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ABSTRACT

Power demsity of microprocessors is increasing with every new
process generation resulting in increasingly higher maximem chip
temperatares. The hagh temperaiune of the chip preatly affects is
relinbility, raises ihe leakage power consumed 10 unprecedented
levels, and makes cooling solutions significantly mare expensive,
The maximiem tempernture of 2 Block inoa chip depends, bowever,
nat only om its own power densicy, ol alsa on the poeer density of
the adjscent blocks. Conseguently, the placement of srchitceoaral
blocks, or n particular foorplan selocted for a given chip, can af-
Fect the maximum lemperaiure of the chip considerably, This paper
analyzes the impact of foorplanming o tee maximonm lemperature
by wsbng the Alpha and Pentium Pro microprocessors s examiples,
W show thar the difference berwesn the nsaximum lemperaiares
of two different Acarplans can be as high as 370, We have mocli-
fied o floorplanning tood to inclode wemperatore as an ohjective for
hinck placement bo reducs the kot spot cemperature. We slsaw that st
is possible to find a Acorplan that con reduce the maximem femper-
alure of the chip by up to 21*C compared tothe crginal Aoarplan
while maimaining comparable performance.

1. INTRODUCTION

Power density is increasing in cach gencration of microprooes-
surs sinoe fealure size and frequency are scaling fasier than the op-
crating woleage. Power density directly mranslates imo beat, and
consequently procesears are gesting hoiter. Por example, Pertium
4 chips generaie more heat than 2 kilchen booplate 2nd the com-
piny’s projections show bl the heat pencrated by its processors
will incrense sharply in the coming years, approaching that of the
care of & nuclear power plam, unless solulbons 10 this problem can
he found [4],

In order io keep the chip temperaare below a cercxin Limit, the
heal generated by the processee must be removed from the de.
Since the cost of removing beat is increasing ot about the same
rale a5 power density, reducing the meimam bemperalare in the
chip can reduce the cost of the cooling system, which consbaes a
miajor companent of ibe cverall cost.

Thee lrigh temperature of tee chip also preatly affecis s reliabil-
ity, The relinbility of the chip reduces exponentially ns ihe lem-
perature ipcreases. The tme o fxilure has been shown 1o be a
function of g'-' 5“"'*'”. where Ea is the activation enéergy of the
faibure mechanism being acoelerated by he increased emperabure,
# is Bolizmann's constant, and T' is the absolste emperaiare [2].
Ar edevaled temperatures 3 silicon device can fadl catastrophically,
Even if it doss nog, its elecirical characterisics frequently onidergo
interméleent of permanent changes, The life of on electronic device
is ale directly related o is opersting wemperatare.  Each 10°C
remperabarg rise reduces component life by 50% [2]. Therefore,

it i recommended that compister comparents be kept oz cool as
possible for maximuem reliability and longeviy,

[ s alzn expected that keaknge power consumplion will be com-
parable ko dynamic power consamplion withio the nest few process
generations, Leakage power is highly dependent on iemperature,
'Irh:m'm reducing the empesatwre of the chip will result in less
eakage.

With increases in power density of digital circwits, best dissipa-
tam 15 fas becoming a limiting facior in microprocessos design.
Recenily temperabare aware designs have been propased and sl
fed [13]. Skadron et al. propose temperalure aware micrearchi-
tectares [LB][19], They have developed the HnSpaot software [1],
whach is a bl to caleulate the emperature disribaiion among dif-
feremi blocks on the CPU chip.

Domald el al. shdy empernture gaeare design issees for SMT
(iimuliznecys MultiThreading) ad CMEP (Chip Multiprocessing)
architecuares [11]. They find that large lemperaiure gradicnts are
proeninent in both architeciures bt both show promsdss for iempera-
fure it enhiancements 1o mitigate this problem, Lief al. evaluste
the thermal effickency of SMT and CMP archiectures [17). They
show that SMT and CMP exhibit similar peak operating temper-
tures, but the mechanism by which they heat up are quite different,
hiznce the best thermal management mechamdsns are also differens
fir SMT and CMP,

Chaparro et al. suedy thermal-aware clusiered microarchilecures
[2]. They propose and cvaluate several technigoes including tem-
peTaure aware sieering techalqwes and clissver hoppaing in i quad-
cluster superscalar microarchitecture. They claim that 30% reduc-
tion in leakage poswer and 5% reduction in average peak temperis
ture can be achieved al the expense of a slowdown of only 5%.

Chu e al. introcuce o new combinaiorial optimization problem,
mairix symibesis problem (9], 10 model the thermal placement prob-
bem. They present several provably good spproximation algoribms
for the solution. Cur paper is different from thai paper in three
wiys. Firsy, they focus on a theareneal and simplified Ooorplanaing
prahlem where all blocks have the same size. Secondly. instead of
usang pemperalane as an objective, they use the sum of power oume
bers of @ partial floorplan, We calcubate the real tempersture dif-
ference between differcit llocsplans using the HotSpol software.
Third, they use mndomly genemted power nambers in their ex-
perimenis, while we use simalsted power oumbers for SPEC2000
bhenchmarks in our experiments.

Hung ct al. study thermal-aware floorplanning using genetic
algarithms [[4][[5]. They demomstrabe that their combined area
7l thermnl opamization technigue decreases ihe peak iempera-
e while providing floceplans which have comparable snea as the
traditicnal ares-orienied techniques, Bt they do not explore the
performance impact of their algorithms, In ouwr paper, we evalu-



ate the performance of different floorplans nsing an isterconnec-
fie model, Their studics are focussed on lower carcudl leved, whils
o shadics are focused on be anchitechural Jevel, and we use real
proctasors o show the impacts of dufferent floomplans on temper-
atare. They alza use randomly gererated powes Numoers in their
pxperimental simulations while we do nol

In this paper we study the impact of floceplanning on e tem-
perature of & chip. The insights bearned from this paper can also
be applied w devise new technigues ab the archaectoral level. Ar-
chitectural compements that often offes the magimom temperature
it e chip. &g, the register file, could be banked'partitioned [17]
b ol moee fexibility in placement and reduced power depsity.
We have seen similar trends in fact to reduce power consumption
i caches [12)[16]. Ahernptively, cne maght consbder srchiteciares
where scane of these companenis are replicated and associated ac-
fivity is distributed in & temperature-conscious way.  Additicnal
provizgion can be added ot the circuit level w reduce the power den-
sty of such companents.

Our conkributions e as followe:

1. We demonstrate how differert floceplans affect the maximim
temperature ol the chip. The tempernire difference can be as lange
as 3000,

1. We propose iemperasture aware flocrplanning, theough wikicl,
we can find a Roorplan thst can redoce the maximum emperabare
of thee chip by wp o 21* 2 compared b the anginal foorplan while
mainiaining comparable performance.

1. W propose b use a heal dGffusion measure & an approx-
matin of the temperature. This can consicerably redwee the coimn-
plexity of computing the lemperatare while sull producing good
resulis

The rest of il paper is crganized as follows. In Secton I, we
prowide the mouvaton for wmperaiure aware fcorplanning anx
demansirate the temperature benefits of dafferent floorplars,  In
Section 3, we propose temperature aware foorplanming acd des
seribe the implementatson af swch Toorplanming based on the Par-
quet software, The experimental resulis for an Alpha mocropro.
CEEEOT Are given in Bection 4. We provide the experimental resalis
far the Pentiem Pro microprocessor in Section 5. Conclusions ane
presented in Seclion G

2. MOTIVATION

2.1 Alpha Processor Floorplan

The HatSpot sediware developed 0 the Usiversity of Virginia isa
1ol ibsat eidels the temperature of microprocessoe chips. HolSpat
albows the user o specify o processar loorplan with ns functional
umits. From this floceplan, it crestes an equivalent circuii model that
represenis heat fransfer in a processor die with spectfied thermal
packazing. ‘We use the newly refeased HotSpot 200[1], which pc-
coumis for many important effects of the thermal laerface material
between the diz ond best spreader and has been validated against a
test chap. The same Alpha processor (0, 13um sechoology) fear-
plan msed by Skadros e al. [19] 15 used inoowr experiments (shaown
in Fipuse 1}, We use all 24 benchmarks from the 5PEC 2000 saite
[5] im cur cxperiments.

The rempersiure of each processar block for the gor benchmark
is shown in Figure 20 We do not show the emperatare of the L2
coche in the figure because the L2 coche has a comsiderably loover
Leznperaiure than the other blocks dn the processor cone. The power
density of each block is shown in Figure 3.

From Figore 2, we can see that tbe block wah the maximiam
temperasture in the chip 1% the integer regiater file frRep. D= wm-
perature s 1300, and if has ihe highest power density, 1798
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Figure 1= The original Alpha fioerplan
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Figure 2: Temperaiures of each block in the core area for the
gee benchmark in *
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Fegare 3: Power densities of each block In the core aren for the
gee benchmark in Wotd/mm?
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Figure 4 Muaxinim temperabure (" C) for the griginnl Alpha
flooaplan for SPECHIM benchmarks

Watt frm®.

Usunlly the block with the highest power deesity has the highest
temperature, but it is not always troe, The emperaturs of o block in
a chip depends nat only on is power density bal 8lso on the power
density of e adpscent blocks. We can take blocks mﬂm.ﬁ*ﬂe;
as am example. The power dersity of I is 0,137 Watd froen®,
and the power density of FPRey is 0.623 Watt/mm®, which is
nearly 4 times larger than that of far). However, the temperabare
of fneld (B5.37C7) is higher by about 9°C then the emperstius of
FPReg (7657 This is because e s placed near the blocks
IniRep, LdSelk, and farEvec, all of which are hat blocks. In con-
trast, FMieg is placed near FPM, FPASY both of which have
redaiively low power densities, This demonstrates that the ploce-
ment of 2 bleck has a congiderable impact on ils temperature and
hiss motiviled ws io shudy temperature aware foorplanning.

2.2  Maximum Temperature for the SPEC2000
Benchmarks

We show the maximum temperstune for SPEC2000 benchmaorks
in Figure 4. We can see that for 12 out of the 24 benchmarks the
enaximnum tempersiure af the chip is kigher than 100°C, for 8 of
them the lemperaiurs exceeds 1100, and for 2 of them it exceeds
e ol

When we lake a look ab the kaotlest block o the |.'hu'|'n, we find
that i 15 friRey Uoe almest all SPEC2000 benchmarks expect for
appli, Twcas, and mgrid. FPReg is the hotbest block for apmly and
FlAdd is ke hattest block For fucar and mgrid.  Hoaever, their
maxirnum temperatures & not hipgh (67270, 5%0.1°C and T53°C,
respectively]. Since the temperature distribulion amomg the blocks
of the chip for SPEC benchmarks is similar, we sebect 25 the repre-
senistive benchmark in our cxperiments the gee benchmark, which
s & maximam emperamre of 120°C,

2.3 A Manually Generated Floorplan

We firm iried to mamally modify the Alpha locrplan o lower
the masimum temperature af the chip, Fipune 3 is a new floomplan,
in which we put blocks with high power density next io blacks with
Joww povaver density, while maintaining the area of blocks and chaig-
ing the sspect ratio of the blocks as lnle as possible. We show
the resubting temperature of each block for the goc benchmark in
Figure 3. The maximum wemperature and the temperature reduoc-
tions for the new Aeorplan for SPECT000 benchmarks are shown
i Figure 6. We schiews a reduction of more than 20°C for many
benchmarks, 2nd an average reduction of 1175,

For the new floorplan, only the maximam temperature far the
vortex benchmark is a Linke higher tlean 100°C, The maximom
emnperale for all other benchmarks hns been reduced to belaw
1007, This s 2 significant IMprovement in iemperasune:

For three benchmarks, apeiy, luces, and mgrid. the masimum
vemperabare has increassd.  Their hobiest bocks in the chip are
FPReg, FRAdY, and FPAGW, respectively. Motice, bowever, that
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Figure 5t The Mook temperutures (") For the manually pener-
ated Alpha flonrplan

Figure 6 Maximum temperatures and lemperalore reduclions
{0 for thee manually generated Alpla flosrplan



far these benchmarks, the maximuam temperabare is low, 5o small
incTeass in the maxamumm wemperabore will still keep e chip nes-
somabiy cool. Their maxieism emperatures are 67707, 65°C, and
01° 2, respectively.

These resubts motivased us to further manipualae the foceplan
and modify the plocement of the blocks w redoce the maximam
temperature in the chip.

Any block replacement may, however, affect the performance of
the chip. The performance of the chip depends on the wise lengih of
the various intetcomnmections among the blocks. Since only approx-
imate values of inter-block wires' lengths ane usaally svailable dur-
ing floarplanning and in order to obiain & simple metric 1o be used
in iy search for an optimal Acorplan, the weal wine length among
all bilocks s rraditionally used as 3 measure for performance dur-
ing Aoorplanming. Cleady, the wial wire lenpth con ned accurately
redlect the individual signal delays amoag the varicus blocks. To
increase the relevance of e 1ol wire length metric, it is comaman
1o assign higher weights 1o wires betwsen o bocks which carry
timing critical signals making these blocks more likely to be placed
adpacenily. 5ull, the fotal wire bength can at best, strve 25 oaly &
first oeder approximation for the chip performance. In the absence
of expet information reganding the criticality of individoal wires in
the Moorplars which we have analyzed, we use the unweghted wial
wirg bangth as car measure (or performance. We believe however,
that the principles of temperatars aware Beomplanmng can aill be
demonstrnied despite the inaceuracies i 1he wining length messure.

2.4 Wire Length Overhead

Smce the exact sumber of wines betwsen any twa hlacks in the
Alpha chip has not been available 1w us, we had o wse e estimated
nbercannect matrix shown i Figure 7, This mairix focuses on data
signals and igrares comtrol signals, and & used here for illuswation
purpases onby. The cofumns {and rowes) of the inlercomnect ma-
trix are in the ceder L234ef, L2 bontom, L3Apk, femche, Deache,
Bpred, DTH, FPAdA, FPReg, FPMul, FPMap, Inthdop, ad, n.
18, Mnilxec, FPQ. LdSech, T

Tio calewdae the wire lengih we adopt the wadely nsed method of
HPEWL (Half Perimeier Wire Lengih), 3.e., e wire length berween
twin hlocks is calculnted as follows:

Wirelength = |21 — o] + [yl — 32|

where x1,pl, o2, y2 are U coondinares of their censers.

The wire leagth cverhead of the mansally drawn Alpha fAoorplan
is shvwm i Table [ The manually generated fAoomplan redices the
masimuam wmpersue of the chip by 21LE"C with 0 wire bengih
awerhead of 29%.

A wire length owerhead of 20% may be considersd excessive
and the question arises whether any attempt o reduce he max-
imizm lemnperause wall always sesult in a substantial increase in
wime lengih. We will shoe thal this 55 ool necesgarily the casa in
the: et sectionm.

2.5 The Rotated Alpha Floorplan

Since the CPL! core is surroanded by the low power densidy por-
noas of the L2 cache, we experimented with 2 90° rotacion of ihe
core, a simple floomplas modification that is expectad o resalt i a
small wire benpth overbead. The rotaced floceplan and the resubting
ternperatures for the pee lenchnsark are shown o Figure 8. The
new maximum bemperibare in ibe chip and the reduction in mis-
iniam empersure for all the 24 SPEC benchmarks are given in
Figure 9. The raolated Boorplan redieoss the maximusm lemperatune
of the chip far the goc benchmark by 16,072 with 3 wire kengih
owertsesd of only L18% (see Table 1) For mast benchmarks, we
obiain considerable femperatare improvements.  We can schieve

FRagaTh 1
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Figure 8 The Wock temperature (70 for the rotated core Al-
plea floorplan

Figure % Maximom temperninres nnd temperatare roductions
{00 for thee rotated core Alpha flosrplan
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Figure Tt The interconnect matrix

an average reduction of % for the SPEC000 benchmarks. This
is somewhal smaller than the redusction achieved by the manually
generated flocaplan.

Mamuadly searching for a fporplan that may further reduce the
maimum temperature with a low wire length overbead 18 tme-
consuming and inefficient. We decided therefore o modify an ex-
isting floorplanning wed w allow s 10 generabe PEMperelare aware

fiooaplans.

3. FLOORPLANNING WITH A TEMPER-
ATURE OBJECTIVE

3.1 Parquet Floorplanner

For our purposes, we hove selecied Parquet [T], which 15 & loor-
planming ool developed anthe Disversiy of Michigan. The Pangoet
Aoorplaneer s a fixed-outline, hisrarchical design package and is
based on the widely osed seqoence-pair representation. U s i
tended v solve muli-chjective profilems (area amd wire lengih) us-
ing i smulated asnealing algorithm

We allaw all the blocks of the chip o be "wofl™ blocks, thal ks,
their aspect ratio can change (in a controlbed manmer) in each move-
mend bur their area is foed, We next describe our iempersture pware
Aoarplanming.

3.2  Problem Description

The temperature aware Roorplanning problem is thil of placing
n recianguliar modales in tlse chip area satisfying the folbowing con-
ditinnz:

1. Bach module 4 has a fined anea Ag but its height hy and width
wi can be changed = that ke & wy = A, The spect ratio of
eodule d, by Sy, most be limited o the range vy £ 8 fuy £ o8

i=1,..,m)
¢ 2, The wiring length i3 calculated using an imerconnection ma-
tHE Cuen = [C5; ), where 5 is the number of wires connecting
memdnles § and 5.

3. The chip arenis A = F o« W, where B and Woare te height
and width of be chip. respectively. The chip aspect rlin i alsa
constrained o a gnenrange B & H/W £ §

4. In ceder o calculase the maximum temperature T, thhe power
comsumption F; of each module is provided.

5. The ohgectrves of the floorplanning process ares low chip area
A, low oiad wire bength L. and low maximam semperaiare T

3.3 Ohbjective Function
In Purquet, the global abjective is to minimize a linear combina-

tion of the ol area and the iotnl wire kengih. We add the emper-
ature 10 ihe original ohjective function a5 follows:

bi=Cp e A+ Cw e W+ Cpa T

whete Ca, Oy and Oy are the weights of the ares, the wire
bengih and the maximam emperature in the chip, respectively.

The Farguet software perfiorms mallbors of movemens in esch
sirnislated annealing run. It is probibitively Ume-consaming o cal-
culate the sieady siate temperature of the blocks for cach movernent
since in arder 10 caboubate the seady scaw lempersiune, we need Lo
constnsst 2 new thermal resistance matrix, We need therefare o
find an approximale measure to represent the maximieEm empera-
ture in the chip.

34 Maximum Temperature Estimation

An estimze for the maximoam emperatore shoald have b fol-
howwingg properiies:

1. Refloo the poodness of a floorplan with respect 1o the max-

1ITILETY iemperaiure, e, & ﬂI,:II:II'P]ﬂrl with 2 lower maximum lem-
peerature st bave a lower valoe than a Geoarplan with a higher
X imam tempernlure,

2. Should be casy w0 calcalase,

The esence of lemperalere interaction beraeen adjacent blocks
is the fear difieion between them. Thas, the heot diffosion be-
twcen adjucent blocks can serve as a good approximation for the
e Eemperature in the chip.

1.5 Heat Diffusion Measure

Thee beat diffusion berween two adpscent blocks is proportional
1o their lemperahare difference and the length of the shared block
houndary between them.

H{T1, T2 = {1 - 172) + shored length

where I 15 the heat diffusion, T'1 and T'Z are the temperatures
of the rwo blocks, and shared dength is the lengith of their shared
baundary.

Simce we do nol koow e exact wemperaures of ihe blocks ar
ench simulation step, we can mol use themn 1o calculate e heat daf-
fusian directly, and we muost replace them by estimates. To this end,
comsider am isolated hlock whoss lemperature can be ealepdaied as

T=PaR=Ps{tfks A) = (PfA)« (t/R} = {t/k) o d

where T is the stexdy slave pemperature, P is the power con-
sumption, & is the thermal resistance between the block and the
erviranment, £ 13 the thickeess of the chip, & is the thermal conduc-
tivity of the material. A is the area of the block, and d i3 15 power
density.

'[‘h.i:;r pxpression shows that the lemperaiuss of an isolatsd block
depends Linsarly on s power density. We will therebors, use the
power density al a block as an estimate of 15 wmperlbare.

Thus, we define the following measune as an sppeosimstion for
the hear difurion bereeen two adjacent blocks:

H{dl,d?) = (dl — d¥) » shared Jength



where H is the heat duffusion, 41 and &2 are the power densitics
of the two blocks, and skared Jongth is the length of thelr shared
boumdary,

Fior each hlock, 1 total bheat alpffesron will be:

Hid) = BH{d, di). for all its neighhees di.

We will calculate the heat diffusion of the chip as an approxi-
mation for the chip weaperaiare, bat in this calcalation we do not
consider all the blocks. IF the power dersiny of a bock is very
small, i1 is impossible for it o become the bogtest blogk and as a
result, its position is ned important. We ondy need oo care about the
heat diffusion of Blecks which may become the botiest block in the
chip.

To seleot the passibiy-kod blocks which may become the hotlest
blocks, we peck the 1op i (1 £ m £ n) blocks with the highest
porwer density,

If we take oo many blocks im0 consideration, the final resuli
may nol place the block with the hiphest power density and the
hlack with the lowest poswer denalty pest 10 each ather.  If we
tnke ioer few blocks ings congideration, e.g., oaly the block witl
1t highest power density, then the other blocks with high power
density can hecoore the hotiest block in the chip, It is imporiani
ihsepefare to determing the number of peesifdly-hor Bocks carefully,

Wi tried the selection of the fop 1, 2, 3, or 4 blocks with the
hi'ghﬁl poraver demsity as pessibyfor blocks in our expeniments.
W fiand thar the selection of 2 passibiy-het blocks produced ihe
best resulis for the Alpha processar.

We caloulste the best diffision & of all the selecoed poersifnly-
fror blocks, and add them iogether, The total Sl giffusion D s
defined as the fum of the e diffusion of all possildy-for Blocks:

L = EH(d], for all pasaibly-hor blocks

This £ wall be used a2 the approsimation of the maximam tem-
perature N QU EXperunEnls.

Thius, the final objective funciion for the Pargest floorplanner s

Obf s Cas A+ Cw s W —Coe D

whese Oy, O aod O'p are the weighas of the area, the wire
length and the thermal diffusion, respectively. Cp has a negalive
sipgn because we wanl o maximize the sherma! aifiestian I3

In order w reduce the maximom emperaure of the chip, we
shiould surroand blocks with high power dengty by Blecks wilk
low power density if possible. A block with high power density
lemls to barve a higher emperature while a block wilh low poecer
density lends o have a kwwer lemperatre. 1T we place them next 1o
cach other, we can gel maximum heat diffusion betesen adjpcent
blocks andl thus reduce the maximum lemperatune.

4. EXPERIMENTAL RESULTS

4.1 Parquet Generated Floorplans

Each rum ol Pargoer akes about 5 seconds, and we ran this ool
hundreds of times and then selec the best resufl. For the .ﬁ.lp-lu
flporplan, we only manipulaie the positions of the blocks Inthe cone
area, while keeping that of the L2 cache fixed, Since the Parguet
penerared floorplan may lave some nused apace, the area of some
Hlacks is increased 1o il the unused space. As expecied, incremsing
the arca of the chip will decrease the powes density of the blocks
and affect the wmperaime of the chip. However, the increase in
aaes that we have observed hins been wvery small, usually less than
1%, %0 s impact is neglipible. Abso, we only merense the area of
apr-possibip-het blocke, and never incresse the anes of pessitdyv-hor
blocks in order 10 keep the fmpact on the mazimin lemperature ag
small as possible.

In what Frllows we show several Parquet generated Aoorplans,
Lowstemp (Figure 10} is a floorplan obiained when we optimize
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Figure 10: Low-temp: a flosrplan with low maximom temper-
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area arxl lemperasture fgnocing wire bength (24 = 0.4, Oy =0,
C'p = 0.6). Wire-temp (Figure 12) is o floceplan which tnkes tem-
perature, area and wire length inte account (4 = 0.3, Sy = 0.4,
Cp = 43) Short-wire (Figure 14) is a Aoorplan which opii-
mizes only the wire lengih amd area bt ignores the semperature
(a0 =0, Cw = 06, Cp = D). High-temp (Figure 15] 18 a re-
sult of an attempt 10 penerase & floorplan with the highest maxinwm

lemperalure.
The maximum bemperalure of the Low-temp Aoorplan for the

pee benchmark is 5%, which is 25%(C Jower than that of the orig-
imal floarplan. The sleady slate lemperatures for SPECI000 berch-
mark are shown in Figare 11, We can see that the average maxi-
mwm femperature has decreased From 84507 t B1*C, the average
reduwction of the magimum temperature is 1370, which is 2 bet-
ter flean thai chained by the monually penerased loorplan.  The
maximam temperatures for all the benchmarks bove been reduced
1o bebow 977, Ahbouph the femperatures of the appiv, lucas, and
mgrid benchmarks kave increased by several degrees, their maxi-
i eemperaiares ane stll below §0°

Tloe maxwimmien emperaiure of the Wire-temp Doorplan foe the
ger benchmark is 89°C, which is 21°C lower than the ariginal
ame. The maxkmum werperabares for the SPEC2000 benchmarks
are shown i Figure 13, We can sec that the average maximum
emnperature has decreased from §°C o 8370 with an average
reduction of 12°C, The maximam temperatures for all the bench-
marks have been reduced to below 1005 C7

The maximum lemperature of the Short-wire floorplan (see ﬁ.g-
ure 14} for the goc benchmark is 120,17 €, which is almost the same
25 that of the onpinal floceplan. This shows that moceder 16 221 o
lower chip lempermore, we must include temperature as an abjec-
tive in Pangues.

1§ we do nod include the tempesatune in the aljective funclion,
Parquel may generate Aoerplans with very high masimum LEITper-
atures. W show such a floorplan High-temp in Figure 15, This
floprplan has & masimom temperature of 132°67, which is 12°C
larger than ihe original one and 37*C larger than the oceplan
Low-temp with the lowest maximum lemperaune.

4.2  Area and Wire Length Overhead
The area increase, wire bength overhend, and temperaure roduwe-
tion far all the generated Aoceplans are Tisted in Table [ The area
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Figure 13: Maximam lemperntures and temperature redisc-
thoms {* ) of Wire-temp foorplan for SPEC2000 benchmarks
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Figure 11: Maximum temperature and femperatare reductions
("1 of Low-temp foorplan for SPECH00 benchmarks

Figure 11: Wire-temp: a floorplan with bath short wire lenglh

amel low mipximuem Lemperalure

ort-wire: a floorplan with short wire length

Figure 14: Sh
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Figure 15: High-temp: a foorplan with high maximom tem-
perature

cverhead of all the Roorplans is very small, less than 1%.

The foomplan Low-temp reduces the maximun wemperaiene by
2370 with g wire length overhead of 38%. I this wirmng averbead
15 cordderad excessive, we can insicad select the Aoorplan Wire-
tep which reduces the maximum temperature by 2190 whale
kesping the wire bength pracucally unchanged. The small reduc-
tion in wire length for the Aoorplan Short-wire shown in Table |
choes nol pecessartly mean that this Noarplan is beower than te orig-
inal one with respect 1o wiring cost but can probably be atiributed
oo the issceurscies in the toial wire length calculation,

Throwgh careful block replacement, we succeed in greatly im-
provwing the wempersiure disiribution of the chip while keeping the
total wire length of the chip almest the same as before, Since mamy
chips are facing the thermal problem, our iemperanare aware Aooe-
plasming can be very uwseful bn lleviatng this problem

5. PENTIUM PRO FLOORPLAN

W also performed soue experiments on e Fantium Pro proces-
s (0.35pm lechoodogy) [4). Figure 16 shonws the original foor-
plaxn for this micreprocessor [3] and the temperabare of each block,
The maximun erperabare B 100°C and 0 is the emperaare of
the intcper execution unit fr,

We use the modified Parquet softeiare to find o better Aearplan
with respect 1o the maxinum wemperatune for the Pentiem Pro pro-
cessor. Proelow (Figune 17} s a Aoorplan generated by Panguoet.
The bleck with the maximum temperatuse is stll the integer exe-
cuison unit Sy, bot the maximum wemperabare bas been redwced by
6,370 w9370

Pro-bigh (Figure 18} is n floomplan that we have generated in an
arleept 10 obtain & higher maximum emperaure. The maxtmum
temperalare For this Aoorplon is 1100, which is 107 O hipher than
that of the ariginal flocaplan,

The a.r!adl]m:llnurplan Pro=low has incressed by 1.5%. and ils
vobal wire kengih has increased by 13%. These are the penalies we
pany for e improvement in the maximum emperaiure.

The bepefits of modifying the block placement o improve the
Lemperaiure For the Pentivm Pro processor are nob ns impressive
s those for the Alpha processor, because the wemperature differ-
cnce between Bocks in the Pentium Pro chap is nol 25 large. Far
the criginal Pentium Pro floomlan, the maximum empersuse i3

MDecode=Ri4 J!lh:n-tﬁ_'n

Figure 16: The arlginal Pentlum Pro flnorplan

Figure 17: Pro-low: a floarplan with low maxinnem lempera-
ture for Pentium Pro

1007 €7, and 1he manumum lemperalure is 7450, The difference is
anky 26° 7, while the difference for the orginal Alpha fAoorplan is
alsour T0°C (1be 1emperaiure of the LT cache i3 abos 50700, Snll,
the difference between the “best™ Bocrplan (Pro-low with masi-
mum kemperaturs of 93.7°C) and the “worst” floomplan (Pro-high
with maximum tempersiune of 1005%C) shows thar even i 1his
case if 15 wirlhwhale 10 comeder the temperature when deciding on
the floomplan.

6. CONCLUSIONS
Ini this paper, we have shoamn how 0 improve the emperalise

dhstritrution of a chip theoegh temperature mware floorplarming. Through

experiments on the Alpha and Pentium Pro microprosossons, we
have shown thal we can obiain 8 temperature reduction of 21°C
while keeping a comparable wire lengih For the Alpha processar, or
2637 redaction in the maximum eenperabare for the Pentie Pro
proceseor with a penalty of 13% in terms of the iofal wire length,
In future desipns based on deep sub-micron wechnalogy, chap em-
perntures are expecied o further increase, making the benefits of
leenperature sware Aoarplanning even mone prominemt.



Table 1z Ares, wire length and masimom temperature for Alpla fosrplans

Figure 18: Pro-high: a floorplan with high maximom tempera-
tare for Fentium Pro
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