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Abstract

This paper presents a detailed analysis of an itera-
tive routing algorithmin which multiple passes are made
through a net list, varying the region of crossover on each
net after every iteration. Thisisin contrast to conventional
iterative routing algorithmswhich incorporate a crossover
penalty within the cost function being minimised. Exper-
imental results are presented and, based on these results,
new modifications proposed. The modified algorithmis
compared to a conventional iterative algorithmand a sin-
gle pass Lee router. The results illustrate the improved
completion rates of iterative algorithmswith respect to sin-
gle pass algorithms. Finally, an element of dynamic rout-
ing (ripup and reroute) isintroduced to further improve the
completion rate of the modified algorithm.

1 Introduction

Theinadequacies of Lee' sroutingagorithm[1] arewell
known. The completion rate has been shown to be particu-
larly sensitive to the order in which nets are routed. In the
case of cost based Lee routers, thereisafurther sensitivity
to the particular sets of cost pendlties [2] being enforced.
Past research has shown that thereis no optimal net order-
ing agorithm or combination of cost penalties that neces-
sarily guarantees an optimal completion rate for any given
routing problem [3].

The algorithm remains popular, however, duetoitsabil-
ity tofind a path if one exists. Recent research has concen-
trated on developing techniques that combine the advan-
tages of Lee's agorithm with a degree of intelligence so
that there is a reduced dependence on net orders and cost
penalty selections. Therearetwo main techniquesthat have
been used: iterative routing and dynamic routing. Itera
tiverouters[4, 5, 6, 2, 7, 8, 9] are characterised by multi-
ple passes through the net list. Each net isrouted so as to
minimise a cost function that includes a crossover penalty
for crossing other nets. The crossover penalty isincreased
after each iteration till the fina pass where typicaly no
crossovers are permitted. Dynamic routers[10, 11, 2, 12,
13, 14, 15] (ripup and reroute) on the other hand reroute a

set of obstaclenetsin order to freerouting resources for un-
routed nets. A feature of thisclass of routersisitsrecursive
nature caused by rerouted nets inducing as further level of
obstaclenetsto bererouted. Thistypically goesonuntil ei-
ther al nets have been successfully routed or the algorithm
gives up.

This paper describes an iterative routing strategy based
on an ideamentioned in [9] and credited to Vintr. The cost
function minimised does not include a crossover penalty,
but instead varies the region of crossover on a net. No
published results of Vintr’srouting algorithm are avail able
(to the author’sknowledge). The work presented here will
seek toidentify theadvantagesand disadvantagesof Vintr's
algorithm. As a result, modifications, are suggested that
may be used to improve the basic algorithm. The modi-
fied Vintr's agorithm is then compared to other iterative
approaches aready established in literature. Based on the
latter comparison, a hybrid iterative routing algorithm is
proposed that incorporates the philosophiesbehind Vintr's
algorithm, the crossover penaty type agorithms and dy-
namic routing algorithms.

Theremainder of thispaper isorganised asfollows. Sec-
tion 2 discusses previouswork donein the area of iterative
routing algorithms. Section 3 describes the implementa
tion of Vintr’salgorithm. Section 4 presents an experimen-
tal evaluation of Vintr’salgorithmalong withitsassociated
modifications. The performance of the algorithmis aso
compared with other routing algorithms. Section 5 com-
pletes the paper by offering some conclusions and a sum-
mary of futurework.

2 PreviousWork

Published work on iterative routing agorithms tend
to differ in the nature of the crossover penaties used
and the context in which they are applied. Rubin [8]
uses a path cost function of the form : (PathCost) +
Ki(Number Of Crossings) whereK; isthe crossover penalty
for thei’th passand Kj 1 = nK; whereKjitia = 3and nlies
between 2 and 5. Moore [6] describes a similar algorithm
to Rubin but generalises the crossover penalty update func-
tion so that now K;;1 = f(K;,i) wherei isthecurrent itera-



tion number. Mooreal so suggests atime saving mechanism
referred to as a partid pass. During each iteration, only
those nets that are involved in intersections are ripped up
and rerouted. Linsker[4, 5] introduces the concept of path
history dependent penalty functions. A crossover penalty
isassigned on anet by net basisinstead of aconstant value
per pass. The ideais to penalise crossovers over “good”
nets higher than those nets that are deemed “bad”. Linsker
goes on to extend the agorithm to cope with other types
of constraints such as crosstalk and net length restrictions.
Rosenburg[ 7] makestheobservationthat other iterativeap-
proaches are not truly independent of the net ordering func-
tion, since within each pass the crossover penalty contri-
butions to some nets may already depend on nets sched-
uled earlier withinthe same pass. Rosenburg integratesthe
crossover penalty with a cell weighting function. Updates
to al cel costs are left till the end of theiteration. In this
case the crossover penaltiesincurred by anet are only de-
pendent on the paths of nets determined in the previousit-
eration.

Vintr's algorithm differs significantly from other itera-
tive approaches in that the region of crossover on a con-
nection is varied from iteration to iteration, rather than the
penalty for crossing the connection. During each iteration,
anet path is determined using a standard path finding a go-
rithm, such asLe€' sagorithm. Only apart of thenetisthen
actually implemented on the routing plane so that the con-
nection will now appear as two stubs emanating from the
terminals a the endpointsof the net. The proportion of the
net implemented increases fromiterationtoiterationtill the
final iteration where the entire net isimplemented. Vintr's
routing algorithm attemptsto address theterminal isolation
problem[10] by having protruding tailsfrom each terminal
that attempt to prevent blockages in the vicinity of termi-
nals. This algorithm will be described in greater detail in
the next section.

3 Vintr'sAlgorithm

Paths for nets are determined using any standard path
finding algorithm (e.g. Lee's algorithm) but instead of im-
plementing the entire net, only part of the net is actually
implemented from each end. Another way of looking at
this would be to regard al nets as being comprised of 3
distinct parts, two fixed non-crossable tail nets emanating
from both the endpoints of the net, and a non-fixed cross-
able middle portion. The proportion of a net that is fixed
is dependent on the number of passes completed, and will
be regarded as the cutoff value for the relevant pass. Each
time a net isrerouted, the existing tail nets are first ripped
up fromtherouting surface. A new path isthen determined
which may or may not differ from the previoudy deter-
mined path due to the presence of tails belonging to other
nets. The cutoff valueisiteratively increased until thefinal
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Figure 1: llustration of Vintr’salgorithm

iteration in which the entire connection is fixed and non-
crossable (i.e. acutoff value of 100%). An exampleillus-
trating an application of Vintr’'salgorithmis shownin Fig-
urel.

Vintr’salgorithm attempts to minimise the extent of ter-
minal isolation. The terminal isolation problem has been
identified by Dees[10] asamajor cause of routing failures.
Terminal isolation occurs when a terminal (pin) becomes
blocked from therest of its net as a result of tracking fea-
tures belonging to other nets, in the vicinity of the termi-
nal. To asmall extent the problem may be solved by com-
plex cell weighting strategies and theiterativerouting tech-
niques described in the previous section. However, thisis
not usually enough to prevent the problem. The main ad-
vantage of Vintr’'sagorithm and its derivativesis that the
fixed tails protruding from each terminal has the effect of
reducing the probability of terminal isolationwhilst still -
lowing interaction of nets.

Therest of thispaper will refer to the set of cutoff values
for a particular run of the a gorithm as the cutoff set for the
corresponding invocation of the router. Thus 2 iterations
with cutoff values of 50 and 100 will be denoted as:

identi fier = [50,100]

Any references to identi fier will indicate the correspond-
ing cutoff parameter set.



4 Reaults

Vintr's algorithm has been implemented in the C pro-
gramming language on a SUN 4 Sparc workstation. A di-
verse range of commercidly fabricated PCB designs have
been used to test the algorithm. All CPU times are quoted
in seconds.

4.1 Vintr’'s Algorithm - VinBasic and VinPenalty

Vintr’salgorithm, as outlined by Soukup [9], only con-
siders the implementation of nets from the endpoints (ter-
minals). The middle portionsof al nets are discarded and
disregarded duringrouting. Nets, asaresult, are now freeto
cross the potential paths of other connections unpenalised.
Thisform of Vintr’'swill bereferred to as VinBasic.

A second version of Vintr's algorithm, VinPenalty, in-
creases the degree of lookahead, by penalising any expan-
sions across potentia paths of other nets The crossover
penalty for using cells on the non-fixed parts of other nets
isset very high in order to discourage crossovers as much
as possible. The difference obtained by the two routersis
quite significant and thisis reflected in the overdl results
shown in Tablel which shows a comparison between Vin-
Penalty and VinBasic for a number of boards with the fol-
lowing cutoff set:

P2 = [10, 20, 30, 40, 50, 60, 70, 80, 90, 100]

Notethat P2 isin no way meant to indicate the optima pa-
rameter set. Theissueof optimal parameter setswill bedis-
cussed later in this section. For now P2 will be used for
comparison purposes. The results in Table 1 show quite
clearly the better completion rate obtained by VinPenalty
compared to that obtai ned by VinBasic (in acomparabl e ex-
ecution time).

4.2 Sdlection of Cutoff Parameters

The basic operation of Vintr’'s agorithm is to set up
Cutof fTabl€[0,...,n— 1] where n is the number of itera-
tionsto be performed. All the nets on the board are routed
in turn. The fina cutoff value Cutof f Table[n— 1] is set
to 100 to ensure that the final iteration does not contain
any intersections on completion. The initial cutoff value,
Cutof f Tabl €[0], and the subseguent rate of increase of suc-
cessive cutoff values plays a crucial role in guiding the it-
erative processto itsfina solution.

High starting values for Cutof f Tabl €[0] will not pre-
vent the terminal isolation problem. Simulationswith dif-
ferent vaues of initia cutoff lengths suggest that long tail
nets are till liable to contribute to failures due to block-
age of terminals belonging to other unrouted nets. Any in-
tersections that still remain tend to get resolved by means
of long detour paths that may adversely affect the routing
of other nets. Low starting values on the other hand alow

Table 1. Comparison of VinBasic and VinPenalty

Router VinBasic VinPenalty
Board [ Connections || Fails [ Time |[ Fails [ Time
jeval2 1040 162 566 51 554
jbaseb 634 91 964 60 842
jmainl 604 129 936 110 982
jmarc2 1035 126 4295 103 4599
jepnwb 2081 8 | 6661 2| 6292
jdipmb 3314 52 | 4647 6 | 4884
jmarc4 204 22 102 11 94
jresbd 1561 221 4250 213 4654
jepbrb 2546 27 | 7419 19 | 7992
jdipbd 2432 83 | 8659 67 | 8325
jcontb 1685 278 1731 248 1761
jemcpb 1485 131 | 12420 82 | 13483
jtrmem 3151 456 3062 353 2525
jwheel 2431 343 | 12942 290 | 13071
jmain2 1621 48 2664 3 2397
jtimvb 2102 307 | 14985 284 | 12919
jfochd 2733 488 | 12669 466 | 13923
jnmlkb 1805 340 2925 304 2801
jwireb 1886 279 | 13493 253 | 13089
jaclbd 1906 312 3822 278 3564

conflictsto beresolved with shorter detour paths. Moreim-
portantly, all nets are given achance to compete for routing
resources before the higher cutoff lengths start liminating
some of thenets. Withhighinitial cutoff values, itisnot un-
usua for anet to be eliminated (because of failure) before
it has had a chance to compete for routing resources.

The other important factor in determining the quality of
thefinal solutionistherate of increase of successive cutoff
values. High rates of increase of cutoff values reduce the
chances of theiterative process from escaping from any lo-
cal minimaencountered. Eliminatingintersectionstendsto
become increasingly dependent on the ordering algorithm
in such cases. A net that suddenly finds its path blocked
might not have a chance to get routed el sewhere due to the
lack of routing space. Even if it does get rerouted success-
fully, the detours taken may be so preposterous that other
nets routed after it may be affected in asimilar manner. A
low rate of increase, on the other hand, is impractical so
far as CPU effort is concerned. Severa iterations may take
place without any significant change in thelayout of all the
connection paths.

Simulations showed the following parameter set, P3,
gave agood compromise between routing quality and CPU
time;

P3=[2,4,6,8,10, 20,30, 40, 50, 60, 70, 80, 90, 92, 94, 96, 98, 100]

Initially, small increments are used to steer nets towards
optimal paths without implementing excessively long tails
from the net terminals. This increment is then increased
to 10 till the 90% cutoff limit is reached when the incre-
ment isthen decreased againin an attempt to resolveall the



Table 2: Comparison of P2 and P3 for VinPenalty

Parameter Set P2 P3
Board [ Connections || Fails [ Time || Fails [ Time
jeval2 1040 51 554 48 918
jbaseb 634 60 842 44 1536
jmainl 604 110 982 92 1456
jmarc2 1035 103 4599 85 6977
jepnwb 2081 2| 62092 2 | 10815
jdipmb 3314 6 | 4884 3| 7505
jmarc4 204 11 94 7 164
jresbd 1561 213 4654 150 7111
jepbrb 2546 19 | 7992 1| 11932
jdipbd 2432 67 | 8325 26 | 13894
jcontb 1685 248 1761 190 2738
jwheel 2431 290 | 13071 247 | 20847
jmain2 1621 3 2397 1 4138
jtimvb 2102 284 | 12919 250 | 21284
jfochd 2733 466 | 13923 325 | 20711
jnmlkb 1805 304 2801 245 4671
jwireb 1886 253 | 13089 193 | 21972
jaclbd 1906 278 3564 163 5774

remaining intersections. The results obtained using P3 on
VinPenalty aretabulated in Table 2. For comparison, there-
sults obtained routing the same boards using the parameter
set, P2 are dso shown. The improvement using P3 com-
pared to P2 is apparent, though this has been achieved at
the expense of additional CPU time.

4.3 Comparison of VinPenalty with Lee's algo-
rithm and other iterativerouters

This section compares the relative performance of
Vintr’sagorithm (VinPenalty using P3) with aLee (astan-
dard Leerouter) [16, 2] and RubinMoore (aniterativerouter
based on algorithms suggested by Rubin and Moore). Ru-
binMoore was selected as a basis for comparison because,
likeVinPenalty, aconstant crossover penalty isapplied dur-
ing each iteration. RubinMoore can easily be adapted from
the Vintr’sagorithm. The crossover penalty isvaried after
each iteration and the cutoff lengths | eft fixed at O for ev-
ery iteration. Thisensuresthat the full extent of each netis
crossable. At the end of the final iteration the routing will
invariably contain crossovers. Netsare then removed start-
ing with the net containing the most intersections, and so
on until there are no design violations left. The removed
nets are then rerouted to see if any alternative intersection
free path exists. An initiad crossover penalty of 0 is used
which isincremented by 1 after every iteration till a maxi-
mum crossover penalty of 15 (16 iterations).

Table 3 compares the results obtained using Rubin-
Moore, VinPenalty and Lee. The boards are listed in order
of estimated complexity (where the complexity is an esti-
mated degree of difficulty in routing the board).

Examination of theresults, shows both RubinMoore and

VinPenalty showing an improvement over Lee for the ma
jority of the boards with RubinMoore obtaining the more
consistent results. It is noticeable that VinPenalty obtains
thebest results, of thethree, for therelatively low complex-
ity boards (see Table3). Asthecomplexity of theboardsin-
crease, RubinMoore starts consistently obtaining the better
results (results for jdipbd onwards). This can be explained
by considering the semi-greedy nature (gradually consum-
ing routing resources with no crossovers) of Vintr’'salgo-
rithm and its variants. This does not cause too much of a
problem with light to medium congested boards. The semi-
greedy problem tends to manifest itself in heavily con-
gested test boards. Practical situationsin which this prob-
lem is most apparent are those in which adesign has been
reduced to fewer layers when it clearly needs more layers
to get routed, or even inrelatively simple designsin which
there is a heavy concentration of connectionsin alimited
area of the board. In these situations too many (initialy
all) netsare being allowed to compete for routing resources
even though some of them will eventualy fail. This may
cause several excessivedetoursinitially, and when therout-
ing spaceiseventually freed, it may betolateto takeadvan-
tage of it. Onewould expect therouting quality in such sit-
uationsto be severely degraded, and even worsethanLee at
times (seeresultsfor jdipbd onwardsin Table3). Thisprob-
lem does not affect RubinMoore because of its non-greedy
nature. It can be concluded that Vintr’'s algorithm works
best when resolving discrete conflicts on sparse to medium
density boards.

4.4 An Integrated Approach - VinHybrid

Based on results presented in Table 3, the behaviour of
Vintr’salgorithm can be proposed as follows:

o For low to medium congested boards, the outgrow-
ing tail netsfrom all the terminals serve to prevent the
terminal isolation problem. The results indicate that
Vintr’salgorithmunder these circumstances gives bet-
ter results than both Lee and a conventiona iterative
router RubinMoore.

o For those boards that are heavily congested, or have
specific areas congested, the outgrowingtail nets tend
to hinder other connections as the tails get longer and
longer and more routing resources are unnecessarily
consumed in a greedy manner. The number of inter-
sections tends to increase rather than get resolved. In
these situations Vintr’s algorithm gives worse results
than RubinMoore and at times even Lee gives better
results depending on the extent of congestion on the
board.

An dternative approach based on the latter observe
tionsisnow investi gated which combinesthe advantages of



Table 3: Comparison of VinPenalty, RubinMoore and Lee

Router VinPenalty RubinMoore Lee
Board | Connections || Fails | Time || Fails | Time || Fails | Time
jeval2 1040 48 918 76 656 203 38
jbaseb 634 44 1536 43 1179 65 93
jmainl 604 92 1456 68 1186 140 80
jmarc2 1035 85 6977 82 5830 87 323
jepnwb 2081 2 | 10815 9 | 10573 11 | 546
jdipmb 3314 3| 7505 18 | 7018 56 | 335
jmarc4 204 7 164 9 158 11 7
jresbd 1561 150 7111 131 8500 148 302
jepbrb 2546 1| 11932 18 | 11779 24 | 602
jdipbd 2432 26 | 13894 34 | 15018 45 686
jcontb 1685 190 2738 167 2229 267 202
jwheel 2431 247 | 20847 130 | 21840 203 982
jmain2 1621 1 4138 19 4285 25 203
jtimvb 2102 250 | 21284 124 | 22695 215 | 1062
jfochd 2733 325 | 20711 245 | 21257 357 917
jnmlkb 1805 245 4671 140 4632 285 273
jwireb 1886 193 | 21972 106 | 23239 188 | 1089
jaclbd 1906 163 5774 150 5510 219 235

Vintr’salgorithmwith the consistency of RubinMoore. The
iterative processis now divided into 2 phases as follows:

o Thefirst phase (Vintr’sphase) varies the cutoff length
with a constant crossover penalty as before. When a
specified cutoff limit isreached the second phase (Ru-
bin’s phase) is entered.

e The second phase of the algorithm keeps the cut-
off length constant and instead varies the crossover
penalty.

The cutoff limit chosen should be long enough to re-
duce the probability of terminal isolationwhilst still ensur-
ing that aminima amount of routing resources is actually
fixed. Thisapproach will now bereferred to as VinHybrid in
all theresultsthat follow. VinHybrid was run on all the test
boards with the following cutoff parameter set for Vintr's
phase;

P4=[2,4,6,8,10]

A constant crossover penaty of 0 was used in Vintr's
phase. At the 10% cutoff point the crossover penalty isin-
cremented by 1 till a maximum penalty of 15 (total of 20
iterations). Thefina conflict free layout is generated as be-
fore. Theidea cutoff limit for each board will vary, but
10% wasfound to givereasonably good results. Thedenser
the routing problem, the lower the cutoff limit should be
to prevent an excessive amount of routing resources being
consumed greedily. Table 4 outlinesthe resultsobtained. It
is noticeable VinHybrid gives better results, in most cases,
than both Lee and VinPenalty no matter how heavily con-
gested the board is. Thisis because the proportion of nets
that get fixed is now carefully controlled.

Table 4: Comparison of VinPenalty, VinHybrid and Lee

Router [ VinPenalty T VinHybrid [ Lee ]

[ Board [ Connections || Fails [ Time [[ Fails | Time [[ Fals | Time |
Jeval2 1040 48 918 93 880 203 38
Jbaseb 634 44 1536 47 1540 65 93
jmainl 604 92 1456 69 1504 140 80
jmarc2 1035 85 6977 78 7593 87 323
jepnwb 2081 2 10815 5 13751 u 546
jdipmb 3314 3 7505 20 9171 56 335
jmarc4 204 7 164 u 217 u 7
jresbd 1561 150 7111 134 9991 148 302
Jjepbrb 2546 1 11932 23 15369 24 602
jdipbd 2432 26 13894 42 17325 45 686
jeontb 1685 190 2738 186 2955 267 202
jwheel 2431 247 20847 129 28468 203 982
jmain2 1621 1 4138 17 5609 25 203
jtimvb 2102 250 21284 131 29890 215 1062
jfochd 2733 325 20711 246 31193 357 917
jnmikb 1805 245 4671 153 5911 285 273
jwireb 1886 193 21972 104 30121 188 1089
jaclbd 1906 163 5774 137 7258 219 235

4.5 Incorporating Dynamic Routing

VinPenalty attempts to discourage crossovers by mak-
ing the crossover penalty very large but does not prevent
them altogether. A morerestrictivevariant has been imple-
mented that isto a small extent dynamic (tries to reroute
nets around obstacle nets). The path finding procedure is
now subdivided into 2 phases:

e The first phase restricts the search domain only to
thoseresources that are not occupied by any other net.
If thisphaseissuccessful, an intersection free path has
been found, otherwise the second phase of the search
isentered.

The second phase attempts to find a path penalising
crossoversin the usua manner. The search domainis
now extended to include any routing resource that is
crossable.



Table 5: Results of two-phase path finder for VinHybrid

Two-phase Path Finder False True

Board [ Connections || Fails [ Time || Fails [ Time
jeval2 1040 93 880 39 1104
jbaseb 634 47 1540 23 1961
jmainl 604 69 1504 60 1706
jmarc2 1035 78 7593 2 7502
jepnwb 2081 5 | 13751 0| 9633
jdipmb 3314 20 | 9171 0| 7890
jmarc4 204 11 217 5 163
jresbd 1561 134 9991 121 | 10128
jepbrb 2546 23 | 15369 0| 9457
jdipbd 2432 42 | 17325 3 | 11643
jcontb 1685 186 2955 75 3103
jemcpb 1485 39 | 30240 16 | 17123
jwheel 2431 129 | 28468 112 | 29900
jmain2 1621 17 5609 0 3608
jtimvb 2102 131 | 29890 129 | 26671
jfochd 2733 246 | 31193 213 | 29027
jnmlkb 1805 153 5911 112 5186
jwireb 1886 104 | 30121 82 | 30747
jaclbd 1906 137 7258 103 5666

The effect of the two-phase path finder is to restrict
crossovers to situations where it is absolutely necessary.
Table 5 summarises the results obtained when the two-
phase path finder is incorporated with VinHybrid. The re-
sults show a further reduction in the number of unrouted
connections when compared with the non dynamic version
of VinHybrid. In some cases the improvements are quite
substantial.

5 Conclusions

This paper has described a series of experimentswithan
iterative routing algorithm. The success of iterative rout-
ing algorithms in general over seria routing agorithms
has been shown. This paper considered 2 iterative rout-
ing approaches, Vintr’salgorithms and Rubin’s agorithm.
Both implementations (with Rubin’s approach being de-
rived from the basic Vintr’sagorithm) have succeeded in
obtaining a better completion rate than a single iteration
of Lee for all the test cases examined, though it has been
shown that Vintr’sal gorithm has to be carefully controlled
in order to do so.
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