
size and the three-dimensional pattern of an object using sensors placed on multi-
jointed fingers grasping the object. The recognition scheme involves two stages.
The first stage classifies the objects based on the distribution pattern of the sensors.
The second stage uses the finger's joint angles to distinguish the different
classifications. The recognition is obtained by evaluating several discriminating
functions provided for each contact pattern. Both linear and quadratic functions

were computed.

Asecond method, developed by Briot et. al. [2]. classifies an object, picked
randomly from one of three classes, into the most probable class. The probability
density used to make this classification is initially unknown, but is estimated using
measurements of joint angles of the hand grasping the object. The initial distribu
tion of the observations is modified by asupervised learning procedure if the

classification is incorrect.

Since these statistical methods try to classify an object into aspecific class,
they allow general object types. However, this generality tends to restrict the
classifications, so that these methods only differentiate between asmall number of

[



simple object classes. Further references are contained in [3] and [4].
Model based pattern recognition, on the other hand, restricts the object types

so that amore specific classification can be made. These recognition schemes seekto
compare measured data values to those of acomplete model. Successive measure
ments create apartial model of the object which is compared to the complete
model. Most methods use the relative positional information obtained from many
small tactile sensors as their data. Other methods use contact patterns distribu
tions obtained from fewer, but larger sensors.

One group of model based recognition schemes, called feature extraction
schemes, utilizes contact patterns to detect global features of the objects for recog
nition. The measurements of amatrix sensor are used to observe identifying
features of an object, such as holes, edges, corner,, and distinguishing marks. The
features are then compared to acomplete model for r«ognition. Problems can
occur, however, in relating successive measurements and when the feature size is
greater than the size of the sensor.

Another g«>up of model based schemes uses relative positional information.
Gaston and Lozano-Perez [3] proposed atwcxUmensional method for recognizing
^lyhedxa in the plane which utilizes local information obtained fn>m three or
more sensors. Bach sensor is assumed to provide the position of contact and a
range of surface normals at the contact point. The recognition scheme consists of
successively pruning the levels of an Interpretation tree.

The interpretation tree for asingle object represents the possible pairings of
contact points of the data to edges of the model. The tools used to prune incon
sistent intentions are adistant constrain, an angle constrain, and amodel
strain, The distant constraint ensures that the distance between each pair of



contact points is apossible distance between corresponding paired edges of the
model. The angle constraint ensures that the range of angles between measured
surface normals for each pair of contact points includes the angle between surface
normals of the corresponding paired edges of the model. It also checks if the
approach angle of the sensor is possible. The model constreint ensures that the
position of the measured contact points correspond to some point on their
corresponding edges for some configuration of the model. Thus, acomplete model
for this scheme includes atable of distance ranges between pairs of edges and a
table of angles between surface normals for each pair of edges.

2.2. Approaches toTemplate Matching

The template matching, or point set matching, problem has been studied In
applications of machine vision recognition and location of rigid planar shapes. It
involves being given two sets with an equal number of points (one model and the
other anoisy data measurement) and finding aregistration which gives amatching
minimizing the sum of the squares of the pointwise location errors. The registra
tion is aplanar transformation which consists of translation, rotation, and scaling.
Thus, template matching is afeature extraction method, where each point can be
considered a feature of the objec,

There are several approaches to solving this problem. Simon et. aL 15] exploit
the relative distance between points in each set of points. They compute the dis
tance for each pairing of points in each set and then compare ordered lists of these
distances to constrain the matchings. Since this matching uses only relative posi
tions, it is independent of translation, rotation and scale.



Baird and Steiglitz [6] use linear programming techniques to solve this prob

lem. The total number of matchings is constrained by testing the feasibility of a

set of linear inequalities. Thus, a small set of possible matchings is determined

from which to choose a best matching. The number of partial testings can be

reduced by exploiting registration constraints on translation, rotation, and scale.

Both of these approaches assume that the number of points in each set is

equal. For recognition applications, however, it is desirable to take missing or

spurious points into account. This is especially true when the set of objects con

tains unsimilar features or whenthe feature detector is noisy.

To avoid the computations of an exhaustive search, some methods seek only

to compare specific subsets of the two point sets. Goshtasby and Stockman [7]
proposed a method which can match the greatest number of points in two sets

which do not necessarily contain an equal number of points. To reduce the amount

of computation, asubset of each set is matched. The subset chosen is the set of
points on the boundary of the convex hull of each set. This choice of subset has
three advantages. First, it is invariant to translation, rotation, and scale. Second,

it is likely to be asparse set. Finally, it is likely to have longer edges, which will

give a better estimate of the registration.

The method is described as follows:

(1) Determine both subsets by finding the points on the boundary of the convex

hull of each set.

(2) Determine a transformation consisting of translation, rotation, and scale

which maps an edge in the first subset to an edge in the second subset.

(3) For each transformation, determine the total number of points that are

matched from all points in the first set to points in the second set.
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(4) Using the transformation which matches the most number of points, deter-
mine the corresponding points to the two sets which match within some
threshold distance.

(5) Determine the optimal transformation by minimizing the sum of the squared
errors of those matched points.

There are two types of edges that can be matched to step (2). The edges can
be those of the boundary of each subset or those corresponding to complete graphs
of each subset. Acomplete graph consists of all possible pairings of points in a
subse, Thus, to redu* captions, the boundary edges of each set can be
matched firs, If this does not produce an adequate matching then the edges of
complete graphs of each subset can be matched.



3. Model Based Object Recognition Scheme For Polyhedra

This chapter describes the intelligent model based tactile recognition scheme

that was developed. This scheme is intended to be used for recognition of an object

from aknown group of objects using the footprint of the object, obtained by atac

tile pad. The pad is assumed to be bigger than the object and to give abinary out
put. The objects are assumed to be polyhedra or are able to be suitably modeled as

polyhedra.

This scheme, like those presented earlier, utilizes an object model to compare

to data measurements. The Intelligence of this scheme is due to its ability to gen

erate the model constraints it uses to constrain matchings. Methods like that of
Gaston and Lozano-Perez [3] require predefined tables for their model constraints.

This scheme uses sparse modeling information to generate the model constraints

automatically.

The basic flow of the algorithm is illustrated in Figure 3.1. Aset of objects is

assumed to be known. The objective is to identify an object on atactile pad as one

of the known objects.

There are two branches, labeled model and data, leading from the set of
objects. In the model branch, all objects are modeled mathematically and analyzed
to obtain models of all possible stable footprints that they can leave on atactile
pad. Astable footprint is the contact pattern an object makes when it is supported
solely by the pad. Furthermore, the footprint should be invariant under small
perturbations to the object. Thus, stable footprints of an object can not be com
posed of asole point, edge, or colinear combination of each. The corresponding area
of every stable footprint is also calculated. The stable footprints and areas are

saved for the Input of the recognition algorithm.



model

objects
modeled

generotion of oil
stable footprints

set of objects

yes

RECOGNITION

dato

single object

£•

tactile pad
reading and
processing

10

new object
configuration

"TTT

no

Figure 3.1 Recognition Scheme Flow
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In the data branch, a footprint measurement from one object is obtained and

processed. The measured footprint is in the form of atwo-dimensional binary

array. The processing consists of representing the footprint in asimilar manner as

the generated modeled footprints and determining the corresponding area. The

representation of the modeled footprint will require edge and corner detection of

the measured footprint.

The recognition algorithm takes the processed footprint generated by the pad

measurement and compares itwith all possible footprints determined in the model

branch. The recognition is complete if the measured footprint is matched to one

object. Otherwise, the object will have to be reconfigured on the pad and another
measurement taken for another comparison. The recognition scheme is atemplate

matching method which seeks to match the greatest number of corners of the

measured footprint to corners of the generated model footprints, as well as insur

ing that the areas are comparable. The following sections will describe each of the

steps in more detail.

3.1. Object Model

The object's geometry is modeled as the union of polytopes. A polytope is the

convex hull, coCS), of agiven set of points S- {p v p2. —Pm 1&Rn •Le-

m >nco(S)-U: ivkft, Zvk=l,wt>0 1<*<»».

A polytopal representation of acube, for example, is the set of its corners. To
obtain an arbitrary polyhedron, it is necessary to model it as the union of

polytopes since the union can be nonconvex. Figure 3.2 shows an example of a

modeled table.
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W

Figure 3.2 Modeled Table

The polytopal representation has two big advantages. First, convexity is a

strong property which simplifies many computations. Second, representing an

object by a set of points is computationally easy . There is one disadvantage to

this model, however. Unioning polytopes to model nonconvex polyhedra can

introduce additional points which are not corners of the object Although decom

posing a polyhedron into polytopes is not difficult, recomposing must be done care

fully. Figure 3.3 shows the decomposition of a two-dimensional block L. Note

that point 1 should not be treated asa corner of the union.

In addition to the geometrical modeling, there must be some physical model

ing as welL Specifically, it will be necessary to estimate the center of mass of the

resulting object for determination of stable footprints. Thus, the center of mass

and total mass of each polytope must be given. Although this may not be trivial

in some cases, the estimates for each separate polytope should be.easier than that

of the composite object.
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\7Z2
point 1point 1

Figure 3.3 Modeled Block L

In total, the model of an object consists of distinct sets of points, an associ

ated center of mass and total mass for each set, and aflag in each set indicating all

noncorner points created in modeling nonconvex objects.

3.2. Generation of Stable Footprints

Due to the choice of model, the generation of stable footprints is relatively

simple. This task is broken into two steps: (1) determination of all possible foot
prints that an object can leave (stable or not) and, (2) application of aconstraint
which determines the stability of the footprint. These two steps will be con-

sidered separately.

3.2.1. Determination of All Footprints

Determining all footprints that an object can leave on a tactile pad is a
geometrical problem. Thus, the geometry of the object model should be exploited.
The problem is to find the Intersection of specific support planes with the object.
In R3, asupport plane of an object is aplane in which all points of the object lie on
one side of the plane and at least one point of the object lies in the plane. To
obtain anon trivial footprint of the object, the support plane must intersect the
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object in three or more noncolinear points. Thus, single point and single edge con
tacts are excluded. By taking the convex hull of the object and finding aface of
the resulting polytope. aplanar intersection of asupport plane and the convex hull
of afootprint is found. The problem, therefore, reduces to finding all faces of a
polytope and extracting the corresponding footprints from them.

The method used to find all faces of apolytope was developed by Chand and

Kapur [81. It has been called the "gift-wrapping method" [91 The algorithm is
based on the observation that every edge of the polytope is the intersection of

exactly two faces. Thus, given one edge and one corresponding face, the second face
can be found by rotating the known face around the known edge by a specific

angle. Once aface has been found, its edges are determined similarly and the pro
cess proceeds until all edges have two corresponding faces which are found. A

method is also given to compute the initial face and edge.

Let S - {p» Pi Pat) be the set of points In R" describing the polytope

co(S). Let Po. P, pn* be (n - 1) linearly independent points of Sthat define an

n-edge Eof co(S). (A point p is linearly independent on asubset XCRr if there
are no scalars A, 1<* <r, not all zero, and points xt € X, such that

P= Z Mi • Likewise, aset of points is linearly independent if no point in the
i = l

set can be expressed as alinear combination of the remaining points.) Let n be the
inward unit normal of asupport plane H. containing Eand one face of co(S). Let

ting Vj be the unit vector alongpt —po<

(n-Vj)X) i - 1, 2, ~,N.
The objective is to find the appropriate support plane containing the adjacent face.

Adjoining a point Pk .Pk 6S. pk i H. to Egives n linearly independent points
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i ffn •n)>0) which is possiblyu «pmlane with unit normal n, C(n* n)swhich describe ahyperplane wixn ,„ (n - 1) Xn linear
j- ,.*«* face In general, an m i;

**.» hvnerolane which makes the largest co

v.jndtt.W^P*""™"1*1''

• . the cotangent of the angles between n anBycompanngthecotang ^ of toear homogeneous equations.
^ be solved by solving one Cn- To determine e. the following

(n . 1) xnUnear homogeneous systems of equa
(e-n)=0

Ce-v()=0 i=1.2.-.«-2

The orientation ot e » s
•„*c nf the face contained in ri.direction of the other potnts of the f Since „is normal to

v ^.eformabasisforR. Since
T*envectorsv,v2 H' ,naBd,En(t must Ue in the plane spanned by nan

, Mv/ecnn andn, is given bycotangent of the angle between n

(e-v*) _ _**_
r* = _ Cn-vti ^*

., - ,«,t face is found by computingThe normal of the adjacent face is

max^L forft€S.j**H.; 2 case where coCS) is in RMn this example. Le
Figure 3.4 Ulustrates this for the case ^ ^ ^ ^
plane given by ,o. ,.. - >< — * *
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Figure 3.4 Gift-Wrapping Method in Br

(e-v3) >0, r2 and r3 <0, but r4 > 0since («• v4) <0.

Once an n-face of co(S) is found, its edges can be found similarly since they

are an (n - 1) face of co(S0, where S' equals the set of points in the n-face of coCS)

contained in S.

Finally, the initial face can be obtained through the application of the follow

ing theorem (for a proof see [8]).

Let Hbe asupport plane of S. containing r linearly independent points of S.

whose normal »-(<•„ a2 a,, 0. .... 0). Then there exists at least one

point of Swhich when joined to the r points of Son Hforms alinearly
independent subset S* of Swhich lies in asupport plane H» of Swhose nor

mal is of the form n* -(61.62 *>r+i- 0, •••. 0).

Thus, finding points in Swith least first component determines ahyperplane H
with normal, n, - (1. 0 0) and the theorem above can be applied n- 1times to

obtain the normal of the support plane containing an n-face of co(S).
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Therefore, the faces of the polytope can be found as follows:

Step 1: Find an initial face and acorresponding edge. Determine and
store all edges of the face with its normaL

Step 2: Search the storage for an edge for which only one correspond
ing face hasbeen found.

Step 3: If no edge exists then exit.
Otherwise, determine the adjacent face and Its corresponding
edges and store all edges with the normal of the adjacent face.
Go to step 2.

The gift-wrapping method generates all faces of the polytope. Since the
polytope is the convex hull of the modeled object, each face represents the convex
hull of apossible footprint of the object. The actual footprint can be extracted by
determining all model points in the support plane containing the face and unionlng
the corresponding faces of the individual polytopes unloned to model the object

3.23. Constraint for StableFootprints

After aface of the convex hull of an object has been found, two things must

be done. The footprint must be extracted from the face, and it must be tested to
see if it is stable. Extracting the footprint from the convex hull is easy due to the
way the object has been modeled; however, the latter problem is more difficult and

is the subject of this section.

Afootprint is stable if the object creating it is sitting on the tactile pad, sup
ported solely by the pad, and if the footprint is invariant under small perturba
tions of the object. The invariance constraint rules out any single point or single
edge footprints. Satisfying the support constraint means that the object must sit
on the pad without"falling over".

One way to determine if the object will fall over is to see if its center of mass
projected perpendicularly down to the plane of the pad is contained in the convex
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bull of the footprint. If this is the case, forces will balance and there will be no
resultant torque which could cause the object to topple over. If the projection
point of the center of mass Is not contained in the convex hull of the footprint
then aresultant torque is produced which will cause the object to fait Thus,
checking the stability of the footprint reduces to checking if the center of mass of
the object projected perpendicularly down to the plane of the tactile pad Ues In
each face found by the gift-wrapping method described in the last section.

To determine if apoint is in the convex hull of aset of points, amethod
developed by Wolfe [10] is used. This method determines the nearest point to the
origin of apolytope. After subtracting the projected center of mass point from
each point on the boundary of the convex hull of the footprint, the projected point
is in the convex hull of the footprint if the distance from the nearest point to the
origin is zero. The corresponding footprint is stable if the containment holds.

Given aset of points P- W Pi P* >* R" •** Problem of ***** *°
nearest point of co(P) to the origin is

minx'* «abjBcttox-£AWJ.£wl-l.wJ>0 Kt <m. NR1
Letting 0be anxZ 0<m) ma'trix of asubset of points in P. Qis affinely
independent when no point of Qbelongs to the affine hull of the remaining points,

where the affine hull is given by

aff(Q) - { x: x = Qw, £ wf = IN

When Qis affinely independent, the solution to the problem

min x'x =min wQ'Qw where Zwi =l ****

can be obtained by using Lagrange multipliers. Note that NR2 is asubset problem
of NR1 since Pmay not necessarily be affinely independent. If it turns out that
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w,*0. 1<« <*. then x'. the solution of NR2. will belong to co(Q), the convex
hull of Q. If Qis asuitable subset of Pthen x* may minimize over co(P). solving
NR1 and determining the nearest point of the polytope co(P) to the origin.

Specifically. if the hyperplane H(x )- {y: xy=Ix I*} is asupport plane for the
convex hull of Pthen x is the unique solution (since Ix I2 is strictly convex) and

the original problem, NR1, is solved.

The Wolfe algorithm determines points x* for certain sets Qcalled corrals. A
corral is denned to be an affinely independent subset Qof points in Psuch that the
nearest point in Qto the origin is in its relative Interior. The algorithm finds the
corral which contains the solution to the original problem. NR1. by solving NR2 a

finite number of times.

The algorithm is as follows:

Data: points in P
Parameters: points x, y, z and corral 0
Step 0: Find apoint in Pwith smallest norm. Set x - that point Q

-UK
Step 1: If x - 0or H(*) separates Pfrom the origin thenl stop.

Otherwise, choose pt € Pon the near side of HU ) and set Q-
OU iPil

Sten 2- Set y - point of smallest norm in aff(Q).
If /is in the relative interior of co(Q) then set x -y and go
to step 1,
else

Step 3- Set z - nearest point to y on the line segment co(Q) II *y
(the line segment from x to y). Delete from Qone of the
points not on the face of coCQ) which contains z. Set x - z
and go to step 2.

The algorithm is composed of afinite number of major cycles (started in step
1). each of which may consist of afinite number of minor cycles (repetition of
steps 3and 2). Each major cycle begins with acorral Qand anearest point in Q.
The cycle chooses anew point to add to 0 and determines if the result is acorral.
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If It is not. aminor cycle begins. The minor cycle begins with an affinely indepen
dent set Qand apoint x €co(Q). The cycle removes apoint from Qand alters x
until Qis acorral and x is the nearest point in Q. Figure 3.5 illustrates the opera

tion of the algorithm for asimple example presented by Wolfe.

Pt3 = (-2,1)

pti =(0,2)

Step

0 Pti pti

1 Pti Pti. Pt2

2 a PW, pt2 a

1 a pti, pt2» ptj a

2 a Pti. Pt2. Pt3 0

3 b Pt2» Pt3 0

2 c Pt2» Pt3 c

1

pt2 = (3,0)

Figure 3.5 Example Of Wolfe's Algorithm

33. Data Analysis

The data provided by the tactile pad is assumed to be a two-dimensional

array of binary values corresponding to one footprint of the object. It is assumed
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that the background is given value zero and the footprint value one. Inorderto

compare this data with generated footprints, the data must be processed to put it
to the same form. i.e. the corners of the measured footprint must be obtained. To
obtain these cornexs there are two levels of processing - edge detection and corner

detection.

3.3.1. Edge Detection

The first step of processing the tactile data is to separate the object footprint
boundary from the background. Edge detection techniques are designed to do this.
They are based on the assumption that there is acontrast in data levels at an
object's edge. Thus, most edge detection techniques use aspatial convolution mask
which is applied to each pixel, checking asmall neighborhood around that pixel to
determine any discontinuity in the data.

One edge detection method, the gradient method, uses a3x3pixel area and
approximates the gradient in the xdirection of position (J. j) by

Gx - (dU+lIj-ll +2d[i+llj] +dti+Uj+ll)

- (d[i-Hj-H +2d[i-lKj] +dti-llj+ll)

and the gradient in the y direction by

G, - (dti-llj+ll +2dli][j+ll +dti+lHj+ll)

- (d[i-lIj-U +2dWU-l] +dli+llHl).

where dliljl is the data value of position (i. j). The magnitude of the gradient 1s
given by

i

G=[Gx2 +Gy2lT

or approximated as
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G-IGxl + IGyU

The corresponding convolution masks are shown in Figures 3.6 (a) and 3.6 (b) and
are typically called the Sobel operator masks.

-1 -2 -1

0 0 0

1 2 1

(a)Gx

-1 0
1

j> 0
2

-1 0 ij

(b)G,

Figure 3.6 Sobel Operator Masks

The data analysis scheme uses amethod similar to the gradient method for
edge detecting the binary tactile date. One disadvantage of the gradient method,
however, is that it smeare edges. This is due to the 3X3size of the mask. Thlsis
undesirable since it could create errors in determining the comers of the unpro
cessed date. To avoid smearing, the computed values could be thresholded. so
small values would be set to zero. Likewise, the computed value could be unioned
with the original data, setting avalue that was initially zero to zero automatically.
For edge detecting the data, the latter was used. Due to the simplifications of the
binary output, arule based edge detection scheme can be created by checking the
number of ones appearing in the eight adjacent neighboring pixels. The rule based
scheme is shown in Figure 3.7. With this scheme, background points are kept the
same, the outer two "levels" of the object boundary are kept the same, and the

remaining interior points areset to zero.
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1.2 7 I same

Figure 3.7 Rule Based Edge Detector
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3A2. Corner Detection

It is necessary to extract the corners from the measured footprint in order to
compare It with possible calculated footprints. The method used to comer detect is
similar to that used mbinary image chain coding schemes.

Achain coding scheme is amethod which describes the outline of an object in
an image. One such scheme described by Wilf [11] traverses the boundary of an
object, storing the direction traversed at each pixel as well as updating additional
information, such as the area and moments of inertia in the xand ydirection. Pos
sible direction codes to use are shown in Figure 3.8. Apixel and its eight neighbors
are shown in Figure 3.8 (a). The eight possible directions to travel from the center
p*el are represented in Figure 3.8(b) by an eight-directional code. It is also possi
ble to describe an objects boundary using afour-dimensional code as shown in Fig
ure 3.8 (c). Tne resulting array of values and associated starting location is called
achain code and can be used in arecognition scheme by analyzing Its values along
with thevalues of theadditional information.

The method used to determine the comers of the measured footprint is similar
to chain coding. Each isolated region of the footprint is traveled using an eight-
directional direction code, as shown in Figure 3.8 (b). Aglobal list of directions
traversed is not saved, however. Rather, alocal list of directions is used. Acorner
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*detected whenever the direction changes by more than one unit or if the direction
changes by one unit but fails to return to the original direction and maintain it for
aspecified number of pixels. In addition, each new corner found is checked to see
tf it is greater than athreshold distance from the last, thus preventing two comers
close together from impersonating one actual corner.

7 0 1

26 EH
5 4 3

3 *• * 1

2

(a) Neighboring Pixels (b) Eight-Directional Code (c) Four-Directional Code

Figure 3.8 Direction Codes

333. Data Analysis Scheme

The data analysis scheme uses both the modified edge detection and the comer
detection methods mentioned previously. After the edge detection, the data is
composed of all zeros except for ones along the boundary of the footprint. This
boundary is no more than two pixels wide. The comer detection scheme finds the
first one It comes to and traverses the boundary of that part of the footprint, leav-
tog adifferent flag for edge pixeb and comer pixels. The -leftover" ones immedi
ately interior to the edge are then changed to zeros and the process is repeated for
the remainder of the footprint. In the event it is composed of multiple isolated
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parts.

B^use the corners are detected using boundary traversal, edge detection is
uot strictly necessary. Tne same procedure can be used without the edge detection.
except that after traversal of the boundary, all interior pixels would have to be
lgnor&d when looking for the next part of the footprint. However, edge detecting
« could filter some nofce and smooth noisy edges if amore sophisticated scheme

«« it was kept in the processing scheme to accommodateis used. For these reasons, it was Kepx in ui y

easy modification in the future.

3.4. Recognition Scheme

^ Input to the recognition scheme consists of one set of data points. D.

of points, .^.oo-.nding to the comersof all possible stable footprints. ,^f
each object.,. The corresponding area of each footprint *arable as we, The

♦ Wa* for which Dis matched to the greatest numberof points »
objective isto find a* for wrucn u

rf.n.area The problem fits nicely into theFPt* as well as matching the corresponding area, me P
wi»m «mre sets of points are being matched,format of atemplate matching problem since sets 01 po

3.4.1. Robustness Issues

„ ^^«-» -——*- - •—'"*""~"

measurement and modeling errors.

e™*...»p* — - "—'—""""""2
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footprint

model

output obtained

true footprint

Figure 3.9 Possible Errors

the the objects sinks in the pad. The resulting error causes the corners to be off by
some error range. The same problem can occur if the pad has hysteresis problems

or if its parameters drift.
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Errors in modeling are due mainly to the restriction of polyhedral objects.

Figure 3.9 (b) illustrates modeling a rounded triangular prism as a triangular
prism. Once again, it is necessary that the matching scheme be able to match

points within some error range.

3.42. Algorithm

The algorithm for comparing the comers of the measured data and the comers

of apossible footprint is similar to that of Goshtesby and Stockman [71 First, the
points on the boundary of the convex hull are computed and ordered for each set.
These points are already obtained for each FPt* in the process of the gift-wrapping
method. These points can be obtained for Dby asimilar procedure. Let these sets

beFFi* andB.

Next, every edge of S is matched to all possible edges in FPt* for every face
i. of every object k. For every edge there are two possible orientations to match as
well as two different endpoint configurations. Figure 3.10 shows these matchings.

Figure 3.11 shows the corresponding matchings for matching only one edge of the
convex hulls of two footprints. The best match results In the greatest number of

corners matching.

For each possible matching, all points of the measured footprint. D. are
transformed by aplanar rigid motion to the space containing the calculated foot
print. FPtk. The transformation which results in the greatest number of points
being matched within some threshold distance determines the group of possible best
matches. An area constraint is applied to this group to determine the final group

of best matches. The footprint area constraint Is necessary since two footprints
can match the same number of points if they are identical except that one has an
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Figure 3.10 Possible Edge Matchings

edge 1 edge j

Figure 3.11 Matching One Edge of Two Footprints
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additional isolated region in the interior of the convex hull, and the measured foot
print is from the object without the additional part.

The algorithm is as follows:

Data: Sets D,D,FPtk,FF,k. Areas of DandeachFP,*.
For each possible object k:

For each face of each possible object i:
For each edge in D: k

For each edge in FPt :
For both orientations and endpoint matcn

^ Determine the planar rigid motion to
match the edges.
Determine and store the number of
points in D matched to points in FPt
within some threshold distance.

Determine the objects which matched the maximum number of points
with the appropriate area.

In order to match edge 1to edge j. planar linear homogeneous transformations
tacll3ding translation, rotation, and fixed scale are used. From Figure 3.12 it is easy
to see the steps needed for the transformation. Consider points fl and ,„ which
define edge i. Their coordinates are respectively lx» *) and (*„ y2). Four
transformations are nectary for the matching. First, edge iis translated to the
origln by translating ,, to the origin. This will cause ,, to be transform* to a
new point. „-. Next, edge 1is scaled to correspond to the dimensions used in
obtaining edge jto relate the scale of the tactile sensor to the scale of the model.
Then edgeiis rotated by* radians by rotating , 2" by 0radians. Finally, edge iis
translated to edge jby translating the origin (where,, had been translated) to the
point U,'. yi'). The transformation Tis given by:

T=TransW. yiORot(z.6JScaleC^^Traiu*-* ».-*!>.

where



Rottz.B) =

cos© -sin0 0
sinO cosO 0

0 0 1

I

Trans itx,ty) =

1 0 tx

0 1 ty

0 0 1

Scale (
1

RATIO
) =

1

RATIO

0

0

1

RATIO

0

0

0

i
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and RATIO equals the ratio of the pixel dimension to the model dimension.

Transformation Tmatches edge ito edge jwith points tx„ y,) and tx,'. y,0
matching. Likewise,

T-Trans0c2\ y2)Rot(z 10)Scale(^5^)Trans(-x2.-y2)

matches edge ito edge jwith points (x2. y2) matching to point (*2, y2). In addi-

tion,

T" -Trans(x1',y1')Rot(z,Ir-e)Scale(-^!^)Trans(-x2,-y2)

T" - TransU2\ y2 )Rot(z.v-6 ^lrf-j^yrrantf-a:, -y,)

match the opposite orientations.

Tne main difference between this algorithm and that of [7] is that the optimal
transformation is not computed. Tne criterion of agood match is the number of
points matched; the actual transformation matching the points is not needed.
Also, the ordered edges of the boundary of the convex hull of each set is used to

determine the transformation. Complete graphs of the convex hull boundaries are
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<*,'' «? \

Figure 3.12 Transforming Footprint Edges

not used.

There are two advantages to using this algorithm. First, errors in pointwise

matches can be taken into account by setting athreshold distance. Also, the max

imum number of points will be matched as long as one edge of D correcUy
corresponds to an edge in one of the FPf. Second, the ordered edges of each FFtk
are automaticaUy generated in the process of the gift-wrapping method, so no
additional computations are necessary. The ordered edges of S can be obtained

using the same procedure.

3.43. Test Results

The recognition scheme was tested and good results were obtained. Typical
objects used are shown if Figure 3.13. These sample objects were chosen to illus
trate the operation of the recognition scheme even though they are relatively
uncomplicated. Sample footprints used included isolated points and edges.
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Figure 3.13 Sample Objects Used

In all cases, an approximate tactile footprint was obtained by thresholding a

grey level image of atwo-dimensional object. This approximation was necessary

since no tactile pad was available. The resolution used was 80x80. although

smaller resolutions would work also.
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The recognition software was run on atime shared VAX 11/750 computer.
With the five objects of Figure 3.13. the generation of all stable footprints and
recognition with one measured footprint was completed in times ranging from 32
seconds using the simplest measured footprint to 120 seconds using the most com-

plicated measured footprint.

Figures 3.11. 3.14. and 3.15 illustrate some of the steps that the recognition
scheme takes in determining amatch. Figure 3.14 shows the basic operation of the
gift-wrapping method for the case of the modeled table. Figure 3.14 (c) shows
some of the generated faces of the convex hull of the table shown in Figure 3.14
(a) as well as their corresponding footprints.

Figure 3.15 (a) shows asample measured footprint of one face of the three-
dimensional star. Figure 3.15 (b) shows the corresponding detected comers. Note
that one spurious corner was detected Incorrectly. Although an incorrectly
detected comer presents apotential threat of Incorrectly matching to the comer of
adifferent object and possibly leading to awrong recognition, this additional
corner did not interfere with the recognition scheme for the objects used. In addi
tion, the additional comer did not alter the matching scheme since it is contained in
theinterior of the convex hull of the footprint.
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Figure 3.14 Sample Steps Taken in the Gift-Wrapping Method
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The sizes of the objects used were chosen to present ambiguities to the recogni

tion scheme. Although the convex hull boundaries of the three-dimensional star

and pentagon are the same, recognition was obtained given ameasured footprint of

the star as data. In this case, the greatest number of comers was matched to the

star. Given a measured footprint of the pentagon (the pentagon face), the recogni

tion was also obtained in one cycle. Even though the same numberof comers was

matched to the three-dimensional star and pentagon, the area constraint of the

matching scheme ruled out the possibility of the star. The faces of the box were

chosen to be equivalent to faces of the pentagon, table, and the convex hull of faces

of the star. The recognition scheme behaved as expected, being able to distinguish

between footprints with equivalent convex hull boundaries and different areas, and

requiring additional measurements in the cases where the areas were equivalent.

The computational efficiency of the gift-wrapping method is reported by

Preparata and Shamos [81 The time needed for computing all faces of a polytope

in R3 grows as n2, where n is the number of points of the polytope. The times of

the test results supported this analysis. Note that the time used to generate all

stable footprints of a modeled object is a one-time expense. Once generated, the

footprints are stored.

The time required for the matching scheme, however, is not a one-time

expense. Although the run time is dependent on the number of points in each

footprint being matched as well as the number of points on the convex hull boun

dary of each footprint, the majority of time is spent in transforming a point from

one footprint to the other. The average time required to match a point in one set

to a point in another set was measured as approximately 3.6 milliseconds. In the

matching algorithm, the time required to match one footprint to another grows
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approximately as nm, where Kand mare the number of points on the convex
hull boundary of the each footprint and n is the number of points of the measured

footprint.
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4. Future Work

Tactile date is used in many applications. Tne recognition scheme presented in
tU. paper utilized twcniimensional binary data to recognize an object from aset
of objects. Future projects, however, may wish to exploit grey level sensn*. Tne
footprint, in this case, not only gives positional information, but also gives fo«*
formation. Possible recognition applications include inspection through feature
extraction, center of mass analysis through the use of multiple footprints, and
.edical applications through the analysis of the force distribution of an actual
footprint.

Future developments in tactile sensors will lead to even more possibilities.
Present research is involved in giving future sensors aslcin-lilce sensation. Articu-
toted hands will then have human-lilce properties which will permit gmter dex
terity. Possible applications include texture detection, automated assembly, and
grasping appUcations. Adetailed survey of !» trends of tactile sensing is
described by Harmon [12l
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Appendix A. Recognition Scheme Implementation

TUs appendix describes how the recognition scheme were implemented in the
fomof acomputercode TheseprogramsarewritteninstandardCandaredc^

The code is organized into five modules.

,*.,-*.-<—-»•«—••»— i-"—-*"•
, . ,. -««r "auxn", where n is the number ofinput from files named "auxl . aux? auxn

-~. »wB aswell as the object number

. ,„i Tl» ordered pome of«U •»•* "~l"

is stored in afile called"obji .air.
.. ^ r«r the edee and corner detection. A two-Comer-c contains the code for the edge an

,binary array of data values is input. and alist of all corners as well asdimensional binary array oi oa

«w are entered interactivelyobjects.,. as well as the enor threshold distance number are enterfrom atermmal. The generated mcdel footprints are input from the files
-obj* .convex" and "objfc .all" for *- 1.2 *•

* ^nm matrix and vector manipulations. TheseVector* contains routines to perform matrix an
~41. -Ear* r Corner.c, and Reoogx.routines are used m Facex, umw v.
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Reoogx.

„.«.».——— *—*— —— -
* 4«^« thp file inchideJh contains some globaldeclarations for standard library functions. The file inclua

constants used inFacex and Recogx.
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I
/• storage for all point matchings •/

|d.fl... TOP (((MAX -1).MAX)/2) > I^.^MAX-1) -(MAX-1).MAX/2 •/
III) ne EPSIL0N 1.6e-5 /• •"or range •/
Jd.fin. EMPTY -1 /• •"Pt* ♦»•••/

{Include <stdio.h>
include Mconstants.hM
include "heoder.h"

/. structure for storing all points of the model •/
struct pointdatol {

int partno, noncorner;
float coord[3];

I:

Faee.c

struct pointdato2 \
int partno;
float coord[3j;

I.

struct edgedata \
int face;
float coord[3J;
floot intercept;

I:

struct inputdato \
float cofm[3J;
float mass;

I:

/. structure for storing points of the •/
/. convex hull of the model •/

/• structure for storing faces •/
/• and edges found •/

/• structure for storing the c.o.m. •/
V. and total moss of each polytope •/
/• used to model the object •/

/. storage for all points of the model •/
struct pointdatal points[MAX];

.truct pom.d.t.2 .point.[MAX]: £ '^Tou^/ccSe) I" Ml '•*""' "'I
w atnoi. /• storoge for eoch found edge •/struct edgedata edgecheck[T0PJ. / "^ o»d corre8ponding faces •/

w .. /. number of polytopes used to model the object •/int ouxnum. objnum; £ ^f^/^JJe? nuwbor •/

int fccept.[MAX-l]. numfacepts. nu.fac.s; /. ]«£*»«.JK.r.f'J.lSi! tf
/• and the number of faces •/

F,LE .f.p.»o. ..pi-*. -«p."= //: ;is:tri:i'i:.i: .-'".ocJb°" "":'/
float inner(). norm(). dist();

moin()

I
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int pti. Pt2. to*0'*;,,, n.
floot com[3]. normal[3]. D.

/• indices of points of an edge, ond •/
Jm tha total number of CHB poinxs /'/\ .i J! the object, and anormal ./
>• ond intercept of o support plone •/

Initializ. ();

InputModot (fctotol. com);
FindStortOato (total. *pt1. *pt2. normal. *0);
FindFoc. (pti. pt2. total, com. normal. 0);

Stor.Point. ();

prlntf ("\nALL D0NE\n");

Initialize ()

int i. j;

numfacoa •»

/• Initialize all global storage structures •/

0;

for (i - 6; i < TOP; ++•) I
edgecheck[i].foce - 8;
for (j - 0; i < 3; ++i),edgechecktil.coordtj] - 8;
edgecheck[i].intercept - 8:

I

^^oUT.fhlportno-.^olnl.lil.noncorner - cPoint.( i].port
f0rpo!nT.fh!coora[j]Ji cpoint.[ i].coord[ j] - 8;

no

InputPoints (i. ptotaM. pmoss. com. somepts)
int i. eptotoll. samepts[MAX];
float •pmoss. com[3];

/. Input points of one polytope of the object model

FILE »fp. *fopen ();
int j. addlpts;

fp - fopen ("ouxl".
else if (i — 2)

fp - fopen (Maux2M.

fp - fopen ("oux3 .
else if (i — 4)

fp - fopen ("oux4",
else if (i — 5)

fp - fopen ("oux5".
else if (i — 6)

fp - fopen ("oux6".
else if (i — 7)

fp • fopen ("aux7".

r")

'r")

•r")

•r")

*r")

-rH)

"r")

/• input c.o.m. and totol moss

,...„, <„. ,,« «*-;tte0?tePjiyt:p:tiL f?^l?ip..T:rp.iM.
fsconf (fp. MXd". fcaddlpts);
while (fsconf (fp. "*f *f *'". points[.ptoto II ].coord.

•/

•/

•/
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8omepts[«ptotoMJ - j:
(•ptoto!1)++;

I

fcios. (fp);

InputModel (ptotal. com)

int •ptotal:
float com[3j; ,/

/. input ... point. •« th. .b|.«t «"<" —P"«« th« .?
/• c.o.m.

' int i. J. «. «• totoll. .o«.pt.[UAX]:
.l°,uett?nSp,-td.to.«x«n.[AUXMAXl;

,, 0. /. .tor.,, for th. Woif. olo.rith. •/
double wolfep.lJ. _ . „>*!•double pp(3 • MAX]. rr[28], xl3J.

Jnt ,[4i; /. input object number and data fll. •/
d° irintf ("\nEnter object number (8 to exit): "):

scanf ("Xd". tobjnum);

if (objnum «• 8)1
printf ("\nBYE\n");
exit (8);

ll.e if ((objnum >OBJMAX) || C^A"^!^:
pr;7tfK(u™°>,oSjMAX) | objnum#< 1));| while ((objnum > OBJmaa; ii v*' j

if (objnum — 1) ..„ »w»\>fpall - fopen ("objl.oll . « >•
else if (objnum "T 2) fl||H hw-\;fpall - fopen ("obj2.an . w /•
else if (objnum "T3) „*

fpall - fopen ("obj3.oii . w /.
else if (objnum -- *> ... ..wh);fpall - fopen ("obj4.all .. » J.
else if (objnum -T^' ..„ ,.w..);fpall - fopen ("obj5.aH . w /.
else if (objnum --^J «ll" "•"):fpall - fopen ("obj6.oH . « J.
else if (objnum "7„7> . .... ..*-);fpall - fopen ("obj7.aH . * J.
else if (objnum " 8) „ „);

fpall - fopen ("0bj8.aH . * J.
else if (obj'num -T.,?) ... hw-);fpall - fopen (Mobj"9.all . * /.
•else if (obj'num — If*. _.,.. ..„-);fpall - fopen ("objlu.on . w ,.

,pt..p -.op.n (•««-. "-•). ^ ^ ^ fii ,

- pHntf C-X-I.* >•' •< •-" >°"t0P" *° *' ""*"'"'" ">!
scanf ("Xd". kouxnum);

.* « ^ aiivuax^ II (auxnum < 1)) ^ .if ((auxnum > AUxma*; 11 v«» „ AUXMAX);
irintf ("Maximum number isXd. . *"*"?*"
print? v "" AUw||Av\ I (auxnum < 1)).S.hi.. ((.uxnu» >AUXMAX) lit ^ ^ poiBig %/
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~x**&ma& '•'•7;r.;:7.:r.,.:,,v "
JJJ'JiVi; i < auxnum; **D
f0rtma.s +- auxfil.li].»o«'. m/

/«, comput. c.o.m. /
for (i - 8; i < 3; +♦«> *

?s!Si7isL^«!«:n..^^«i •ouxfiuiji.—;
eo«l«] /- t»o«»:

/. d.ternln. eonv.x hull •/
R!,{i'.,i!li <tot.ui~D i

'°"«lj((iei-i«)"(»-^iip--EMPTY))'-pJ|k:+5:.,p.i.l.nil.o.rot.] - PO.nt.[.l.co.rdl,]:
j - 3;
k /- 3; , ... n, « a rr) > EPSILON) \" .r.!n?.tip?ot.J,i."r. o:-p:,l*.IU.P.rt...

'̂ .piiMtl.ptot.il^olrdlU - point.M.coordt.]:
(•ptotol)++;

I
I

f (i. j)

int ind.x;

ind.x-Ont) <J -.♦•..(«**-(' +'>/*> -, +eS>:
return (index);

I

PosOir (P. .. totol)

int P[MAXJ. total:
float e[3J; ,/. Ori.nt v.ctor . In th. dir.eti.n of th. point. -Ith .£

/• indices not in P
I

int i. j. found;
float vk[3];

found'- 1; - flnd index of point not in plan. •/
while (found) \ '

found • 8; .
for (j - 8; j < total; ++j)

if CPfJl —t|)
"S!ff?55! cpoints[i]. coord, cpointe[P[8]J.coord. vk);

if (I inner (3. e. vk))
found • 1;

•lee found - 6;

if (found)
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++i *i ' /• make <e.vk> >•
pos (e. vk);

M.xAnal. (I. ». «.'•«'• •• '• »>' •*"*• ""^
Int I. P[MAX]. •PJ:.?to;J;1 ...„;
floot v[3l. nor»olt3]. .I'J- ••>""• k«....„ th. •/

/. 0.t.r.in. th. cot.n,.nt ^..Vl..^-ftS •* «• {/
';. ;:rai St.: SK'tii'Tir/ir..... •. p •/

int k;

f,0at r0t,°; /• determine th. cotangent •/
ratio --( inner (3. a. O /I"" (3. -ma..v));

/• if maximum, store the index in P /
if (P[start] — EMPTY) \

P[start] - i;
•pj - stort + 1;
•pmax «• rat io;

l,.e if ((abs (r.tl.--P-«» < EPSIL0N)
P[(«PJ)++1 " l: x Selse if (ratio > •P?°*> * ++k)
for (k - start; k < max. -r+*f

P(k] - EMPTY;
P[start] - i;
•pj - stort + 1;
•pmax •» rati o;

I

FindStartOata (total, pptl. PPt2. n. pO)
int total. »ppt1. »ppt2;
float n[3], «pD; .*„,♦ th* •/

/. 0.t.r.U. » «•'«!-« - *— *° 't8,t *"• '/
/• algorithm

int i. i• k» _,. tr,i.float e[3l. v[3]. vk[3].
int P(MAX);
float mox, mm. ongie.

for (i - 8; i< total; ++0
p(i] - EMPTY;

i.nrcpoint.m.c.-^ „„„.,„. /
'"pIIiVWi ' /• -t.r. ..- Pt •/Plejl-JI; f. j _ I of pt. -ith -in x vol-. •/
li" I'epoint.lH.eoordtel:

ll.. if fepoint.Ii]«oord[eJ - «<»)
P[J++1 - ':
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•IH - 1; /• coke <e. vk> >- e •/
Po.Dir (P. •• total);
,./!.«• i < total; **0 .

,or'« ^l:^H.int.m...r-ii!-!"«"-rd-v)i
MaxAngl. (I. *• •• #* Pf j

* /• updat. th. normal •/
for Ci - 8; I < 3; ++I) f .

normaliz. (3. n);

11 il-lS cpoint.tPtl]].coord. .p.l-i.WH- '*);
cross (v. n. •); ^ ^^ <e vk> >. 0 •/
PosOir (P. •. total);

«»%r((ielJp[0ir«Sj!';/eta"Ui„t8tPl»l].c.ord. v):

* /• update the normal •/
for (i «8; i < 3; ♦*1) ,
,or„ii] - nin \ ••« ♦•t,i-
normal in (3. n):

" <'<<Y3- U!-«:l»lH-s:rrS: .p:;ntt&H-"S: %•.dlff (3. epoint»lP[2JJ.eoor . k
/• eoaput. nornoi »• k

ero.s (». vk. n); ^ ^^ <n vfc> _ e ./
Po.Oir (P. n. totol):
.,0.-l...r (3. n. epoi««.tP[«n.«»o'«')--
•W»-'l«l8 /. ,....t po..«b«. v.- --1 «/

/. d.t.r.in. t Hl-t o« th. .do. •/
-diltM: UiiUpllli.--. 0P.-t.tPte]] •-«•

angle - - inner (3. v. vk).
if (angle > max) 1

max - angle;
•ppt2 - pin*.

I
I

I

•/

Face (total . norma I. D. P)

int total;
int P[MAX];
float normall3J. ». B stor. th. •/

',: «:-Kir..sh:.ti:-?:..,»- ^n%CHB-
1 float .dge[3l. e[3] .v£3];

int i. j;
float maximum;

j" 3l • *h* direction of the edg. •/
/. compute the unit Y"^^/^?;[.4*.) idlff (3. cpointetPMll.coord. ep..nt.lP[i]J
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/. determine the third orthogonal vector • •/.
cross (edge, normal. •);W,:w«< t.t,]....;r)> ..;;--]> ..<.--]))
d„ru. .p.i.t.i'i.—'-. .p.«-*.i'i»»-—"-v)-
P°* <#- "): /. d.t.r-in. th. p.i»t. •< th. p..». '/
'•r,J'<7,ii.i (h^;':rrr!..,rd,1cep.?-t;[pUi!.c..r-. o.

SiM; t?t - ".«"••p- •'•2- '•ox"ua)i

Upd0t.Ed9.Ch.ek (o. b. n.r»ol. 0)

}"o?'nbo''"a'm-;.:updot. th.......- • d •'
int 1. index;

If (o < b> .,„ hV
index - f(o. b).

•lae index - f(h. o);

•dgecheck[index].foce +- 1: #/

" B!H:Sr£rT:-::!:H;'ss;tsr.,;:r.;Ui •>•
exit (8);

I

fo\dU:H:ckiiViv-^tiisnorwa,lil;•dge1heck[ index], intercept - D.

Edges (normal. pO. total. P)
int total . PCMAX];
Moat normoll3]. -pO; ./

/. Determine the edge, of the face

int i. J. o. b. c;
float x[3]. yt33:float angle, maximum. ^

<"• " "0r*°0:, ,- /. ..k. <..«... v«> >- « "
P"0" <" '• t,t")' ,. e0„put. int.ro.pt of n.- p.o«. •/

i.n.r (3. ».'«... cp.int.(Pt«)l•«<"•>:•P° " " '""•' K' /. updot. .d«.eh.ek •/
i. /oral Pfll. nornol. «pD);upd.t.Ed,.ch..k (Pt«]. PI 1. ^ ^^^^ oBd stor# .,, .„.. ./

: m\
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facepts[8] • a;
numfacepts • 1;

d° f0cepts[numfacepts++l - b; /. compute all edges •/
dlff (3. cpoint.[al.coord. cpoint.[b].coord, x);
I- 8; /• lowest possible value - -1 •/
maximum • -2; _.,„! *//• find odjoc.nt .dg. point •/

-'»Pl^SSaifi^---- »•
ongl. - - inn.r (3. x. y);
t* /-.Mi* % naximum) I
angi. - - •.••••• \---s
if (ongl. > maximum) |

maximum » angl.;
c - Pills

I

++I;

I
Updat.EdgeCheck (b. c. normal. •pO);
o - b;

| whi"eC(b 1- P[8));

PrintPlane (normal. 0)

float normol[3]. 0; 0,

';. Ki?\tf: 5?.;sKi-i:V*ssM:l,UtMK-.:,.ln.. •/
« ,nt i. J. —Pf. APt«AX]. nu-di.fpt.. di.fpt.[«AX]

numpts - numdiffpts - 6;
i - 8; /. determine all points in the plan. •/

"M7(?;.l U1 plUMJlcoord. point.lil.coord) <EPSILON)

I
++•;

same * 1;

lf iSlJ^.tnumdiffpt.^] - i;
AP[numpts++) - «J

printf ("\nFACE:\n");

for (I - 1; * <- auxnum; ++I)
printf ("X15d". i):

printf ("\n\n"); .
?or (i - 1; i <- auxnum; *+•)

printf (" X Y Z ).
printf ("\n");

'"for (j6: i;<J??Uint:iWl]]-P«t.. -D: ~l>
printf (- .. >•

f°rpC,|.Tf,i45?1?i.+;i^t.lAP[lll...T-lJl)s
printf ("\n");

/• store footprint in a file •/

/. print the footprint in term, of the •/
/• decomposed model parts



Moy 16 69:31 1986 Foce.c Poge 9

StoreDoto (numpts. AP. numdiffpts. diffpts);
I

StoreDoto (numpts. AP. numdiffpts. diffpts)
int numpts. AP[MAX]. numdiffpts. diffpts[MAXl;

/• Compute the oreo of the footprint ond store th. q
/• points

I

area - 8; . determine the oreo for eoch isolated •/
/• part of the footprint /

for (1 - 8; 1 < AUXMAX; ++I) I
numfppts "8; ..«\
for (j - 6; j < numpts; ++J) /!i4U" IfCpolntitAPljli-portn.- (l+D)

fppts[numfppts++J - APLJJ.

if (numfppts > 2) \
for (J- 6; j < 3; ++j) I

fi?PU -8;°k < numfppts; **k)midpttj] +- pointstfppts[kJ].coord[j3;
midpt[j] /- numfppts;

!

a - fpptsf6l;
b - fppts[1j:
do { /• compute oil edges •/

diff (3. point.ta].coord. P^^J;?0^;,0U va.ue --1 •/
maximum •» -2; '

for (i - 8; J < numfppts; ++J) i.., . Kx% <

" «jrt(5i,J.i:*:i»M.«n ft&i: $•*•«. »>«
angle - - inner (3. x. y);
if (angle > maximum) |

maximum • angle;
c - fppts[jj;

I
I

/• compute oreo of sector •/

fO%[if-0point8[bl+:Urarj] -.'.JPtlll:
z[j] - points[c].coord[j] - m.dpt[j],

I . /i-^-rtx v *V(norm(3.y) • norm(3.z))));iin.theta - sqrt(1 - square( inner(3.y.z)/ vnor»v*.77
/• update the area •/

or„ - e.5 .ob. (nor- (3. y) •-on, (3. z) •.in.th.to):
/ a • b;

b • c;
| while (b I- fppts[1]);

* /• .tore the area ««•-•' •* \\\l\\ °" the CHB \'t/• of the footprint, ond the points '

fprintf (fptemp. "Xf\n". area);fjrintf (fptemp. »Xd\n". numfocepts);
for (1 - 8; 1 < numfocepts; «M-I) 1

'^fpri^r-dptemP.^.Sf". .p.lnt-lfac.pts[I]].ooord[ j]);
fprintf (fptemp. "\nM);

I
numfocet++;
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'/. ss«sa vsraaa •'<
numnoncorner++; •/

/. .tor. th. *'"*t3h.',?.c.9hH«."»»—> *'

^,prinu (fp.n. -\«). ,..».„ u mm, poi»t. •/

fprintf (fpall. "\« )•
I

I

Constraint (P. com. normal. D)

J^comUl. norma.13]. Ds , t ./

SS?t?i'.n?5i'sS1.ss::.::: tar--!- %
/• footprint

floot al3];

int i. j. *: /m 9toroge for Wolf, algorithm •/
double •°»f.eJ-yAXl x[3]. rr[28];
doublo pp[3 • MAXJ. »l"J.
int s[4);

proj.ctcom (com. normal. D. a);
i - 8;

j - •*
le
for

++i ;

jKTi!;rprn i- empty) j

I

i - 3; . ... „ . rr) < EPSILON)

J, PrintPlone (normal. D).

/ »« •»♦* totol. com. norma
FindFoce. (pti. Pt2« toxo

int pti. Pt2. *•*•'•,3l D
float com[3]. normal^. »

I. 0)

rmal[3j. »*. f ln0 ODject •/

int 1. j. found;
int P[MAX];
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for (j - 8; j< MAX; +*J)
p\U -EMPTY;

p[6] - pti;
P[1] - Pt2;

J"2I /. determine all point, in th. plan. •/

Plj++1",: /. determine th of the face of the CHB ./
m-c ^.i:;:^ tpr,nt "Constraint (P. com. normal.^D);^ ^ ^ ^ _ _ ^ .,

^Lt.!:€C1 <(-to. -1» «(odgechecklf(i.i)l.foc. I.D)I
ttj'(j — total) I

++i;
j - i + 1;

I
* /• if none then stop •/
If (i — (total - 1))

found - 8; «--• •//. otherwise find the second face /
else |

ntrSal"- edgecheck[f(i. j)].coord;S°I JdgecSeSklfC'. j)l •iPercept;
pre] - i;

f.rCJ -"'2; 3 <^X» **i>
Pfjl - EMPTY*.

Face (total, normal. £. p);
Edges (normal. «D. tota!;.P)DVConstraint (P. com. normal. D).

I

| while (found);

StorePoints ()

\

/.Store the footprint point, ond area data in fi... •/

Int i. j. *;
floot pt. area;
FILE «fp;

',.,... (.M..>. ^ ii9^>ur- ^^ chb point ...tpHnt •/
If (objnum mm 1) .̂ ^ - «w»i\.fp i fopen ("objl.convex . w ).
else If (°binum-"T.2)i.eflweK- V);fp - fopen ("obj2.convex . w /.
else if (obinul5,."!;.5* nvftJt- »wM);fp - fopen ("obj3.convex . /.
else if (obinumMT1l)^ftnweit- «w"):fp . fopen ("obj4.convex . /.
else If (objnum — .$) m- mw«»\.fp - fopen ("objS.convex . w ).
else if (°bJnuw~.!>„«.,,« "w");fp - fopen ("obj6.convex . j*
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•is. if (°bJnumH"r,?>„,,.,... -w");fp - fopen (Hobj7.convex . w j.
else if <obJnumM"r:S> «.«.«» "w");fp m fopen (Mobj8.convex . w ;.
else if (objnukj— J) .

fp - fopen ("obj9.convex . » J.
ttls. if (objnum •» 16) _fp - fopen ("objie.convex", "w");

fclos. (fpt.mp);

fpt.mp - fop.n ("temp", "r"):
fprintf (fp. "Xd\n". numfoc.s);
for (1 - 6; 1 < numfoc.s; ++i) I

fsconf (fpt.mp. -%f". korea);
fprintf (fp. MXf\nw. area);fScinf (fptemp. "Xd". ftnumfocepts);
fprintf (fp. MXd\n". nomfocoptO;
for (j - 6; j < numfocepts; ++j) I

for (k - 8; k < 3; ++k) |
fsconf (fptemp. "Xf". *pt);
fprintf (fp. "X9.5f". pt);

fprintf (fp. -\nw);
I

I
fclose (fptemp);
fclose (fp); v
unlink ("temp");
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I
Csrn.r.e

.... „.,,.» of o n.o.ur.d footprint.Thl. proe.dur. obtoln. th. eorn.r. ot of Qtw0_
Th. footprint is »""?•**! Soli... Volu. 9 eorr..pond.
diS.n.ionol orroy of bno;»r™d. to th. «o.tpr{"i; Th.
10 "! Sin?".?. St. -.3 -y tf«""in;h:?.\'.tinIfl.Et

?h.-corn.r.h..'V;u::;,!/s.« .•:«**•^x^srj.!:*""- i
define RES 88
oVfine PLEMCTH 1

define EPSILON2 1.6e-6
define EMPTY -1
define EDGE 2
define CORNER 9

include <»t«1oh> w.include "constants.h
include "header.h

i
!
float inner();

/. r..o.»tion of th. bln.ry f;**;'^*
'/. Binlmum nu»b.r of Pix.I. o »
';. :t/r:,r,:i.::k;::li:T.:,."t. •••«••«
J: p!r.! 3s «'.., ?:i :v.v.:rW»
//.,!',: :si:!:,.«2i:s,-:«:WTU.

i
:'/

. .... -dot., pnumcdpt.. por.o)
InputOoto <IM». <•>*•• »•••«»*•. ' H„„ruAXl[2]. .pnu-odpf:
,.t «pnu.. dpt.[AUX«AX •-AX1U1. * <-I"AXim-
float .por.o; „„,„». of th. n.o.ur.d doto •/

/• -*•'•'•: S'-.n". 5l c.rn.r. on th. CHB •//• footprint as we ii «• »' ,

' - Ttsnsi! '/• ass ss smkw ::!«*«-f;•• ;;int edgetRESURESl. / ..cured footprint •/

\

InpotPadDoto (fp.-. -to- ^(|t #dges of M9uf9d footprint ./
/. detect corner, of mea.ur.d footprint •/

CDetect (edge. .pt.. Pnumdpts ^r.o); ^ ^ ^^^ ^
Convex8oundry (dpts. .p.-0».. "P*- '""^l; /

/• order the CHB corners in adjacent
OrderCorners (cdpts. .pnumcdpts);

EDetect (data, edge);

InputPadData (fpnum. data, porea)
i„t fpnum. datolRESl[RES];
float *pareo; printing the number •//. Input the measured footprint, prmting m/

/. of points input

FILE »fp. *fopen ();
int i. j. k:

" Up:uf.;:n0)(-dot.i-. -»•>;
•'•?.': Jus'c"-1*-'"- "r"):

/• opei the data file •/
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else if <fPnum/Satis- "r");fp m fopen ("dotoo • r /.

•Is. if (fPnum,r"^L- "r");fp - fopen ("doto4 , r ;.
else if <fPnum,"" 4L- -r"Vfp - fopen ("data* , r ;.
else if (1Pnu*,ZZjtUm -r«Vfp - fopen ("dataS . r J.
•Is. if (fpnum -- 6)

fp - fop.n (Mdoto6". r ).
•Is. If (fpnum -- 7)

fp - fop.n ("doto7". r j.
•Is. If (fpnum -- 8)

fp - fop.n ("dato8". r j.
•Is. if <fPnum,"" fio., -r-\.fp - fopen ("dato9 . r J.
•is. if (fpnuB,,::!!]fl. -r-vfp - fopen ("dota18 . r ;.

/• input point, ond determine number of 1pixel. •/
•parea •• 8.8;

foT (i - 8; 1 < RES; ++D
••'h<i.-f:i.I.<c?K,-Stlift,--i-UiI|i>>.,

»«u,(?5).ai,its,(-.*iiWiIi-^)
•parea - •porea + 1.8;

I

Ne

printf ("\nX1d". k);
printf (" po "

fclose (fp);

rintf ("\nX1d". k) ;
printf (" points input\n ).

ighbor (i. j. doto)

int i. j. data[RES][RES];
/. Return the number of adjacent pixels with value 1 •/

I
int count; .

count ™ 6;

if (dato(i-l][j-1])
++count;

if (dato[i-1]lJj)
++count;

if (dato[i-l][J+1J)
++count;

if (data[i][j-1l)
++count;

if (dota[i](j+l))
++count;

if (dato[i+l][j-1J)
++count;

If (data[i+l][jJ)
++count;

If (data[i+l][j+1J)
++count;

return (count);

Mask (i. j. count, data. .dg«)
int i. j. count. dota[RES][RES]. edge[RES][RES];

/. Mask the data value to obtain the footprint edge.
I
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switch (count) \
ease 8:
ease 8:

Jdg.IiHJ] " •:
br.ak;

ease 1:
cos. 2:
cose 3:
ca«. 4:
cos. 5:
cos. 6:

""i'di.tillJl - -ototiHll;
br.ak;

I

ED.t.ct (data, edge)

int data[RES]lRES]. edge[RES][RES];

I
int l. j;

/. Detect the edges of the footprint and print result •/

'-BHntf,i4;.-!Rfd,:li]ii]ti>
priStf ("\n");

printf ("\n");

_*•» .inHiit edae. pmdex, dpts)--- f« h dir. podge ength, minaisx. w»w. r
Traverse (a. b. air. P'«» » r...vu.y . MAX1T2];

, . «k •^•rRESHRESl. »pindex. dpts[AUXMAX • MAXji^j.int o. b. dir. .podge Iength. edgelRESJLKtaj. f
float mindist; ^.„**,4 •/

,. ir.v.r,. th. ..-.*;».?«t»:kj:?i»;i:i..?;.,;.?5tS. J,'/. part of th. f?otprint) to obtain «n. ^ ,
V. Th. corn.r point, or. 'Jto.n.d by J.t^nj .
>. dir.otion of th. b.""Ji» «??"JSttrJ So th. original ./£ dJrStmn TO Si nSiSi* fS^LEMCTH ....... •/

IS !i.ip.kiti;p!iM.«P. H..P. -.rl.--:
int dirfound. count;
int lostcorner[2j;

k - a;

I • b;
count • 8:
dirl - dirtemp - dir;
ktemp - lastcornerm - a.
Itemp - lastcornerl!J • ».

- ,.r1 -(dir, +S)«; /. .I.r. •♦ -1—*»- ""*"•** •-'••*"'• "
dirfound » 6. . ./do /. d.t.r»in. po.it.on of «.«t pt. on boundry ./

•witch (di r1) I
cose 8:

i m k - 1 ;
j - I;
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break;

ease 1:
1 - k - 1;
j - I ♦ 1;
break;

case 2:
i - k;
j - I + 1;
break;

case 3:
1 - k •*• 1;
j - I -r 1;
break;

case 4:
i - k + 1;

* ' i5break;
case 5:

i - k + 1;
j - I - 1:
break;

case 6:
i - k;
j - I - 1;
break;

ease 7:
i - k - 1;
j - I - 1;
break;

I

ifitrridirr:!]x8;
else di rfound • 1;

| whiI. (Idi rfound) ;

switch (abs(dir1 - dir)) { ^ directions match
case 8*•dg^kUl] -EDGE;

(•pedgelength)++.

':': // if • ;!rectthrn rh:crt°of.r.eirpLENS?sred :lfc ptr.Tr.ithTh/rrtJi S, dir. hove passed •/
if ((count < PLENGTH) «* (count > 8))

++count;
•Ise count » 8;
brook; ,% if directions are adjacent •/

ease 1: ' ,
case 7: ^x t /» a possible corner •/

if (count++ — e),!14 n _ rncE-idge[ktemp - k]tltemp - I] - EDGE.
(•pedgelength)++;
dirtemp - dirl; ^ %\*x* point of poss. corner •/
k • itemp • 1;
I . jtemp - j;

* /• past three directions are <*j^«r#nt \',' F /• a corner exists •/

eo3efktimp)Cltemp] - CORNER;
lastcorner[8l - ktemp;
lastcorner[l] - Itemp;

* /• If not ominimum distance from the •/
/• last corner

0,,Jdge[kterap][ltemp] - EDGE:
k m itemp;
I . jtemp;
dir • di rtemp;
count m 6:

I
break;
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/. dlr.etlon. oh ^"or.^ho^on. un.t^ y

daf'?,^:s^r!,:)..sss^i])l°;,^sUt]n
.35.|*1bi-«»«««la.teorn.riei - *•
lo.teorn.rllJ • '• ,K ./

I /. I, not . -Ul— «'•*"«• «r°" *M *'/
/• last corner

else edgetkUD - EDGE;
{•pedge!ength)++;
dir - dirl;
k - i;

1 " i; acount » w;
break;

I

«" •• ••"':;; „,: ;>:„.<. <>•••• ••',

if (dir — 2) |
dirfound • •.

7o':<l - «: ><PLEMGTH; ++0 I

di rfound - 8;

•Iso di rfound » 8;

IdgetolM-tC^^-^7^'00^^
\

d,8edgela]tb] - C0RNER:
\

e,*edge[a]tb] - EDGE; -leftover- 1'« on •/^tnl^^or'thi.'Jartof the f.p. •/
for (i -.v. }<i^E?RIs1l:i)tiUj) \

,ori',irneiut]]iT+il i- -ge) ii c.-..i>i^ •/
•dgeliUil - «8 /m 0rose adg. ./

^^raWjir / * ^
.d,.[.][j+il •• „„p eor?.r ./

I... .f c-HUMl " i? /• •'*•• ,nt*rlor p

SUl^pmSxIUiti]'-1*
I

I
I

CO.t.et (.d9«. «P«8- •"""• p°r,<,)
,.t .-,.l««H««l. dpt.[AUXMAX . -AX1U1. •*—'
float «pareo; *«.««♦ *'/. Detect the corner, of the ftpr.it
I
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lnt ,. J. found, dir. objects. .dgel.ngth;9tQnc0 q cornef. c<jn >. .J
float mindlst; ym fr0(t onother corner

. . /t. Au.it) between corners: ");printf ("\nEnt.r minima- distance (in pixel.)
econf C%f". kmindist);

•pnum - .dg.l.ngth - 6;

ford^t.ti][ji- fcsi*

S-V"lJ /• "•- • cjrjTofon object ./
while ((I <(RES - D) " (i <(«•* - 1» " C-K1"" 1>)

ttj{j -- (RES- D) i
++i;
J - is

I
I

if (i .. (RES - 1)) ,
found - 8; /„ record isolated point /

else If (Neighbor (I. J. •<«•) — e> ** Jdgerhlil- CORNER;
dptsL»pnum]L6] - I.
dpts[(*pnum)++JllJ " J»

else {
•pnum • .; . _j.M *//• determine direction of next pt. on boundry •/
if (edge[iHJ+1l>

•..•^"(•agep+llU+ll)
di r • 3; ..

else if (edge[i+1HJJ)
dir • 4; .••» « <i\

else if (edge[i+lHJ-1i>
dir - 5;

/• find corners of ©bJec* ...
*L .s.rfs.t edae. pnum. opts;.

Traverse (l. J. <"'. *•<•«•»•"«*"• «""d,«t' *dge'
++objects;

I while (found); , . m/' /. d.«.r»ln. th. nu.b "t.ri.r 1plx... •/
.por.a - .par.a - .do...«9th /2 - obj.et.:

/. print d.t.et.d corn.r. •/
printf ("\nd«t«et«d eoro.r.Nn-):

printf ("\n"):

printf ("\n");
printf r\n\nnumb.r of isolated parts: SI.-, obj.et.);

ntf ("\n\ncorner points:\n");
p(r!nTfei44a %5r:dpti{ii[6]. .pt.UHU);
printf (M\nM):

ConvexBoundry (dpts. num. cdpts. penum)

•/
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Int dp„i«na*x .-«lial. •- •'pUl"M"*1t'/^;U'-; th. foo.prm. •//. o.t.mln. th. eorn.r. on th. cm.

' Ut .. 1. ««. " ,orl.bl.. f.r th. ...f •••• •/
d.ubl. -«.'S5Dii;. max .2]. rr[(2+D'(2+*)l- Kl2l:doubl. pplAUXMAX • ""* '
int .[2 ♦ <ls .

/. d.t.raln. eonv.x hull

iS?"o " •'» ' <nu*: **° ' /• ,ood '•'"*" ,or "0"" *"• *'

LVsTmplUp- •i.«^, - "> >EPS1L°N2) *
♦oreoU:[tpcU]fi]++-'Uni'i,
(•pcnum)++;

I

I

OrderCorners (cdpts. num)

... .ot.l-MlI.l- -f tM peinu o„ th. CHB ., t tpr.-t
* int i j. o. b. c. index;

f?..t;x?2rJi*T- ••«•—• ""•=
♦ or fi • 8; i < num; ++I)

'"tUpi.lhi i Mthui.
a - 8;
b - 1; ,
index - 2; /# compute all edges •/

do jdif,:(2. «-ww. —ibiie,;;::...t i ./
.aximum - -2; determine adjacent corner •/
*-. /s - B- i < num; +*') K «'Ma'HJ-^^l'.UeV.it.-ptblie].,)-.

anal e • 8; , \.angle - - inner (2. x. y).
if (angle > maximum) \

maximum - angle;
c - i;

I ,I /# .tore ordered corner •/

for (i m 0; j < 2; ++))edp*:ttndix![ii-t..ptc][il-.
index++;
o » b;

|whiTe (b I- D: /0 pr.nt r.,ttits •/
a corners of convex hull\n")*.printf ("\n\nordered corners o
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'•'.i.-Vi-W 5UaVedpt.ti]te]. .d.t.i.mi).
printf ("\n"):
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I
Recog.c

Thl. pro.ro. -atch.. a-'"Tl'S'.S^i'^otriS.liSr.tSconporo. th. footprint to all po..ibi.io t„,
tt.'SS.r. o'tS'SS'ur.o toSprL 'So obt....d ond th.
TSumna ..t of point. '• ••"•>;"* *?,{£ ill oomporl.or.eorr..pond!n9 to th. g.n.rat.d footprint.^ in. »ateh..
1. obtain.d by e«»Pu*l??,*h;-SSI CHB of th. -oo.ur.dSotp?t«t,toh:oSB¥.S.h.},.vSrc?lB(CoVBlh.,.n.rot.d
footprints.

i
define EPSIL0N2 1.8e-1
define EMPTY -1t
fineludo <stdlo.h>
finclude "constants.h
finclude Mheoder.hM

/• error range •/
/• empty flog •/

/• file containing globol constants

/• storoge for CHB points of a face

.tract face^l numberpl8t Batchedpts;
float coord[MAX][3], area;
struct face *next;

struct object {
int numfoces;
struct face *pts;

I;

/• storoge for all faces of an object

/• structure storing oil CHB
/• points for all faces

/• storage for CHB points of
/• the meaeured footprint

/• storage for all points of
/m the measured footprint

:'/

i'i

struct object Objects[OBJMAX];

int cdpts[MAX][2];

int alldpts[AUXMAX • MAX][2l;

float inner();

float dlst();

char *colloc();

FILE •fptemp. •fopen ();

floot RATIO;

/• pointer to a temporary fil. •/
V. used to store all the •/
>• corners of oil generoted •/
/• footprint '

main ()

\ int numobject. "•••••JP*** "^os.ooj.. notdone;int fpnum. pessobjsLOBJMAxj, npo«»^
float area;

__.. run .nrn«ri of the measured/• input all corners ond CHB corners oi
/• footprint

fpnum » 8;

InputDoto (fpnum. al.dpts. enumalldpts. cdpts. .numcdpts. .area);
/. input the CHB point, for all g.n.rat.d footprint.
/• for all modeled objects

InputFoces (fcnumobjects. possobjs);

I'i

*//
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/. .oteh footprint, until r.eo.nltlon or .nd of dot. •/

d° KttJS"(--.bi..t.. •—"-'« dpt- po'"bi" kn'°"obi- 8r,8):
if (npossobjs •- 1)

notdone • 6;

"Srintf (-\n\nA«oth.r try? (1 f.r y«. • «•' ••>« ">!
•eanf ("Xd". knoldon.):
" fcl&t. (++fpnu-. .114-f. *r,— ...Pt.. edpt.. tnu-odpt.. *.r..).

t while (notdone);

« sTS.'assB.'is-jra.is as? •*
$

Cleanup (numobjects);
printfV\nALL DONE\ntt);

InputFaces (pnum. possobjs)
int •pnum. possobjstOBJMAX];

/. Input the CHB corner point, for all g.n.rat.d
/• possible footprints

int i; . ./
/• input number ©f objects •/

d° printf ("\nEnter number of possible object. (8 to exit): ).
scanf ("%dM. pnum);

if (.pnum — 6) I
printf ("\nBYE\n");
exit (8);

ilse if ((•pnum > OBJMAX) II ('P"™ ^OJMAXVJrintf ("Maximum number is %1d.'OBJMAX).
\ whilS ((.pnum > OBJMAX) || («pnum < 1».
for (i - (.Pnum ♦ l);l < OBJMAX; ++i)

possobjs[i] - EMPTY;
/• input object footprints •/

for (i - 8; 1 < .pnum; ++i) I
InputPoints (i);
possobjs[i] • 1:

I

\

I1!

InputPoints (i)

>;. S!St"VrSs.ii,.ssp.!nt,SpS;iftrSfS3 !S. „. i',
I

FILE *fp1. *fp2. •f°P«" O;

}?SJt-t.;p!t*SxSJi8i «AX][3J. t.»p2[AUXUAX .-AX]t3]. for..:
struct face .tail; jn 0D.B fn« of object polnte •/
switch (i) (

fp2 - fopen ("ohjj;"! • • J \\
fptemp - fopen ("tempi . w j.
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br.ok;
case 1:

ill - fop.n ("obj2.all . J h
fpt.mp - fop.n (Mt.mp2 . « J.
break;

%V. fop.« j:oM5-:??!,":;.)r)'fJ2 - fopon ("•bi3;»!i.- .£.<
*_»—-. _ Iaa«d ("t.mpd • w /•

fptemp
break;

cos. 2:

fptemp - fopen ("temp3 . •
break;

case 3:

fp2 - fopen ("obH-oM- „rA*
fptemp - fopen ("temp4 . w j.
break;

fP2 - fopen (ttobj5.all . r J.
fJtemp - fopen ("temP5". • ).
break;

?p?:. fopen j:ojij-s*?!,M:r.;r)siVp2 - fopen C"obJ6.0I1 $. ^rJ
fptemp - fopen (Mtemp6 . w j.

?p?:.'fop.n j:«ti5-w:*«:;.",r)8fp2 - fopen ("ob]7.all . r J
fptemp - fopen ("temp7". w ).
break;

ill - fopen ("ob 8.alI .^J
fptemp - fopen ("tempB . « J.

C0S?p?V fopen j;obJ|convex:. -r-->:
fJ2 - fopen ("<>b «;»•' • ..;..<fptemp - fopen (Mtemp9 . w ;.
break;

C"fpV- fopen (-obJ18.coij;eK;. ••;-);
fptemp - fopen ("temp18 . • ;.
break;

»
. *m « h«/(h s-Ohiectst i] . numf acesj;ffor°(j i SI'J <dObj!cU!i].nu«face.; -J) I /m jnput footprint area ./

fsconf (fpl. "%f *»"• **«'••• *nU°,jl,l„put footprint points •/
for (k Vf.S/ !%fP%fS%ft!;)*t..p1[liH«]. *templ[k][1]. *temP1lk]l2]);

fscanf (fpl. *T ./
/• transform points to RZ /

C '(nU°Pt,> t"Pl- 'T-mr. CHB point. ,. ...M. .tract.. ./
" ObiSttMpt.- Ctraet )«»~V. ..-..(..«. «-~».

tail - Objects[i].pts;

•'•• i. ♦ . f.truct face •) calloc(1. sizeof(struct foe.));
tail->next • {..trucx !»»• /
tail - to!l->next;

* /• store area of footprint •/
toil->area - farea; number of points in footprint •/
io!l->numberpts - "^P**^ <* ,tor5 /i store 2-dimen.i anal point. •/
for (k - 8; k < numpts; ++k) /

f0rta,lT.>coord[2kiltl - t.mp2(k][l];
/. input all point, of footprint ./

fsconf (fp2. "Xd". *no.pte);

break;
cose 4

break;
case 5:

break;
caee 6:

break;
case 7:
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f0rf.ca;feiCfpV? "Xf'ir^t-^.t.mpUk]^]. *t.mp1[k][1). .tempi[k]l2]);
* « ♦.««5V /• convert to R2 •/Convert (numpts. tempi. temp2). '

/• store points in temp filw •/
fprintf (fptemp. "%d\fi". numpts);
'•'fprmu^fprnHr'-w.sJk«.»«\"". t..p2t^][e]. t.«p2[k]H]>;

fclose (fpl)**
fclose (fp2);
fclose (fptemp);

Convert (numpts. tempi. temp2)

^..rTS-'pitAUXMAX .MAXU3]. t.«P2[AUX«AX .«AX][3]:

',: union. si:M: v!:r.,W.i:.,u by rotoUB9 •''
1 floot xt3]. y[3]. n[3];float cos.theta; ^ delerwina normo, 0nd Intercept of footprint •/

diff (3. templMJ. templTel. O;
dlff (3. templhl. te«plt8l. y).
cross (x. y. n); /m ddtermine ongle of rotation •/

x[6] - x[1] - 6;

os (x 1n);SSLthitS -inner <3•̂' d^U r«in« direction of xy plane intercept •/
xM - n(6]; , m/
x[2] - 6: /9 rotote point, ebout x to xy plane •/
Rotate (x. cos.theta. numpts. tempi. temp2);

Rotate (k. cos.theta. numpts. tempi. temp2)
float k[3]. tempi[AUXMAX •MAX][3]. temp2[AUXMAX •MAX][3];
float cos.theta;
int numpts; Atmmm

/. Rotot. point. I. t...l about «by th.to r.dl.n.
/• end etore the resulting points in iemP*

{mol-Klir^ls]. *[31. *[JH3] :
counter • 8;
do \

c • cos.theta;
, . sqrt (1 - squore(c));
v - 1 - cos.theta; determine rotaionol transformation

- k[8] • k[8l • v «• c;
• k[6] • v;
• s;

0

til

1-1

\h
•i'

ill!: 3

• kfl] • v;
• k[l] • v + c;

• -k[8] • s;
. -kM • •*.

i[8] • »;

l't

•/
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/• determine if rotation I. c-wl.e or •—!•• •/
mult (A. te.pllfl. ">•
mult (A. templMl. y).
mult (A. temp1[2J. z). rpsiL0N2))„ <«.b.(x[2]-y[2]» <EPSU0N2) « «.*• (-I»]-.W» <̂ S1L0M2»

counter "2; f
el., if (count.r --•{'_.

co._th.to - - co»_th.ta.
counter • 1; . •/» /. .top If .« .rr.r du. to n-.rlool Inoec.roel.. /

•l,#.!-.« f"\nRotat« didn't work.\n"); w„%.Srlntf ("a2jS.? EPSIL0N2 appropriat.lyAn ).
exit(8);

|while (counter < 2); ^ rotate points to xy plon. •/
«Ar t\ - 6: 1 < numpts; ++i},,x

mult (A. temp1[i]. temp2ti]);
I

Match (numobject Udpts. numcdpts. po.sobjs. plndex. area)
int nulobject alldpts. numcdpts. possobjs[0BJMAX3. -pindex;

'/, piln?. to th. «...ur.d footprint

' tTUl-tii.^.lS^.-IOBJ-AXl. .rrorb.il:
struct face «taiI :

printf ("\nEnter error radius (in mode, units): •>.
scanf ("%f". fcerrorball).

-«• A*** units to model units: j;printf ("\«Enter ratio of data units
Scanf ("%f. *RATIO);

area /- (square (RATIO));

max » 8;
•pindex • 6; ^i^-».. -w+nfor (i - 6; 1 < numobjects. ++U

objsarea[i] - EMPTY;

#Ar (i m •• i < numobjects; ++i) I
'"til. -Obj.et.tiJ.pt.: ,. for .».ry po..m>. ofcijot •/If (......].[!) ~ D 1 /. <or /ach '"tprlnt of^hot^t ^

" fpt^p'i fop.« Ct.-p1-. -r-)»
else if (i •• 1) /«».-l>9« «r");fptemp - fopen ("temp2 . r j.
else if (i •" 2) /.♦.lfJ-s- «r");fptemp - fopen ("tempi . r ).
else If (» "" 3) /-a.-oa- "r");fptemp - fopen ("temp4 . r }.
else if (i -" 4) /•♦.-««- "r");fptemp - fopen ("temp5 . r j.
else If (I •" 5) /»4.-«b- "r"):fptemp - fopen ("temp6 . r j.
else if (• •" 6) 1**^-1" "r");fptemp - fopen ( temp7 . r >.
else If (i *•" 7) /■♦.„«r» «r"}:fptemp - fopen ( temp8 . r j.
else If (» •" 8) /•♦.-fto- -r"i:fptemp - fopen ("temp9 . r j.
else if (i "" 9) /••-••I." "r"l:fptemp - fopen ("temple . r ;.
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tornpmax - 8;
temporea - 6: 0b|ecttJr i].numfaces; ++J) I .K„m.^MoUeoJc. tta?{:Cn«ia{.dpts. numcdpts. errorball).

a i.^^. «<*" 14.1 tai I—>motchedpto;;printf ("\nobject number: %d pts. matched: %d .1+1.tail
/. determine objects with the most matches •/

if (tail->motchedpts ^. *•"»"*' * ... _
jsks/-1? i.."t.n-; ;.o7 «..)> <(*-<*- - —))) ?

toil->area : tempareoj.

I

toil - toiI -> next;

/• store possible objects •/

$

if (terapmax > max) j
for (j - 8; j < 1; ++J) ... cuoTY-possobjs[j] - objsarea[j] - EMPTY.
possobjeTi] - 1;
objsareoti] - tempareo;
•pi ndex - 1;
mox *• tempmax;

else if (tempmax — max) \
possobjsTi] • 1;
objsareaM - temporea;
(•pindex)++;

else if (tempmox < max) I.., pmpty-possobjs[i] - objeoreali] - EMPTY.

fclose (fptemp);

/• oreo conetrolnt •/
if («pindex > 1) .%

for (i - 8; i < numobjects; ++•) .

'< ^.b^S'I'ob-.r..^^"..! >^»» I
possobjsTi] - 6;
(•pi ndex)—;

/• print result •/
printf ("VAnMeosured footprint area: %6.2f\n". area);
printf ("\nREC0GNI2ED OBJECT(S):\n");
for (1-6; i < numobjects. ++ij

lf (??:J?b}*%id " area - %6.2f\n". i+ 1. objsoreo[1]) ;printfP("\nNumbetdof point, matched: %1d\n". max);

H J;?IJf:tT!><,nu..bJ..t.; 4*l)
possobjs[i] • 1;

•pindex - numobjects;
J

MatchEdges (tail, numalldpts. numcdpt.. errorball)
int numalldpts. numcdpts;
floot errorbalI;
struct foce *taiI;

f the CHB of the measured •/
nlr. of the CHB of oil possible •//• Match the corners ot tne wn» ~*

il ,fr.ttpJintt.,°..tn.r.t:anb;,th: o.j.ct ......
int i. j. k. I. m. n. o;
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!!o,t ?Upt*5xSli *• «AX]t2l:
int num; mf%Am\ footprint'/. i»:..^.Ki^ri'.t.::.rsUr .u

y« rotated to R2)
m /i.i.nB "Xd". Itnum);

""' /. for CH y.-9. of th. data f.otpr.nt
,0r,d!«T ti.'cdpt.ttrcdpmll.il) *—•*.!• '):

x[2] - »s

:i

«/

-« -•' /. for .v.ry CHB .d,. ofth. «<.." ftprl.t •/

"m "). d.t.r..n..th. ab.olat <th. rotation on,.. ./
c - inn.r (2. x. y).
$ . sqrt (1 - squor.(c)).
pt1 - 1;
pt2 - J;

for (k -

i,i ?rr-b-.iflh%:r.tb:r.o;r:,rmntoi?on. :*
6; k< 2; ++K) J m/

/• determine ^ transformation is o-wi -i"

,f (di.t (2. tran.fpt. y) >EPSIL0N2)
1•--••• /. Watchups
for (1-6; I< 2; ++D 1

/. determine the matching tran.for.etion
. R[1][11 - c / RATI0:
-t / RATIO;
s / RATIO;

•/

•/

id: •<-ST:g»««::', wis: (t...H>...r.>iM.iM.
[2H81 - Rt2]ll] " ft*
121121 - i:» i;

*u- n..nh«r of points matchedfc frUr:nMrnt.U:.e.a.h ?o.tpr.nt

'0rt.n.t-pt!nlB.<(rioot))a..«.pt.l.]t-]:
llrt'fj^i.'.ttt. tran.fpt): /• tr.n.f »•<•*

/. d.«.r.ln. IIIJ -«teh.. to . P-«-t «" «•
/• model footprint

*"rwhi*lS i/.rCT,:...,.> < ••>
cloe. • *;

if (cloe.)
++matches;

if (match.. > «ax)
nox «• match..;

•//

:'/
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/• switch pairs of endpoints •/

#«m — n ? (Pt1 - (i+1)%numcdpts) : (pt1 - \)l .\?\l -- j) ? (pti - (j+l)%(tail->numberpts)) :(pt2 - J).
I /♦ switch ori.ntotion of edg. •/
for (I - 6; I < 2; ++D

x[l) - -x[ij;

ptT 1(1+1)* numcdpts;
pt2 - J;

',i ::."=i::.u: f""-«f:i?:;;H"- -•• #/. to on. .dg. of measured footprint /
if (max > maximum)

maximum * max;

toll -> motchedpto - moximum;

Cleanup (numobjects)

int numobjects; ^.?:ini?or.dt^jroffi:r,.:trrt.t^f»is^Sd:r.d %
/• objects

if (numobjects >- J)
unlink ("tempi");

if (numobjects >-f)
unlink ("temp2");

if (numobjects >- 3)
unlink ("temp3");

if (numobjects >- 4)
unlink (Mtemp4-);

if (numobjects >- 5)
unlink ("temp5");

if (numobjects >- 6)
unlink ("temp6");

if (numobjects >•» 7)
unlink ("temp7");

if (numobjects >- 8)
unlink ("temp8");

if (numobjects >- 9)
unlink ("temp9");

If (numobjects >«• 16)
unlink (tttemp18");
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Vector.e

I
Thie filo contains vector ond matrix routines
Corner.c ond Recog.c.

ised in Foee.e I
Idefine EPSILON 1.6e-3
[include "header.h"
finclude <stdio.h>

floot Inner (dim. vecti. vect2)

int dim;
float »vect1. *vect2;

/• compute inner product of vecti end v.ct2 •/

int I ;
float sum;

sum - 8; ..t\
for (1 - 6; i < dim; ++1)

sum +- »vect1++ • •vect2++.
return (sum);

normalize (dim. vect)

int dim;
floot *vect;

/• normalize vector vect •/

I

int i;
floot mgnsqd;

mgnsqd » 6; . ,
fSr (I - 8; 1 < dim; ++OJ

mgnsqd +» square(»vect);
v.ct++;

I

if (mgnsqd I* 8) \
vect — dim;
for (i - 6; i < dim; ++i)

•vect++ /- sqrt(mgnsqdj.

I

cross (vecti. v.ct2. vect3) /• i^t^^^ftn^r.surt ^vlc!^/
float vectl[3). vect2[3]. vect3[3];

\ •ot3rei - v.ctun • v.ct2m - ;..uiii : ;;.j«ij

normalize (3. vect3):

plane (normal, pt. D)

float norma I[3], pt[3]. D;

1

/• determine if point pt is in the plane •/
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if (ab. (inner (3. normal, pt) +D) < EPSILON)
return (1):

olse return (6);

I

tzed dlff.r.nc. ofiff (di». v.ct1. v.ct2. v.ct3) £ 0^e:t2h:n20^,U:dr:iuUr|n vect3 ./

noatl"veet1. evect2. *v.ct3;

Int I;

*«r (I » 6: 1 <dira; ++i)
•vect3+; - •vect1++ - .vect2++;

normalize (dim. vect3 - dim);

«••• • " '• $% SfrTnHHsrFH./
int dim. •vecti. »vect2;
float *veet3;

int i;

for (i - 6; 1 < dim; ++i)
•vect3++ - «vect1++ - •vect2++;

normalize (dim. vect3 - dim);

projectcom (com, normal
and

pt •/

float com[3], normal[3], D. pt(3];

int i;
float t;

••• - '• EigSft^'fi-lwi

t - -(inn.r (3. eoa. nor.ol) + 0):

,0rpUi]!:eo.f.i:*^-.'t'] 't.

pos (v.etl. v.ct2)

floot v.ct1[3]. vect2[3];

1
int 1 ;

/• set vect 1--vecti if <vect1. v.ct2> <8•/

if (inner (3. vecti. vect2) < 8)
for (i - 8; 1 < 3; ++•)

v.ctlli] - - vectUO;
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itult (A. x. y) and put the re.ui*

float A[3H3l. x[3l. y[3l;

* int 1. J:
for p.- •!.« <3; 4+,) *
JiPn -;6; J< 3; ++J) ,

ytll 4- AtlHJl *«»!*
$

I

ect2)float di.t (dim. v.ctl. v

int dim; ^^-»o.float »v.ct1. «v.ct2.

* int 1;
float .urn;

turn " 8;

/. compute .-l0JS-:/',t 6tW##'
vecti and vect2 •/

"SCI-*'. '.Vlc-vSt! i-v.ct2));sum +- oquor. U*v«cx
•vect1++;
•vect2++;

I

return (.qrt(.um));
I

floot norm (dim. v.ctl)

int dim;
float •vecti;

/. e.»p»t. .a....."""- " "et1 ''

1 r.turn (.,rt(lnn.r (dl«. v.o.1. v.a«D»:
t
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——— wolfep.c

Title: wolf.p-

/. —
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Aulh0f: nouse^etvox.berkeley..*"
(415) 642-4235

„._*.•«. tnMifA*s orocedure for

nB.srsrt^rws.w-'w '•„;;;•;:':::,:,.-.
p.Wolf. Tlndl»9 *"» "I0?? (1§?6) 1«-149.!loth..atteol Pro«ro«»In9 " t197*'

I. r.turn.d o.th. v. u. of th. f™ ,, r.turn.d (-1j to

If tfcU ».P5«?;1?,^,15 In .top condition),

is return in them. ,.._♦,«„ Df the

the line with

pn2 - fcr(6.nn+4);

ond deleting the line

free((char •) pn2);
Tho -rr- ...t point to awork area of at least

^ (n * D*(n + 4) + m
11 double precision elements.
• •

fdefino 21 ^1,0
fdefine Z2 ie-18
idefine Z3 le
#d.«!!n* JS,L,!E -FALSE

fdef ine min

finclude <math.h>

double wolfep.(pp. n. m. ^x. •• ^r.
double *PP« ,_
int *n' *•'
I

(define min(o.b) u y

rr)

/• oointer to point, array. (. •-.1—-*• ot '•°S°
•• PP "" Stmension of points (pointer to):: : z ;.:::?:? P.iSt. c..i;t.r to ment v.et.o
;; ; _ minimizing P""1 '" K.* (St least n ♦ 1 •"•••".V
t; I — index «"aV? i.S.t (5 J i) • (n + 4) element.)" "- TrrstTr/UirnrorS used for r
•• n + 2 column is w
• •

• •
n + 3 column is v
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n + 4 column I. a .catch vector

,, t% r/.x . /s\-«fil /• .tor.d columnwi.. •/

tti'Aii ?!!:}{ ??IM: (IJ.sl >• •* ••••'
int I.

J.
Jin • /• dimension of points •/
mm /• numb.r of point. •/ m„rmi ./ZZ /• numb.r of points in ear rent corral •/
oS* /• length of column in r •/
small. /• boolean toggle •/
J'roi; /• point with zero weight •/

double d.

SSimix. /• no. 2 norm of corral points •/
•on2 /• pointer to norms of points •/
Hn2' '/. pointer to weights for x •/
IZ' /• pointer to weights for -y- •/
,:_ 7. pointer to scratch vector •/
theto. /• convex multiplier •/
a. b.C /• used for plane rotation •/
dot().
norm2();

char •malloc();

/• initialize pointers, etc. •/
mrit _ mn. /• dimension of points •/
"" 2 111 /• number of points •/
«« Z nn'+ 1- /• •«*• of <»«l»<,, corral •/
2q- *??8nn*4 1)- /• ••Iflhts for 'x' •/

bb - *r(8.nn + 3); /\,cr?!?i !/Ct°r '
/• squared norms of points •/ s tM^..wtm\\\\.pn2 - (double •) malloc((unsigned) (*<«• (sizoof(double)))).

/• step 8 — get initial corral •/

m ini • i • mm — 1; ,„.,* \
drain - pn2[il - norm2(*p(8.1).nn);

f°r if ((^n2[i] - norm2(«p(8.i).nn)) < dmin) |
dm in • pn2[i1;
mini • i;

$

sn „ 1; /• one point in the corral •/
w[6l -'l.f
e[ej - mini;

/. initial R matrix (1 by 1) and set max equared norm •/
r(8.8) - sqrt(1. -f (pn2mox - pn2[mlnl]));

/• main loop of algorithm •/

for (;;) fj

/• step 1(a) - set X - P[S]«w •/

for (i - nn; i— ; ) {
d *b 6. *

for (j*- in: J— ; >
d +- p(i.s[jl)*w[jl;

x[il - d;

/• step 1(b) — define mini to minimize <X. P(il>. i< m •/
mini- i- mm -1;
dmin - dot(x. *p(6.i). nn);
for (; i— ; )

• •
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If ((d - dot(x. *p(8.l). nn)) < dmin) J
dmin - d;
mini • i;

I

/• .t.p 1(c) - t..t for ond condition •/
if (dmin >(d - norm2(x. nn)) -Z1•max(pn2[mini1. pn2max)) |

/• .top - w. hav. a .elation •/
/• clean up for r.turn •/

fr..((char •) pn2);
tm~,*tA\\- /• «* contain, the .quar.d distance •/

return (sqrt(d)). '

I

/• step 1(d) - check for mini in S •/

for (1 - sn; 1— *•_),. ,
if (mini — s[lj) I , ,/• temporary disaster see note 3 •/

return (-1.):
I

/• step 1(e) - odd new point to the corral •/
»f snl « mini;

pn2mox - max(pn2max, pn2[mini]);
/. steps 1(f) * (9) - compute new column of R•/

f°r Db[Tr:;i!^;dot(«p(6..[il). *p(8.mini). nn);

• n++;

/• loop for steps 2 * 3 •/

for (;;) I

/• step 2- solve system for new v (try for w) •/
,. _ .n. ,_ . \ /• init vector of ones (e) •/

for (i • en; I— • / '
v[il - 1.;

eolve t_uppor(rr. bb. v. sn. qq);
solveIupper(rr. v. bb. sn. qq);

/. normalize v k check for small values •/

d - 6.;
for (i - sn; i—: )

d +- v[il;
small - FALSE; g|so coaput0 theta for 3(a) k (b) •/
theto • 1« ; '
for (i • «n; i—; ) w-kX ,

if ((v[il /- d) <- 22) \
.mall - TRUE; .
if ((dmin - w[il -uv|il) > 23)

th.ta - min( theta. w[ij/dmin).
I

if (I .moll) I /.good po.itiv. v- put in w •/
for (i - «n; 1--; )

•[i] - ^"l! br#ok out (go to .t.p 1) •/
br.ok;

/• .t.p 3 •/

/. th.ta for .t.p. 3(a) * 3(b) computed above •/
/. «teos 3(c) k 3(d) - intersect .egment t convex hull •/h •):Pno?e inference from Wo.fe'e paper: •/

ym « . theta • v + (1 - theta; • w /



Hoy 16 69:35 1986 Wolfa.e P09. *

,or if'a-pi i~h.lo.vin +<i.-th.t.)..[.]> <- "> »
zeroi - i;

/. .t.p. 3(.) t 3(f) -dofto z.roi-th .l.m.nt from S. .. *R •/
d- pn2t.tz.rolH; /• «ove to updat. max Pn2 •/

for (mini - (i - »roi) ♦ 1: l< •«*. I++- ~lnl++) *mini - (i - z.
[1] - sfminll;
]i] - w[mini];
for (j - «n + 1; J—I )

r(J.i) - r(j.minl);
I

/• update Pn2mox •/

H (d — pn2max) | _ ,n _ nll.
pn2max - pn2[s[(l - sn - l)JJ.

f0f pn2«o7: »ax( pn2»ax. pn2[s[Hl);

/. st.p 3(g) -.•• pl-»- r.t. to maintain upper triangular R•/
for (mini - (i - «roi) +1: I<•«: »++• mini++) I

a - r(i.i); x
b - r(mini.1); ..
a /- (c - aqrt(o»o + b»b));

?0'"riiTj):-Jo-("- Jo-j!) +b-(d "'<-""-'»8
r(mini.j) - -b»c + a«d;

I

J /• end of .t.p 2*3 loop •/
| /• ond of main loop •/

/• end of di.t function •/
fundef r
fundef p

$

• .- d.w - k m/ R uooer triangular/• solve.upper solve R*x - b w/ k uppor
note: do not link with fortran• •

• •

•/

solve_upper(R. x. b. n. q)
double »R. •*. •»•
int n» °<;

,. !X Bf/:\ A n\i«l /• stored columnwise •/
define RR(i.j) R[(') * (j)»qj /

Int i. j;
double z;

for (i-n; i—; ) I

foT (j-i+1; J<n; J++)
J +- RR(l.j)«x[jJ: .%

x(il - (b[ij - z)/RR(i.»):

fundef RR
( /• end of eolve.upper

/. .o.v.t.upper solve R-tr-x - bw/ Rupper triangular
H note: do not link with fortran
•/
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solve.t.upper(R. x. b. n, q)
double *R. •*. •°5
int »• °.;

^define RR(i.j) R[0) +<J>•<13
int 1. J;
double z;

for (1-8; i<n; i++) I
z - 6.;

,or «J:i'«*~:.{.,m: M
x[il - (b[ll - z)/RR(i.D;

fundef RR
| /• end of solve„t_upper

/• dot returns dot product of 2 n-vectors
•• note: not to be linked with fortran routines
•/

double dot(x. y. n)
double *x. «y;
int n;

double d;

d - 6;
for (; n—; x++. y++)

d +- *x • »y;

return(d);
I

/• norm2 returns sqored norm of n-vector
11 note: not to be linked with fortran routines
•/

double norm2(x. n)
double *x;
int n;

double d;

d - 6;
for (; n—; x++)

d +• »x • «x;

return(d);
I
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fdefine MAX 48
fdefine AUXMAX 7
fdefine OBJMAX 5
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{define abs(x) ((x) < 8 ? -(x) : (x))
define equaro(x) (x) • (x)

double sqrt();
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