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ABSTRACT

This paperreportson a new algorithm which carriesout combined
3D (4-layer) and over—the—cell(OTC) routing in order to reduce
chip areain 3D VLSI technology. In order to cope with the
complexity of the searchspace the algorithmis tailored arounda
classof heuristic techniquescalled geneticalgorithms. Our results
indicate up to 62% savings in chip area when compared to
conventional multilayer channel routers, using several
internationally well known benchmarks.

1. INTRODUCTION

With silicon VLSI technologyapproachingts fundamentalscaling
limit of 0.2 um, the conceptof three—dimensiona(3D) integration
has been proposed to enhance packing density and speed
performance[l]. Also performanceand cost of the widely used
submicron 2D VLSI technology are primarily determined by
interconnectiondelays and on-chip area. 3D VLSI offers the
possibility of overcomingthis problem[1]. Hencebeing the ideal
technologyfor complex system—on-chifSoC) applications.A 3D
VLSI chip consistsof a stack of active (silicon) layers made
possible by the silicon on insulator (SOI) technology. In this
technology,devicesare first fabricatedon an active layer using a
2D process A passive(silicon dioxide) layer is then grown on top
of the active layer and planarized by etching before another
polysilicon layer is depositedon the top of the insulator and
recrystallizedby laserbeam.The newsilicon layer canthenbeused
to fabricate devicesusing a 2D process.By repeatingthesesteps,
many active layers can be packed into one chip.

The use of 3D VLSI technologyallows more layers for routing.
Thus,the needfor developingmultilayer routing algorithms.In [2],

a multi-layer channelrouter called chameleorhasbeendeveloped
Chameleoris basedon YACR2. The main featureof Chameleonis
that it usesa general approachfor multilayer channel routing.
Stackedvias canbe includedor excluded,andseparatedesignrules
for eachlayer can be specified. The Chameleonconsistsof two
stages;a partitioner and a detailed router. The partitioner divides
the probleminto two and three—layersubproblemssuch that the
global channel area is minimized. The detailed router then
implementsthe connectionsusing generalizationof the algorithms
employed in YACR?2.

In [3] a new approachto the three—or four—layer channelrouting
problem is presented.A general techniqueis developedwhich
transformsa two layer solution systematicallyinto a three-layer
routing solution. This router is shownto perform betterthan other
previously published three—layer channel routers.

The idea of using the areasover the cells that are adjacentto
channelshas beenput into practicein orderto further reducethe
total area of channels[4]. Such areasare called over-the—cell
(OTC) routing areas.Like a channel,an OTC routing areaconsists
of tracks and columns. The aim of OTC channelrouting is to
minimize the congestion (humber of tracks used) inside the
channels.

In light of the advancemenof multilayer processesnore OTC area
is now availablefor routing and hence,further reductionin layout
can be accomplished.[5] presentedan efficient four layer over—

the—cell router, for a cell model similar to Target Based Cell (TBC),

called Arbitrary Terminal Model(ATM). In this cell model
terminals can be placed at any arbitrary locations in the cell.

A numberof techniqueshave beenproposedin the literature for
solving the channel routing problem [4,7]. However, as circuit
complexitiesincrease,new techniquesare necessaryto tackle the
complexity issue.Geneticalgorithms (GAs) which are a new class
of heuristicsearchmethodsbasedon biological evolutionin nature
have beenapplied increasinglysuccessfullyto find good heuristic
solutions to NP-complete optimization problems [8, 9].

This paperreportson a new algorithm which carriesout combined
3D (4-layer) and over-the—cell(OTC) routing in order to reduce
chip areain 3D VLSI technology. In order to cope with the
complexity of the search spacein 3D VLSI technology, the
algorithm is tailored arounda classof heuristic techniquescalled
genetic algorithms. The algorithm operatesin two stages.In the
first a two layer netlistis obtainedusing2—layer OTC routing. This
in turn is fed into the next stageof the algorithm, which partitions
the netlist into two sets (top and bottom) with the aim of

minimizing area. 4-layer OTC routing starts by identifying all

multi-terminal net circuit segmentgin top and bottom partitions)
for over—the—cellrouting, and placestheseon tracks over-the—cell
accordingto horizontalconstraints The algorithm proceedgo route
the remainingnet circuits inside the main channelareasof the top

and bottom partitions subjectto horizontaland vertical constraints.
This procedureensuresthat only two terminal nets are left within

the channelafter its action. This reducesthe amountof congestion
in the channelarea.Our resultsindicate up to 62% savingsin chip

areawhen comparedto conventionalmultilayer channel routers,
using severalinternationally well known benchmarksln addition
the 4-layerresultsof our algorithmis up to 50% betterthanthe 5—

layer results achieved by the best of previous multilayer routers.

2. THE ROUTING PROBLEM DEFINITION

A channelrouting problemis traditionally presentedy specifyinga
netlist suchasthe Yoshimura—-Kuh(YK) channelnetlistin [7]. The
realization of this netlist for two layers using our OTC router is
shownin Figure 1, with two rows of terminals along its top and
bottom sides.Eachterminaliis assigneda numberfrom the interval
[0, N]. Terminals with the same positive numberi have to be
connectecandform neti. Unconnectederminalsare designatedy
zero. Two wiring layers are available for each partition (2—-layer
sub-problem), one for horizontal segmentsand the other for
vertical segments.The horizontal segmentof each net must be
placedon a horizontaltrack [7]. Wire transitionsbetweernonelayer
to the next are made through vias.

The channelrouter is requiredto assigneachnet to a horizontal
track subjectto vertical constraintsand horizontal constraints,in
addition to minimizing such horizontal tracks [7]. Also, the
horizontal segment of each net must be placed on a single
horizontal track and may not be segmented over several tracks.



In the over—the-cell channel areas, there are only horizontal
constraintsand vertical constraintsdo not exist. We assumethat
vias are allowed in the over—the—cell areas.

A vertical constraintor violation [7] is said to exist betweentwo

distinct netsif the terminal numberof the top connectechetis the
samewith that of the bottom connectednet. In such a casethe
former net is placedabovethe latter net. Horizontal constraintsor

violations [7] occur betweentwo different nets if the sets of

terminal numbersspannedy the two netsintersect.For exampleif

we considerthe setsof terminalnumbersspannedy nets2 and5in

Figure 1, we seethat the spanof net5 (3-5) is containedin 2. The
two nets intersect and therefore cannot be routed on the same
horizontal track.

Figure 1: YK[7] channelsolution obtainedwith our 2-layer OTC
router

3. GENETIC ALGORITHMS

Geneticalgorithms are searchtechniqueswhich are basedon the
mechanicsof natural selectionand the principle of survival of the
fittest [8, 10]. They operateon a populationof structureswhich are
fixed length strings representingpossible solutions of a given
optimization problem. A populationof solutionsis maintainedand
successivagenerationsare producedby manipulatingthe solutions
in the currentpopulation.Eachsolution hasa fitnessthat measures
its competenceNew solutionsareformedtypically by mergingtwo
previous onesvia a crossoveroperator. Other new solutions are
simply modifications of previousones,using a mutation operator.
Successive generations are produced with new solutions
probabilistically replacingolder onesbasedon relative fitness. An
ad hoc termination condition is often usedand the bestsolution is
usually reported. GAs have several advantagesover traditional
searchand optimization algorithms. Theseadvantagestemin part
from its ability to maintain simultaneouslyinformation about a
variety of pointsin the solution space.This helps preventthe GA
from being trappedat inferior local minima. Another feature of
GAs is their useof building blocksin creatingnew solutions. This
allows a GA to take advantageof the high quality sub-solutions
that may already be present in existing solutions.

4. THE OPTIMIZATION ALGORITHM

Our algorithm is implementedwithin the frameworkof GALOPPS
("Genetic Algorithm Optimized for Portability and Parallelism”
System) [9], which is a generic tool for the implementation of

genetic systems.The developedalgorithm is basedon a model

developedby Goldberg[8]. Our investigationsrevealedthat with a

populationof 100 chromosomesthe following GA characteristics
are necessanyor a performancewhich providesa “good” trade off

in speed and quality of solutions:

1. Uniform crossovermndrandommultibit mutationat ratesof 0.6
and 0.05.

2. Chromosome selection procedure using Baker’s Stochastic
Universal Sampling algorithm [8].

3. Employment of an elitist selection strategy [9].

The chromosomestructurefor a givenrouting problemis presented
as follows;

[TOP, INT, BOT, ID]

where, for each net,

TOP = top over-the—cell track number.
INT = internal track number.

BOT = bottom over-the—cell track number.
ID = net number.

A key componentof the GA is the fitness evaluationstage,where
the quality of the different routing solutions are assessedAfter
initialization the fitness function (see Figure 2) starts by
partitioning a 2-layer solution netlist (see Figure 1) into two sets
top and bottom. Eachof thesepartitionscorrespondgo a two layer
sub-problem. The nets on these partitions are then routed
separatelyThe fitnessfunction then proceeddo identify all multi—
terminal net circuits (on eachpartition) for over-the—cellrouting,
and placestheseon tracks over-the—cellaccordingto horizontal
constraints.Further,it proceedgo route the remainingnet circuits
insidethe channelsubjectto horizontalandvertical constraints For
a given structure Y, the fitness function F(Y) can be specified as:

F(Y) = OTCP(Y) + HVP(Y) + VVP(Y).

Where OTCP, HVP and VVP are routing proceduresand are
described as follows:

4.1 Over-the—cell routing (OTCP) Performsthe routing of multi—
terminal net circuits in the over—the—cellareas(top and bottom
partitions), and returnstheir number.After this procedureonly net
circuits with single pin connectionsat both the top and bottom will
remain inside the main channel areas (top and bottom partitions).

4.2 Horizontal violation elimination (HVP). Carries out the
elimination of horizontalviolations, by returningthe numberof net
circuits without suchviolations. It is appliedto both the over—the—
cell and main channel areas for the two partitions top and bottom.

4.3 Vertical violation elimination (VVP). Performsthe elimination
of vertical violations, by returningthe numberof two pin (terminal)
net circuits connectedo the top and bottom pins inside the main
channelareas(top and bottom partitions) without such violations.
As thereareno vertical violations in the regionsover—the—cell this
procedure is not applied.

Two or more net circuits are placedon the sametrack if they are
without horizontaland vertical violations in the main channelarea.
For the over-the—cell areasonly the elimination of horizontal
violations needto be satisfiedbefore net circuits are routed on the
sametrack. This is illustrated using the Yoshimura—Kuhchannel
circuit in [7], the algorithm starts by first identifying top and
bottom multi-terminal net circuits in all 2-layer partitions and
routesthemover-the—cell(nets1, 2, 3, 4, 5, 8, 9 and10) asshown
in Figure 3(a) and (b). It then carries out routing for those net
circuit segmentsthat must remain fully or partially within the
channelarea, (nets5, 6, and 9) in top partition (Figure 3(a)) and
(net7) in bottom partition (Figure 3(b)). In the processit identifies
those nets that can be placedon the sametrack (nets 5,6, and 9)
resultingin track savings.It is evidentthat our algorithm requires



only one row (track) to route this channelcircuit in eachof the
partitions, comparedto five in [7]. The four net circuits left in the
channelof the two partitionsareall two terminalnets.Vertical and
horizontalsegment®f netsare placedon thefirst andsecondayers
respectively in the channel area (VH model) for each 2-layer
partition.
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Figure 2: Fitness function flowchart
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Figure 3: 4-layer solution obtained for YK channel by our
algorithm showing (a) Top and (b) bottom 2-layer partitions.

5. RESULTS AND DISCUSSION

Table 1 comparesthe results of our combined3D (4-layer) and
OTC routing algorithmwith thoseof the best2-layerover-the—cell
routerin the literature[4], for all channelareas.e Top, Bottom and
Internal. Overall our algorithm performsbetter. For example,with
Ex3c our algorithm obtainssolutionsof 6 and5 tracksfor the top
and bottom over-the—cell areas respectively, compared to 15 and 16
tracks achievedfor the sameareasin [4]. Inside the channelour
algorithm obtainsa solution using6 trackscomparedwith 15. Table
2 compareghe 4-layerrouting resultsof our algorithm with those
of the bestmulti-layer internalrouter[2] in the literaturewhenit is
using 4-layersalso. Here againour algorithm performsbetter. For
example,with exampleEx1 our algorithm obtainsa solutioninside
the channelof 3 trackscomparedwith 8 obtainedin [2]. Also, with
example Ex3a our algorithm obtains a solution of 4 tracks inside the
channelcomparedwith 8 obtainedby the algorithmin [2]. In order
to determinethe extentof the effectivenesof our algorithm, Table
3 comparesour 4-layerresultswith the 5-layerresultsobtainedby
the algorithm in [2]. Again our algorithm performs better. For
example,with exampleEx1 our algorithm obtainsa solution with 3
tracksin the internal channelareacomparedwith 6 tracksachieved
by the algorithm in [2]. In addition with example Ex3a our
algorithmobtainsa solutionwith 4 trackscomparedwith 5 tracksin

[2].

[4] Our Algorithm
Example Density Top Internal Bottom Top Internal Bottom
Ex1 12 11 6 7 2 3 3
Ex3a 15 13 15 10 5 4 3
Ex3c 18 15 15 16 6 6 5
Ex4b 17 28 6 24 4 3 6
Ex5 20 24 9 18 5 5 4
De 19 20 13 19 7 7 7

Table 1: Comparison of our a well-known

algorithm for all areas.

algorithm with

[2] Our
Example Internal Internal
Ex1 8 3
Ex3a 8 4
Ex3c 9 6
De 10 7

Table 2: Comparisonof our algorithm with a multilayer internal
router for 4-layers.

[2] Our
Example Internal Internal
Ex1 6 3
Ex3a 5 4
Ex3c 6 6
De 7 7

Table 3: Comparisonof the 4-layer resultsof our algorithm with
the 5-layer results of a multilayer internal router.



6. CONCLUSIONS

A novel genetic algorithm based router is presentedfor the
realizationof combined3D (4-layer)and OTC routing. Givena 2—
layer OTC routing solution netlist, the algorithm identifies
candidatenetsfor all areastop, internal and bottom and partitions
them into top and bottom 2-layer partitions (sub—problems)in
orderto minimize area.For eachof thesepartitions the algorithm
routesall multi-terminal net circuit segmentsat the top andbottom
parts of the channelover-the—cellin order to minimize channel
area,by leaving only two terminal net circuits inside the channel
with the effect of reducing congestion.The proposedalgorithm
achievessignificant improvementsin routing comparedto over—

the—celland multi-layer routersin the literature. Whencomparison 6.

is madewith the latesttraditional over—the-cellrouters,up to 67%
more savingsis achievedin the channelarea.On the other hand,

when our algorithm is compared with a multilayer router, up to 62%

additionalsavingsin tracksis achievedn the internalchannelarea.
This includes 4-layer results obtained with our algorithm being
50% better than 5-layer results achievedby the best multilayer
router in the literature.
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