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Abstract \Ve pro vide a general defutition of the 3-D wireleugth placemen prob
lem, This definition facilitate; comparison of 3-D placement algürithms, 
"\Virelength re;ults llbing partztioning placement are induded fur the 
A and ISPD98 standard benchmark circuit suites, FW1:her, 
a wire1ength comparbon betWef:'1l 2- and 3-D placemerts is made, and 
it is shüwn that 1al'ger' circuits require 50%-60'K 1es::; wire1engthvhen 
utilising the thircl dimensiou, 
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1. INTRODUCTION 
As rescarch illtO threc dimcnsional circuit a.rchitecturcs becomes more 

widcspread (Chiricescu alld V ai,1998; Dcpreiterc ct al., 1994; Lccser 
ct al., 1998; Lcighton aud Roscnberg, 1986; Ohrnura, 1998; Toug and Wu, 
1995), the study of techniques for placing circuits into 3-D structmes is 
cmcrging. Unlike 2-D placcment papCl'S, prcvious 3-D placemcnt rcsults 
ha ve bcen publishcd in isolation (Leescr et al., 1998; Ohrnra, 1998) and 
Carn.J.ot bc compa.red to cac h othcr fm lac k of bcnchmark results. In 
tw 0 dimcnsions wircleugths bcnhrna.rks havc been a commoulIlcans of 
comparing placcmcnt algorithrns. Howcver, in 3-D no tabulated results 
for comparison c-'Cists. 
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Om goal iR to fill thc void aud providc wirclcngth rCflults for COIIl
pariRon of 3-D placcmcnt techuiqucs. For this pmpose, wc havc ex
tcnded the e::itablished method of part-tt'toning placement (Shahookar and 

1991) to three dimcnsions. Othcr connllon placement mcth
ods are sirnutated anneating and force-dir'ected placement (Shahookar and 

1991). We use the currently fastest and best partitioncr, 
hMctis (Karypis et a1., 1997). Thc dctails of this placement method arc 
dcseribed in section 2.. Whilc using a diffcrcnt partitiollcr, thc parti
tioning placemcnt techniquc has alrcady becn uscd for 3-D placcmcnt 
for the Rothko architcctmc (Lecscr ct al., 1998). 

Partitioning placemcnt is fast and has traditionally yiclded good rc
sults (Shahookar and 1991). For largc eireuits, as we 
show in scction 3.2, profit most from 3-D technology, an asymptotically 
fast placcmcnt algorithm is essential. Asymptotieally slowcr 
::iuch as simulatcd anncaling, are not likcly to producc high quality rc
sults in an acceptablc period of timc for thcsc ci.reuits as thc eooling 
schedule would have to bc drastically shortcncd. 

Givcn the high quality of the partitioncr, and thc fundanlcntal sound
ness of thc partitioning placcmcnt tcchniquc, wc havc confidcnce tlmt 
thc placcmcnt rcsults prescntcd hcrc provide a good benchmark against 
which futurc 3-D placemcnt tcchniqucs can be mcasured. 

1.1 PLACEMENT MODEL 
In order to providc a cOllvcnicnt basis for bcndllll.ark cOlllparisollS, 

the placclllent model should rcficct rcality, yet be gencral and easy 
to implcment. In two dimensiouf:!, the Checkerboa-T'd model (Shahookar 
and Mazumder, 1991), a.k.a. thc Gate Ar'my Model, scrvcs this pm
pose. In this model, circuit elcmcnts arc of identical and placcd 
in chcckerboard-fashion onto a grid. We extend this model to threc 
dimensions in thc natural way. While the pmpose of this model is to fa
cilitatc comparison of placemcnt algorithrns, actual placcment methods 
will have much more spccific requirements for the grid and shapc, 

of circuit elements, pad placemcnts, ctc. 
The most common measurc of quality of a placemcnt algorithm is 

the total wirclength rcquired for the circuit (Shahookar and Mazumdcr, 
1991). Thc most e:fficient method of connecting points, eg. eireuit llodes, 
in space along and vcrtieal lines using a minimum of wirc
length is to construct a rectilinear' Steiner t1'ee (Hanan, 1966). 

Definition 1 Rectilinear Steiner T1'ee 
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Figm'c 1.1 Partition Placement Process: Simultaneous Splitting of the Grid alld 
Partitioning of the Circuit 

A rectihnear Ste'iner tree S (e, 1) is the slwrtest tr'ee that connects alt 
nodes v E e at P0i3itions f (v) using only orthogonal segments parallel to 
the coordinate axes. Its length is IS(e,1)I. 

However, constructing a rectilinear Steiner trcc a.nd mcasuring its ICllgth 
is difIicult. A COllmOll approach is to cstimatc the sizc of thc Stcincr 
trcc by addillg the width, hcight, alld depth sparmcd by thc llodcs in thc 
Steiner trcc. This measurc is accurate for two and tlll'CC node nets. We 
call this approximation the scmi-perimetcr boumlillg box approximation 
IS*(e, 1)1 18(e,l)l· 

For placement purpol>es, wc reduce all circuit elements to unit-size 
nodes, and tlml> we abstract the drcuit into a hypergraph G(V, E). 
G (V, E) il> I>imply the combination of the set of circuit elements, or llodes, 
V, with the set of nets, or hypercdgcl>, E, whcrc for all e E E, e C V. 

It remains to define the 3-D placement model, as a straight forward 
extension of the 2-D Checkerboard model, for comparisoll purposes: 

Definition 2 3-D Placement Model 
Given a cir'cuit G(V, E) find a 'reveTsible function 

f: IVI-t {I, ... ,nü x {I, ... ,n2} X {I, ... ,n3}. 

The rneas'ur-e of quality of the placement function iti the tutal wiTelenyth 
etitimate "LeEE 18" (c, 1) I· 

2. PLACEMENT METHOD 
Partitiolling placcment is OIlC of thc ftmdamcntal plaecIllcnt lIlcthods 

(Shahookar and Mazumder, 1991). When placing a circuit into a two 
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Variabk>s and prcdicatC's: 
V = {Vi,'" 'VIVI} 
xlv] 
(al,a:J,a3) 
(b1, b:j) 

n,3) 

set of drcuit node:; 
coordinates of gat<.' for circuit node v 
coordinates of lower Icft. front corner 
lengt.hs 01' sides of gate anay box 
initial sizl' of gate array box 

Initial CaU: 
place(l' ,(0,0, O),(nl, 'fl3») 

place(F ,( al, 03» 
I: if WI=1 then 
2: x[vl] := (a1,a2,a3) 
:k else 

4: 

5: 
6: 
7: 
8: 

9: 
10: 
11: 

13: 
14: 

find largest side of box 
k := i such that Oi = ma.,-x( 01,02,03) 
split box b into two boxes bland b2 
(bh,bl:l,bl:,d := (01,0:J, 0:;) 
b1k := Lbl/2J 
(021, b22, b2,3) := (b1,b2,b3) 
WI, := 
deterrnin{, coordinates of lower left front corner of bl and b2 
(ali, ab, a1.3) := (al, a2,(3) 
(a21,a2:z,a23) := (a1,a2,a3) 

:= a., + b1k 
partition V into sub-circuits Vi and \'2 
of sizes 110 1TLor'e than b11,bl:z·b13 and ·b2:3. 1'Cspecti:vdy 
(Yl, \-"2) := 
invoke placement routine on sub-circuits 
place(F 1,(ali ,(1.12, a,13),(bh, bb, bI3» 
place( V2,(a21, a22, a23),( 021, b22 , b23» 

Figur'C 1.2 Gelleric Partitioning Placement Algorithm 

dimcnsional gatc array, thc gatcs in thc gate aITay arc recursively split 
into smaller sub-arrays. At the samc time the eircuit is partitioned 
alld the sub-circuits are assigned to thc sub-arrays until each circuit 
element cau be assigned to its ullique gate. This process cxtcllds to thrcc 
dimcnsious in thc obvious way, as is illustrated in figure 1.1. Figure 1.2 
provides thc partition placcmcnt algorithm. 

Leescr ct a1. (Leescr ct al. , 1998) uscd a partitioning placcmcnt lllcthod 
for placcmcnt in the Rothko arehitcctmc. Their pa.rtition placemcnt 
method was based on a 2-D vaJ'iation of partitioning placcmcnt, eallcd 
q'uadrisection (Shahookar a.nd Ma.zumdcr, 1991). In quadrisection, the 
chip arca is rccursively split into four quadrallts aud cireuits arc re
cursivcly partitioncd fom ways. They cxtelldcd this method into thrcc 
dimcusioIl,<; by splitting the chip's VOhUIlC into cight oetants whilc eon
eurrclltly partitiouing the eircuit cight ways. Howcver, HO placcmcnt 
results were publishcd. 
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<":ircuit Nod<,,; :\"cu; J'fU" PTrt" I Circuit :-Iode .. Neu; Pim.l P'l.nlt J''I.nlt 
"JfQd; tr;;t NVJ; ""Nct 

19ks 28-M :rl82 10547 3.71 3.21 s15850P 10470 10383 24712 2.36 2.:JB 
avq.large 25178 2!\:184 K:l7.'il :l.:,m :1.26 s35932 lKHtl 17K2K -IHI-l.', 2.71J 
avq.8mall 21918 22124 762:1I 3.'18 3.·\" 838417 2:j!H!) 23&1:J 57613 2.H 2.42 
baluP 801 735 2fi9i 3.:37 3.67 838584 2099;; 20717 5'>203 2.63 2.6fi 
biomedP 6514 57'42 21040 3.23 3.66 89234P ·,866 58-M 14065 2.40 2.41 
golem3 10:1048 144W!J :1:{R4W 3.28 2.:1:1 8truCtP l!r20 f>471 2.80 2.8;; 
industry2 12637 13419 41W,8 :1.81 3.59 t2 166:1 17'20 6134 3.69 a.57 
industry3 15-106 21923 6-:;791 4.27 3.00 t3 1607 1618 5807 3.Gl 3.·:;9 
pl 8J:l 90"2 2908 3.-19 3.22 t4 1·:;1-; IG!,8 597.!j 3.94 3.f;O 
p2 .3014 3O:l<) lI:lHJ 3.72 3.70 t5 2·;9·; 2750 10076 3.88 3.66 
s13207P S772 20606 2X, t6 1752 lfi-ll 66:'111 :1.7Y 4.05 

Table 1.1 The 1993 AC\IjSIGDA Benchmark Circuits 

A'd our pru-titioncr, wc chO!:iC thc hMctis hypergraph pru-titioncr dcvel
opcd by Karypi!:i ct al. (Karypi!:i ct al., 1997). Thi!:i partitioncr i!:i cUITClltly 
thc bC!:it and fastc!:it partitioncr publi!:ihcd. Although w cuse rccur'divc 
tw o-my partitioning, W.! could easily implemcnt 3-D quadrisection with 
a few modifications to the hNleti'd librru"y interface. RcstrictioIl'd in the 
currcnt library inteIiace made it to compute a recursive 
balanccd (k + l)-way partitioning to ac hie\C a /,;:Z split as is somctime'd 

in stcp 12 of the algorithm in fig;ure 1.2 when an odd nlUll
bel' of roW'd, column:;, 01' need'd to bc split. Whilc incrCa!:ie'd 
run-timc and mcmory requiremcnt, it docs llot affcct the quality of the 
cut (Karypi'd, 1999). According to Käl"YPi'd, thc hlvfcti:; in tcrfacc could 
easily be adaptcd to allow cxplicit k:l cuts. 

In order to compcnsate for the cxccssive IDemory requircment for large 
(k+l)-way partitioning-s, \\C restricted thc 1m·gest dimensions of the gate 
arTa ysfor the 1argcst circuits to be of cven length. COllSequently, the 
1'l.rgest cuts are balanced tw o-"\Uy cuts which requirc substantially 1ess 
memory resomccs. F to obtain accurate estimatcs of the 
assll.ming the hMetis in terface w asadapted to al10 wexplicit k:l splits, 
w e ran the algorithm whi1e forcing balanced 2-\liI.Y splits at allle..els of 
recursion. 

3. RESULTS 
3.1 3-D RESULTS 

We performcd the benchmark runs on thc circuits in the ACMjSIGDA 
circuit suite (Brglez, 1993), and thc newcr ISPD98 benchmark circuit 
suite (Alpert, 1998), d. tablC'd 1.1 and 1.2. While thc ACMjSIGDA 
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Circuit Noocs :-lets l'ins l:!!.!:i I Circuit :-Ioocs :\cts Pins I'HLi /'i"" 
Set r.;:;r; XeT 

ibm01 12752 1·1111 50566 3.97 3.58 ibmlO 69·129 i.5196 297567 4.29 .3.96 
ibm02 19601 1958-1 81199 4.14 4.15 ibml1 105')8 81454 2R078fi 3.98 3.45 
ibm03 23136 27-101 9J.';73 4.04 3.41 ibm12 11076 77240 3InGO 4.47 4.11 
ibm04 27r,07 31970 lOr>R!)Ü 3.&; :1.31 ibm13 841!)!) !J!)Ii!jI; 4.24 :1.5R 
ibm05 293-17 28446 1:.16.308 4.:JO 4.44 ibm14 1476M 15277:.1 546816 3.70 3.58 
ibmOS 3'2,198 l:l8l1:\2 :1.!J4 3.68 ibm15 16Vi70 186608 il582:1 4.1:1 3.lH 
ibm07 -l,lj!)"2G 41H17 175G39 3.82 3.6G ibm16 183484 190048 7781:1:.13 4.:.14 4.10 
ibmOS 51309 5051:J 20-1890 3.99 4.06 ibml7 18549·; 189581 8600:16 4.6-1 4.54 
ibm09 s.:1:m!) 60!)O:.! 4.16 :1.0,<; ibm18 21001:\ 201920 81!JI)!)7 :1.89 4.06 

Table 1.2 The 1998 ISPD Benchmark Cin.llits 

Cin:uit Standard Minimum RUlltime 
Grid Wirclength Deviation Wirelcngth (s) 

nl n2 n3 2:15-1 2: 15"1 
i9ks 15 14 14 14493.3 1.61% 14123 37 

avq.large 30 30 28 104104.1 1.22% 101693 303 
avq.small 28 94688.U 0.88% 93823 277 

baluP 10 9 9 326:3.5 1.77% 3164 13 
biomedP 19 19 19 25239.2 0.80% 248.19 106 
golem3 48 48 45 687104.9 0.68% 6795.')4 1519 

industry2 24 23 23 78997.7 0.9'2% 78052 202 
industry3 26 25 24 152962 .. 3 1.0.5% 149592 301 

pi 10 10 9 41G6.1 2.17% 4071 14 
p2 15 1.5 14 18562.5 1.64% 18044 43 

s13207P 21 21 20 26501.3 2.15% 25617 103 
s15850P 2'2 22 22 30950.7 0.65% 30729 122 
s35932 27 26 26 57926.1 1.74% 56120 218 
s38417 29 29 29 73282.6 1.21% 723.55 2.53 
s38584 28 28 27 72643.9 1.10% 71560 258 
s9234P 19 18 18 17670.1 0.89% 17463 86 

structP 13 13 12 7064.1 1.41% 6879 23 
t2 12 12 12 8501.9 1.44% 8337 22 
t3 12 12 12 7828.2 1.42% 7658 22 
t4 12 12 11 7375.9 1.63% 7242 22 
t5 14 14 14 12568.2 0.57% 12481 
t6 13 12 12 7968.1 1.51% 778.5 23 

Table 1..'1 3-D Placement Results for the ACMjSIGDA Cin:uit Suite 
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Circuit Grid 
Average Standard :Ylinimwn RUlltimc 

Wirelcngth Deviation Wirdcngth (s) 

111 n:l na L:IS-I EIS"I 
ibmOl 0.91% 005!ll 239 
ibm02 28 28 26 202121.7 0.65% 199264 391 
ibm03 30 30 27 2:34600.9 0.94'70 231824 43:3 
ibm04 1.07'70 497 
ibm05 32 32 30 367004.5 1.27% 360659 554 
ibm06 :32 32 32 :33:3985.0 3.21% 323919 655 
ibm07 36 36 36 473844 .. '3 1.82% 4158047 1084 
ibm08 38 38 36 53U160.7 1.38% 1191 
ibm09 38 38 37 617201.7 2.56% 587107 1263 
ibml0 42 41 41 832125.1 3.79% 796763 1761 
ibmll 41 41 842491 1661 
ibm12 42 42 41 1.63% 959567 1864 
ibm13 44 44 44 1000941.8 2.05% 9713:30 1864 
ibm14 54 54 52 1657408.1 1.12% 16:30502 3064 
ibm15 56 56 54 1994685.8 1.38% 19.'57427 3769 
ibm16 58 58 57 2222138.0 1.05% 2190510 4030 
ibm17 58 58 57 2745042.7 1.16% 2680986 446:3 
ibm18 60 60 59 26:39356.6 4.29'70 250408:3 42815 

Table 1.4 3-D Placement Results for the ISPD98 Circuit Suite 

suite is more cstablishcd, it lacks thc larger drcuits that can bc fotUld 
in the ISPD98 suite. 

Sincc thc hMetL':l partitioner is randomized, we perform 10 runs for 
each circuit on a Pentium II/300MIIz system. Thc n .. 'Sults arc smn
marised in tables 1.3 aud 1.4. The runtimcs indicatc the runtime for one 
run. 

3.2 FROM 2 TO 3 DIMENSIONS 
Besidcs having a rcference platform for 3-D placement wirclengths, it 

is of intcrest to know what kind of improvcment cau bc cxpcctcd from 3-
D VLSI. In table 1.5 wc have compiled wirclength results for fOUf circuits 
covering the dynamic range from 800 to 210,000 nodcs. For each circuit 
wo computed a placement in d = 2, 2 1/3, 2 2/3, alld 3 dimensions. By 
this we mean that the base of tho gate array has an odgc longth of m. 
Thus a 2-D gate array, is of size ..JN x IN x 1, alld a 3-D gate array 
of sizc W x W x W. In general, for dimension d and an N-node 
circuit, we seleded a grid size dose to fIN x -m x N/( -m)2. 
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Circuit Grid Dimen- All 2- and 3-nodc 
sions Countcd 0nly 

IVI nl n2 n3 d 
Length 

Change 
Length 

Change EIS-I 
pI 833 29 29 1 2 6751.5 3800.0 

17 17 :J '21/3 4.')84.'2 -32.1% 2727.5 -28.2% 
12 12 6 22/3 417.').2 -38.2% 2505.5 -34.1% 
10 10 9 3 4143.5 -38.6% 2498.8 -34.2% 

s9234P 5866 78 77 1 2 28353.2 17515.8 
40 38 4 21/3 19192.9 -32.3% 13019.4 -25.7% 
'26 26 9 '22/3 17891.6 -36.9% 12598.2 -28.1% 
19 18 18 3 17640.6 -37.8% 12404.3 -29.2% 

ibm06 32498 184 180 2 792670.2 224425.6 
82 82 5 21/3 410851.0 -48.2% 125969.6 -43.9% 
50 50 13 '22/3 37'2.507.4 -5:W% 133579.7 -40.5% 
32 32 32 3 331429.9 -58.2% 116558.5 -48.1% 

ibm18 210613 460 460 1 2 7705843.6 2561197.9 
188 188 6 21/3 3597492.0 -53.3'70 1258260.2 -50.9% 

98 98 22 22/3 2932640.5 -61.9% 1086833.2 -.57.6% 
60 fjQ 59 3 2641617.1 -6.5.7% 969398.1 -62.2% 

Tablc 1.5 vVirelength Improvement from Two to Three Dimensions 

De:;idCl:l the w:mal total wirclcngth e:;timatc, tablc 1.5 also show:; the 
total wirclengths of nots with 2 and 3 nod<..'S. For such ncts, thc semi
perimeter bounding box approximation of thc wirclcngth is oxact. 

Wo notice that a :;ubstantial wirclength adV'clJltagc can be achicved 
for largc circuits evcn when only a fcw layer:; are employed. While small 
circuits exhibit only a modest wirclcngth improvemcnt in 3-D, larger 
circuit:; clcarly benefit from thc third dimension. Small circuits p1 and 
s9234P cxperience only a 30%-40% improvcment in a 3-D placement, 
whcreas ibm18 savcs approximately 50% wirclength in 2 1/3 dimensions 
and OVCl' 60% in 3 dimensiolls. 

4. CONCLUSION 
We presented a general definition of the 3-D placement problem. This 

definition can be used to compare 3-D placement algorithms to each 
other. On the basis of this definition, we implemented a partitioning 
placer and gencrated a first set of comprehensive wirclength results for 
3-D placements of circuits in two benchmark circuits suites. 

Further, we compared wirclength rcsults of sclected circuits tor place
ments varyillg from two to thrcc dimensions. These results provide em
pirical evidcnce that large circuit:; bellcfit substantially from utilising 
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thc third dimcnsion cvcn if only a snwl Ilumbcr of laycrs in thc thil'd 
dimcnsion is uscd. 
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