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ABSTRACT

Twa—-layer channel routing is one nof the key
staps in the awutomatic laynut design of VLSI
chips. There are several efficient algorithms
daveloped for channel roufing. But uswal channel
routing algorithms do not work when fhe vertical
canssTaint graph is cyclic.

A extension of Lwo—layer channel routing are
presantad based on a4 merging algorithm on the
verticzal constraint graph. It can deal with the
cyclic problams. Five subalgarithms have been
daveloped. Tha program go2s through the subalge-
rithas wuwntil a solution is obtained. The last
suybalgarithm calls for tha use af extra vertical
frack bayond the =2nd of the channel. With that, a
solution is guaraniaed.

Tha algorithm has been programmed in PASCAL
language and implemented on a VYAX 11-78C computer.
Experimental results are quife encouraging.

#Research supported by %he Mational Scisance Foundation Grant
ENG-73-22425.
+#0n leave #rom Tianjin University, Tianjin, China.



AN ALCORITHM FOR TWC-LAYER CHANNEL ROUTING WITH
CYCLIC CONSTRAINTS

M. L. Liu

1. Introducfion

Two-layer channel routing is employed frequently in the
LSI chips layout (€11 €21 and L3]. Two rows of cells are
placed on %wo sides of a channel. Along the channel, every
ferminal of rcells has a certain number, and ferminals with
tha same number must ba connected by a net, while terminals
with number G are left unconnected. Usually we assume the
horizontal segmen%ts of nets on one layer and ¢he vertical
sagments of nets on the ofher. Fig. 1-1 shows an sxample of
a two-layar channel routing problem. The real lines are on
ans layer and the dotted lines are on fhe ether. The black
square spots represent via holes connecting the horizontal
and vertical segmenfs of a net.

Because the vertical segment of one net can not overlap
that of another on £he same track: a constraint has been
introduced on horizontal segments of the nets. For example:
in Fig. 1-1. if we pay attention to the rightmost coluymn,
the horizontal segment of net 10 must be placed above that
of nat 9. This relation can be represented by a directed
graph, so—-called vertical constraint graph —— V.C.G.:. where
each node corresponds £o0 a net and a directed edge from node
A to node B means that net A must be placed above nef B.
Fig. 1-2 shows the V. C. G ot the sxample in Fig. 1-1.

In the algoritim described in this paper. the dogleg 1is
allowad. This means that the horizontal segment of a net can
b2 divided at its terminal posiftions. In the case with the
dogleg, %he subnefs are introduced whose horizontal segments
are parts of a nef between ftwo consecutive terminals of a
net. Henceforth a subnet will also be called a ‘mat’. For
the dogleg problams, there are mor2 nodes in the V.C.G.
pacause of &the subnets. However, the degree of the nodes
(the number of edges connecting to every node) is less ¢than
or equal &9 that for non-dogleg problems. The highest degree
of any node in the V.C. G is four for the dogleg problems.
Fig. 1-2 shows an example, its V.C.G. ‘s (without dogleg ot
with dogleg) are shown in Fig. 1-4(a) and Fig. 1-4(b).

Sametimes, there exists a cycle in ¢the V. C.G.. i.e.
there 1is a directed path starting from a node, going though
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nthers and anding af &he node ifself. Far eoxample, in
Fig.1-S(al. thers i3 a cyclic dirscted path A-B-A. It means
that net A should be ahove net B and net B should be above

net A. Dbviously. this requirement «can not be rTealized.
Fig. 1-S(b} and Fig. 1-5(c) show other cyclic examples.

In some problem, tha cycle can be resolved by wuysing
doglegs. Far example, Fig.1-4(a) shows a non—-dogleg problem;
its V¥.C.G. is shown in Fig. 1-&(b}. The same problem but
with the dogleg and its V. C.&. are shown in Fig. 1-6(c) and
Fig. 1-&6(d). In this sxample, whan the dogleg is used, the
cycle is resolwved. But the doglag can not always resolve a
cycle. As in Fig. 1-3, none of fthe cycles can be resolved by
using doglags.

In this paper, an effecktive algorithm will be proposed
for the channel roufting problems in which there are cycles
$ha® can not ba resalved by using doglegs.

2. Some definifions

Before &the descriphtion of %the algorithm, some defini-
tions are needed:

&, The iavolved nets (subnets) of a cycle: I# ¢there
i5 a cyclic directed path through some nodes in
¢he V.C.5., these nodes are called the involved
nodes of that cycle and the corresponding nets
(subnets} of these nodes ars called the involved
nets (subnets) of that cycle. For example, in
Fig.2~1 f£he involved nets of the cycle are nefs A
B and C.

B. The exposed nede: In the V.C.G., some nodes have
the directad edges all with the same direction.
That is. all its edges poinft out from the node or
all its edges point in fo fhe node. This kind of
node is callad an exposed node. As in Fig. 2-2,
tha dark% nodes are exposed nodes. In the situation
with the dogleg, every subneft has two and only two
terminals. I the two fterminals of a subnet con-
nect to the same side of the channel (both to the
upper side of ¢the channel or both to the lower
side of tae channel):, the «corresponding node of
that subnef in the V.C.G. will be an exposed node.
It is obvious that the invaolved nodes of a cycle
can not be exposed nodasi in other words., an
exposed node can not be involved in a cycle.

c. The connectad subnets of a subnet: If some subnets
have &the same terminal number with a certain sub-
nat, %they are called the connected subnets of the
subnet. As in Fig.2-1, subnets D, E and F are the
cannacted subnets of subnat A, all of which have

November 17, 1981



the sam2 fterminal number “1°.

The range of a cycle: The range beftween the left-
mos5% starting column of the involved subnets of a
cycle and fthe rightmost ending column of the
involved subnets of this cycle is called the range
af fhe cycle.

The extension of the rangs of a cycle: The range
between ths leftmost starting column of the con-
nected subnets of the involved subnets of ¢the
cycle and the rightmost snding column of the con-
nacted subnets of ¢the involved subnets of the
cycle is called the span of the cycle. The span of
a cycle minus the range of this cycle 1is called
the wexftension of the range of the cycle. This is
illustrated in Fig. 2-1.

The semi-empty column: A column with one wuncon-
nected terminal (either upper or lower) is called
the semi-emphty column. Generally a column wifh
both upper and lower terminals unconnected is also
considered as the same as a semi-empty column
unless specially mentioned.

2. The main i1dsa of tha algorithm

When the algorithm was propased, there were some main
considerations:

A,

The merging algorithm as in reference (21 is still
employed here. Since there are some cycles in %the
W¥.C.G.:, befor2 the merging procedure some of the
involved n=2ts will be modified for breaking the
cycles.

For the sa%e of saving the cpu Htime and the
memoT, the cycles will be treated one by one no
matter whether there are some relationships
between any %two cyclas or not.

For every cycle, only one involved net will be
nadified.

As reference {41 has shown, the lower bounds of
the double—layer channel routing problems are both
dmar and vmax (the max density and the max level
of &the V.C.G. ). The algorithm will attempt €o
minimize the increase of sither dmax or vmax.

When a net is modified (breaking, extending.
efc. ), its starting or ending <column changes.
Hence its relative wverfical constraint will
change. In the V.C.G some of its related edges

November 17, 1981



2ill disappaar ang 50m2 na2w adgag will be intro-
duced. Ta avoid a Ssizeabla increase jin the vmax,
when tha modification is done, the additionagl
dogleg aust 4ppaar only on a semi-emp ty column or
3N 2xtra coluymn. AN opposite situation ig shown in
Fig, 3-1 whara 4 ney dogleg is introduced an a
Non=smpty coluymn and 2igh% neyw edges appear,

F. Fiva mrtheds ara PTopoased $fgp r2solving the
cycles. Fap Bvery cycle, the methods wil]l pe tried
ANe by one in Sequence. If gne of the fiva methods
Sycceads, the rest of the methods wjil} not bHe
tried for that tycla, '

4. IMeﬁhod 1 == Braa 4N involved ne in the Tange 9of the
cycla '

This is tha b2st method ameng those presented jnp this
papar for solving g cyclie constraintg Problem. For instance,
Fig. d-1(a) £an be solveaed by this method as in Fig. 4-1(py.
One of £hae involved netg 9f the cycle s brokaen into two at

coluan g befwean ¢he starting column of the net and the
ending column 2f the naet), In this approach, the density of
oanly ogne column changes —- the density of that coluan for
breaking the nat increases by one. Hence, generally the max
density doag not increase,

For this 4pproach, ¢he proceduyra confains ¢tyg steps:
choosing a suitable semi-empty column, ang choosing an
involved nat which jg g9ing to bse Broken. a suitable gsemj-
2mpty column is chosen according to tha following condi-
tions:

A, It should pe within the ranga of the €ycle,

E. It jig Supposaed f£o have af la2ast gne empty terminal
(eifthap upper or lowar),

For tha SAke of simplicitgc when tha additional condi-
tions gara dascribead, it will be d4ssumed that the Ypper fer-
minal of the column i3 empty, I+ the lower terminal g
Non-empty, ga¢ Most two netsg (subnetg) connect to ¢, Fig.
4-1(ay shows an example, ne¢ p and net @ connect to the
lowar ferminal g¢ tha semi-emp ty column. I¢ should be men-
fioned that, hencetorth, the names ‘net p’ ang ‘net G- will
be wused fOr  ¢he nets which connect to the ferminal of a
Semi-eapty column.

It can se seen that, as jn Fig. 4-2(p), when net Y is
broken intg ¥~ and X", some nNew diractad edges will pe added
from X‘ and yv €9 P and @ in the V. C.0G., and  there iig
still ba 4 directed path +#rom yw to X through ayl} the
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invalved nodes af fthe cycle. If oeoriginally fhere was a
directed path #from P or Q@ to any of the involved nodes of
the cycle, thers will b2 a new cycle Formed. Therefore

another condiftion is needed:

C. There must be no directed path from either node P
or node G to any of the involved nodes of the
cycle in the V.C.G.

Affer nat X was broken, the max length of the directed
path froe X" fhrough P or Q@ to tha bottom of the V. C. G (as
in Fig. 4-3) is determined as follows:

L=li+l2+1,
Whera:

Ll is the length of the cycle which is equal ¢teo
£he numbav of the involved nets of the cyclei

L2 is the length of the longest directed path from
node P atv G to the bottom of the V. C.G.

To avoid a sizeable increase in the vmax:, another con-
dition is:

G. If there are more columns than one satisfying the
above three conditions, the one will be selected
whose length of the longest path from node P or
node G to the bottom of the V.C.G 1is the smallest
among those columns

The second sfaep is determination of the nef which will
be broken. When ¢the suitable semi-empty column has been
chosan, a%t least two nets crossing this column are avail-
able:, fhe praocedure selacts any of them arbitrarily.

3. Method 2 ——==-- Exftand an involved subnet %o another

Genaerally, thes horizontal segment of a subnet is only
batwean two consecuftive terminals which have fhe same termi-
nal number, as in Fig. S-1(a). This makes the horizontal seg-
mant of every subnet as short as possible and thus guaran-
tees less densifty for every column.

In methaod 2, one involved subnet of a cycle will change
its starting or ending column and extend leftward or right-
ward %o another terminal that has the same number. In ¢this
approach, the density of some columns will increase by one,
but the number of subnets will not increase and the number
of doglegs rvequired will be the smallest among the five
maethods presanted in this paper. These are 1its advantages.
From detinition B in section 2, it showld be remambered fhat
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an 2xposad node can no$ be involvad in a cycle. Method 2
require2s that when subnat X (as in Fig. 5-1) is extended, it
should connach £o a terminal which goes fo the same side to
which fhe re2maining fterminal of subnet X goes. Then node X
will bacome an axposed nodei the cyclea will be resolved and
no new cycle can be formed.

I+ there ara mora involved subnets fthan one which can
be axtanded to some suitable tarminals., the one ¢that
raquires the least 2:%tansion will ba selecftad.

4. Method 8 === == Uss a semi-ampfy column within he
a2xtansion g9t £ha rangs of the cycla

:

I# the two previously described methods can not be
usad: a suitable sami-empty column within the extension of
the range of the cycle may be amployed. For example, in Fig.
&=1Ca}l, if net X is an involved net of the cycle, it can be
axtendad righftward ar leffward %o a semi-emphy column in the
axtension oaf ¢thes range of the cycle and connect to a net C
which is a connectad net of net X, as in Fig. &—1(b} or (c).

In this approach, fthe density of some columns increases
by ane.

To determine the suitable semi-empty column, there are
four condifions. Thasa conditions ar2 the sam2 as in method
1 2xcapt condition A: the column should be within the exten-—
sion of ¢&he range of the cycle and should be as near the
range of the cycle as possible.

Aftar ¢he suiftable semi-empty column has been deter-
minad, the net €o be extended (as in Fig. é-1 net X} must
meat the following conditions:

1. Oue a¢ its connecfted subnets must cross the coluan
selactead.
2. Thera must be no directad path from net P or net Q

to ne% €. Otherwisa, because when net X connects
to net C, there will be some additional vertical
constraints beftween nef C and net P, G, and a new
cycle will be $formed.

2. The distance from fthe original sfarfting column of
nat X for extending leffward or fhe origimal end-
ing column of net X for extending righfward, to
the suitable semi-empfy column should be as short
as possible.

4, I+ a4 net is axtendaed £o the column selectad and

its «corresponding node becomes an exposed node,
then that nef will have priority for selection.
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Althaough method 2 seems similar to methed 2, they have
some different propertiss:

a. In method 3, fthe net X is axtended toc a semi-empty
calumn; but in method 2, the nef X is extended fo
a ferminal column of ifs connected subnet.

b. In mathod 3, the node £ does not necessarily
bacoma expasad; but in method 2. &the node X must
fbecome an 2xpoesed node.

[y

In method 3; the extendad net connects %o the hor-
izontal segment of a net via a degleg: but in
method 2/ the extended nat connects €o the verti-
cal segment of a net.

3. In method 2/ both the numbar of doglegs and the
number of fthe via holes are one more than those in
method 2.
Z Mathod &4 -— —-=ise 3 zemi-ompéty column ouftside the span
of the gycla

I+ a suitable s2mi-empty column can not be found even
in +tha extension of +the range of the cycle, a semi-empfy

column outside the span of the cycle may be found. In this
appraoach, the density of some columns increases by one or
two. The max density may alse increasea. Hence, ¢the semi-

ampty column selected should be as near as possible to one
or the other end of the span of fthe cycle.

For choosing %the suitable semi-empty column, the condi-
tions are similar to fthose of method 1 and mefthod 3, as fol-
lows:

A, It should have at least one empty terminal, assume
the  wupper ferminal is empty 1in ¢the following
descriptions.

B. There must be no diracted path from either node P
or node G fo any of the involved nets of the
cycle.

C. The length of the longest path from node P or node

Q@ to ¢the bottom of the V.C.G. should be as small
as possible.

E. I+ ¢hers ars more columns fthan one satisfying ¢the
abava fthree conditions: fhe column nearest to one
ar the other end of the span of the cycle will be
saleckad.

Atter the suitahle semi-empty column has been chosen,
tha next step is salacting the net which will be extended.
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Becaus=2 the densify of tha columns befween the semi-empty
coluan s2lactad and the farthest connected net of net X (as
in Fig. 7-1 net E} will increase by two. In method 4, the
nat will be selected whose farthast connected net (that
means n2t €} is as near as possible to the column selected.
And, it a net is extanded to the determined column and its
corresponding node becomes an 2xposed node, that net will
have f£h2 priority for salection.

It can be se2en tha%, when the additional net Y is con-
nected to neft E, there will be same new vertical caonstraints
be2tween node ¥ and nodes U and V (as in Fig. 7-2). There-
fora, another condifion appear: there must be no directed
path from node P or node Q@ £o node U or naode V.

3. Methed S -——-—— Use an gxfra column

I+ a2 cycle can not be solved by wsing any of &he
methods describaed in €he four precading section,an gxtra
column will be added f£o the left or right 2nd of the origi-
nal range of fthe channel for breaking ons of the nets
involved in ¢the cycle (Fig., 8-1} . This would be wused
instead of the suitable semi-empty column in method 4.

In this approach, not only the density of some columns
will increase by one2 ar fwo, buft also the number of columns
as well as %the lengfh of the channel will increase. Howaver,
because 1% does not need any semi-empty columns within the
channal and there ara no new restrictions in the V. C.G..,
method S <can resolve any kinds of cycles as long as the
problem allows some exfra columns £o0 be added.

The only things fto be specifically mentioned here are:

A, The exfra column is addad £o the left or right end
af the channel according to which 2nd of the chan-
n2l is nearer the span of the cycle. And the nef
selected to be extended to the extra column is the
one whosa connected net is nearest to the column.
This approach will guarantee the least extensions

of nafs,
B. Since the dogleg on the e2xtra column is wusually
not short -- in some practical problems it is

often mor2 fhan half of the width of +the channel
- every exftra column is employed for only one
cycle, I# fthere are mor2 cycles, more exfra
calumns will be added #for them, respectively.
Thus, this approach can aveoid some new vertical
coanstraints caused by tha extra columns, and can
avoid increasing fhe height of the V.C. G

November 17, (921



2. Moditication of £he original data

Wh2n the methad for breaking a cycle is determined., the
original data should be modified.

For all mefthods except method 2, one of the nets
involved in fthe cycle will become two. There will be a new
nef (subna2t) and the number of nets (subnets) will increase
by one. Becaus2 some nets will change their starting or end-
ing coluwmn, the zone ra2presentation will be modified. Furth-
ermara, tha2 verfical constraint graph will also be modified.
Some directed adges will be deletad; some new directed edges
will be added; and wmost often 3 new node will appear. After
that the cycle will b2 broken.

Pesides thea above modifications &he semi~empty column
or extra coluan employed will now be marked as occupied.
Hence it can not bs employed again.

16, The combined algorithm

The complefe algorithm includes three parts. The first
part is for data input and pre—-processing. The second part
is for finding whether fthere are some cycles or not, and how
€0 break fthe cycles. The fhird part is for routing and
plotting, that is the same as in wuswal merging algorithm
£21. The detail of them is described as follows:

Part L. Data input and pre-processing:

4. Input the data.

B. Counf &£he numbter of nets (subnets) and deter-
mine the starfing column and tha ending column of
2

i
avary nat,

9}

Determine the zone representation of every net.
Coanstruct the vertical constraint graph.

D.
Part 2. Finding and breaking of the cycles:

Stap A, Find whether there is a cycle or not. If
y2s:. go £o next sftep: otherwise go to part 3.

Step B. Try to break the cycle by using method 1
(section 4. IFf it succeeds, return to step A
to see if there is another «cyclei otherwise
go to next step.

Step C. Try to break the cycle by using method 2

{(section 3). If it succeeds, refurn to step A
to see if there is another <cycle; otherwise
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3o to next step.

(/]
ot
O]
0

. Try %o break the cycle by wusing method 2
(section &). If it succeeds, return to step A
to see2 i¥ there is another <cycle; otherwise
go £o next step.

Step E Try to break the cycle by using method 4
(section 7). If it succeeds, return to step A
to see if fhere is another cycle; otherwise
go to next step.

Step F. Try to break the cycle by using method S
(zection 8). It can always succeed. Raturn
€0 step A %o see if there is another cycle.

Pacf 3. Routing and plotting of %the channel:

The marging algorithm is the same as in [21. The detail
is omiftted herse.

Tha +#lowchart diagram of the whole program is shown in
Fig. 1C-1.

11, Conclusion

In 6his paper, an algorithm is proposed +for the two-—
laysr channel roufing. [t can deal with any input data no
mattar whether there are some cycles in the V.C.G. or not.

In the algorifthm: there are five different methods of
breaking a eyclse, For a «cycle in the V.C.G., the five
mathods will be fried one by one. If one of the first four
methods gsucceeds, the2 problem can be routed within the
length of &the channel, otherwise an extra column will be
added.

The algorithm has been programmed in PASCAL and run on
a YAX 11/780 computer. Experimental results are quite good.
The cpu fime for dealing with a cycle i3 ¢rivial compared
with fthe cpu time for routing. Most of the practical prob-
lems firied can be roufed without the sxtra column.

Fig. 11-1 €o Fig. 11-11 show some computational results
of fthe pragram.

It should be poinfted ou%t that ¢this algorithm can be
2mployad not only by the general two-layer channel routing
problems (with either merging algorithm or matching algo-
rithm introduced in raference {21}, but also by the channel
routing problems with irregular boundaries (as in reference
€31 and even by the three-layer channel routing problems
(as in reference [41}). The programs for irregular boundaries
or for fhree-layer routing are going to be written.
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Fig. 11-1 method | and method 2
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