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t. We present a novel approa
h whi
h 
ombines 
ompiler, in-stru
tion set, and mi
roar
hite
ture support to turn off fun
tional unitsthat are idle for long periods of time for redu
ing stati
 power dissipationby idle fun
tional units using power gating [2, 9℄. The 
ompiler identi�esprogram regions in whi
h fun
tional units are expe
ted to be idle and
ommuni
ates this information to the hardware by issuing dire
tives forturning units off at entry points of idle regions and dire
tives for turningthem ba
k on at exits from su
h regions. The mi
roar
hite
ture is de-signed to treat the 
ompiler dire
tives as hints ignoring a pair of off andon dire
tives if they are too 
lose together. The results of experimentsshow that some of the fun
tional units 
an be kept off for over 90% ofthe time at the 
ost of minimal performan
e degradation of under 1%.1 Introdu
tionTo 
ater to the demands for high performan
e by a variety of appli
ations,faster and more powerful pro
essors are being produ
ed. With in
reased perfor-man
e there is also an in
rease in the power dissipated by the pro
essors. Highperforman
e supers
alar pro
essors a
hieve their performan
e by exploiting in-stru
tion level parallelism (ILP). ILP is dete
ted dynami
ally and instru
tionsare exe
uted in parallel on multiple fun
tional units. Therefore one sour
e ofpower dissipation is due to the fun
tional units. It is well known that ILP isoften distributed nonuniformly throughout a program. As a result many of thefun
tional units are idle for prolonged periods of time during program exe
utionand therefore the power dissipation by them during these periods is wasted.The goal of this work is to minimize power dissipated by fun
tional unitsby exploiting long periods of time over whi
h some fun
tional units are idle.The power 
onsumed by fun
tional units falls into two 
ategories: dynami
 andstati
. With 
urrent te
hnology the dynami
 power is the dominating 
omponentof overall power 
onsumption and by using 
lo
k gating te
hniques the dynami
power dissipated by fun
tional units during idle periods 
an be redu
ed [4, 12,13℄. However, it is proje
ted that in a few generations the stati
 power dissipa-tion will equal dynami
 power dissipation [11℄. Spe
i�
ally for di�erent kinds of? Supported by DARPA award no. F29601-00-1-0183.



adders and multiplers, the in
rease in stati
 power with 
hanging te
hnology isshown in Table 1 [5℄. Therefore it is important to also minimize the stati
 power
onsumption when the fun
tional units are idle.Table 1. Stati
 power dissipation by fun
tional units.Fun
tional Te
hnology (�m)unit type 0.354 0.18 0.13 0.10 0.07Adders Stati
 power dissipation (mW)Ripple Carry 0.07 0.08 0.12 0.14 0.15Carry Lookahead 0.09 0.11 0.19 0.20 0.19Man
hester Carry 0.10 0.16 0.23 0.25 0.28Multipliers Stati
 power dissipation (mW)Serial 0.29 0.32 0.43 0.51 0.50Serial/Parallel 0.35 0.41 0.48 0.55 0.58Parallel 0.37 0.46 0.50 0.60 0.62There are two known te
hniques that are suitable for redu
ing stati
 powerdissipation by fun
tional units during long periods of idleness. The �rst te
h-nique is power gating [10, 9℄ whi
h turns o� devi
es by 
utting o� their supplyvoltage. The se
ond te
hnique uses the dual threshold voltage te
hnology { byraising the threshold voltage during idle periods of time the stati
 power dis-sipation is redu
ed [14℄. In both of the above approa
hes there is a turning onlaten
y involved, that is, when the unit is turned ba
k on (either by providingthe supply voltage or lowering the threshold voltage) it 
annot be used imme-diately be
ause some time is needed before the 
ir
uitry returns to its normaloperating 
ondition. While the laten
y for power gating is typi
ally few (5-10)
y
les [2℄, the laten
y for dual threshold voltage te
hnology is mu
h higher. Inthis work we assume that power gating is being employed to turn o� fun
tionalunits and we assume a laten
y of ten 
y
les for turning a fun
tional unit on inall our experiments.The shutting down of fun
tional units is most e�e
tively a

omplished byemploying a 
ombination of 
ompiler and hardware te
hniques. To understandthe reasons for this 
laim lets examine the problems that we must address in de-signing an algorithm for turning fun
tional units o� and then ba
k on, and thenevaluate the suitability of the means for solving the problem, that is, whether touse 
ompiler support or hardware support in addressing the problem. We alsodes
ribe the approa
h that we take in addressing ea
h of the problems.Identifying idle regions. In order to turn o� a fun
tional unit we �rst mustidentify regions of 
ode in the program over whi
h the fun
tional unit is expe
tedto be idle. The use of hardware for predi
ting or dete
ting idle regions has thefollowing problems. First the additional hardware for predi
ting idle regions willalso 
onsume additional power throughout the exe
ution as it must remain a
tiveall along. Se
ond we will not be able to exploit the idle regions during the warm



up period of the predi
tion me
hanism { only after enough history has beena
quired by the predi
tion hardware will the predi
tions be e�e
tive.Our solution to the above problems is to rely on the 
ompiler to identify pro-gram regions with low ILP and thus low fun
tional unit demands. The 
ompiler
an examine all of the 
ode o�-line and therefore identify suitable regions forturning the fun
tional units o�. Furthermore it 
an also identify the type of fun
-tional units and determine the number of fun
tional units that should be turnedo� without degrading performan
e. This information is then 
ommuni
ated tothe hardware by generating spe
ial off and on dire
tives.Tolerating the laten
y of turning a fun
tional unit o�. The fun
tionalunit must be turned o� suÆ
iently prior to entering the program region in whi
hit 
an be kept idle. This is be
ause there is a laten
y for turning the unit o� andwe must a

ount for this laten
y to maximize the power savings. The laten
yarises be
ause time is needed to drain the fun
tional unit by allowing it toexe
ute the instru
tions already assigned to it. Let us assume that we have twofun
tional units of a given type and we would like to turn one of them o�.When the off dire
tive is en
ountered, the fun
tional units may already haveinstru
tions assigned to them. One of the unit must be sele
ted and drainedbefore it is turned o�.This problem is also not suitable for handling by hardware be
ause even ifwe were to over
ome the problems des
ribed earlier and develop a me
hanismfor eÆ
iently dete
ting idle regions in hardware, now we would have to predi
tthem even earlier. Therefore our solution is to allow the 
ompiler to pla
e the offdire
tive suÆ
iently in advan
e of rea
hing the idle region whenever possible.Tolerating the laten
y of turning a fun
tion unit on. The fun
tional unitmust also be turned on prior to exiting the idle region. This is be
ause thereis a several 
y
le laten
y before whi
h the fun
tional unit 
omes on-line and isready to exe
ute operations [2℄. By tolerating this laten
y we 
an minimize theperforman
e degradation while exe
uting instru
tions from the region followingthe idle region. Again our solution to this problem is to pla
e the on dire
tivesuÆ
iently in advan
e of exiting the idle region whenever possible.Dealing with variable length idle regions. Sometimes the duration of anidle region may vary from being very small in one exe
ution of the region to verylong in the next exe
ution of the same region. For example, the idle region may
ontain a while loop or 
onditionals whi
h may lead to this variation. Introdu
-tion of an off dire
tive in su
h a situation 
an be based upon a 
onservativepoli
y or an aggressive poli
y. A 
ompiler based upon a 
onservative poli
y willintrodu
e the off and on dire
tives only if it is 
ertain that the duration of theidle region is long. The problem with this approa
h is that the redu
tions inpower dissipation that 
ould be obtained by turning a unit o� are sa
ri�
ed.We propose to use an aggressive poli
y in whi
h the 
ompiler introdu
es theoff and on dire
tives to maximize savings. If the duration of the idle region islong, power savings result. On the other hand if the duration is very small, the



on dire
tive is issued on the heals of issuing an off dire
tive. If the latter situ-ation arises frequently, while little or no savings in power result, some amountof dynami
 power is dissipated during swit
hing of the fun
tional unit state.Moreover the performan
e is hurt as the fun
tional unit goes o�-line for several
y
les ea
h time su
h a spurious pair of off and on dire
tives are en
ountered.We address this issue by providing adequate mi
roar
hite
ture support for nul-lifying spurious off and on pairs. The mi
roar
hite
ture is designed to treat the
ompiler dire
tives as hints ignoring a pair of off and on dire
tives if they aretoo 
lose together. In this way the state of the unit is not a
tually swit
hed, theunit stays on-line, and dynami
 power for swit
hing the unit o� and on as wellas the degradation in performan
e are minimized.We have in
orporated the power-aware instru
tions into the MIPS-I instru
-tion set and simulated a supers
alar ar
hite
ture whi
h implements these in-stru
tions using our FAST simulation system [8℄. The 
ompiler algorithms havebeen in
orporated into the l

 
ompiler. The results of experiments show thatsome of the fun
tional units 
an be kept off for over 90% of the time resultingin a 
orresponding redu
tion in stati
 power dissipation by these units. More-over the power redu
tions are a
hieved at the 
ost of very minimal performan
edegradation { well under 1% in all 
ases.The remainder of the paper is organized as follows. In se
tion 2 we dis
ussinstru
tion set extensions and mi
roar
hite
ture modi�
ations required to im-plement the new instru
tions. In se
tion 3 we dis
uss in detail the 
ompileralgorithms for introdu
ing on and off instru
tions. In se
tion 4 we des
ribe ourimplementation and in se
tion 5 we present results of experiments. Con
lusionsare given in se
tion 6.2 Ar
hite
tural SupportPower aware instru
tion set. As mentioned earlier, we support instru
tionsthat will allow us to turn fun
tional units on or o�. Su
h instru
tions must alsoindi
ate the type of fun
tional unit that is to be turned on or o�. The solutionwe developed adds an on or an off dire
tive as a suÆx to existing instru
tions.The type of fun
tional unit that is to be turned on or o� is the same type asthat is used to exe
ute the instru
tion to whi
h the dire
tive is added. In 
asemultiple fun
tional units of a parti
ular type are present, the de
ision as to whi
hspe
i�
 unit will be turned o� is left up to the hardware. In some ar
hite
tures
ertain operations 
an be exe
uted by fun
tional units of more than one type(e.g., integer and 
oating point). However, we assume that in su
h 
ases the offand on dire
tives are atta
hed to instru
tions that must exe
ute on a fun
tionalunit of spe
i�
 kind.We have in
orporated the on and off dire
tives to the MIPS-I Instru
tionSet Ar
hite
ture (ISA) whi
h supports MIPS 32 bit pro
essor 
ores. This ISAwas sele
ted for its simpli
ity and the availability of en
oding spa
e to allowus to en
ode on and off into existing instru
tions. A subset of instru
tions wemodi�ed is shown in Fig. 1. These instru
tions 
an also be issued without anyoperands in whi
h 
ase they do not perform any operation ex
ept for swit
hing



add.on swit
h ON one integer adderadd.off swit
h OFF one integer addermul.on swit
h ON one integer multiplier unitmul.off swit
h OFF one integer multiplier unitadd.s.on swit
h ON one 
oat adderadd.s.off swit
h OFF one 
oat addermul.s.on swit
h ON one 
oat multiplier unitmul.s.off swit
h OFF one 
oat multiplier unitmov.s.on move values between 
oat regsand swit
h ON 
oat unitmov.s.off move values between 
oat regsand swit
h OFF
oat unitFig. 1. A subset of energy-aware instru
tions.a unit of the appropriate type on or off. These are needed when on or offdire
tives 
annot be added to an existing instru
tion be
ause the 
ode does notalready 
ontain an instru
tion of the appropriate type around the point at whi
hthe 
ompiler 
hooses to pla
e the dire
tive.On and off semanti
s for an out-of-order supers
alar pro
essor. Theon dire
tive is a
ted upon immediately following its dete
tion, that is, when theinstru
tion with the on suÆx has been de
oded, a fun
tional unit of the appro-priate type is turned on. It takes a few 
y
les for the 
ir
uitry to rea
h normaloperational state after whi
h the unit 
an perform useful work. The turning offof a fun
tional unit 
annot be done immediately following the de
ode. This isbe
ause if the unit that is turned o� was the last on unit of its type, then no fun
-tional unit will be available for exe
uting the instru
tion 
arrying the suÆx andthe pro
essor will deadlo
k. Therefore in this 
ase, following the de
ode, an onunit is sele
ted and marked as pending-off. When the instru
tion that marksthe unit retires, the unit is a
tually turned o� and its status is 
hanged frompending-o� to o�. This approa
h works be
ause it guarantees that all instru
-tions requiring the unit would have exe
uted before the unit is turned o� as allinstru
tions are retired in-order even though they may exe
ute on the fun
tionalunit out-of-order in the supers
alar pro
essor. At the same time, introdu
tionof an off dire
tive does not 
onstrain the out-of-order exe
ution 
apability ofthe pro
essor. The states of the fun
tional units are maintained as part of thepro
essor state. A status table is maintained that indi
ates for ea
h fun
tionalunit whether it is 
urrently turned on, 
urrently turned o�, or if it is in thepending-o� state. No new instru
tions are assigned to a fun
tional unit by theissue me
hanism if the unit is in off or pending-off state.Nullifying spurious off-on pairs. While savings in stati
 energy 
onsump-tion result when a fun
tional unit is shutdown, a 
ertain amount of performan
eloss may be in
urred when a unit is turned o� as well as a 
ertain amount ofdynami
 power is expended in bringing the 
ir
uit to its normal operating state.We rely upon the 
ompiler to identify suitable idle regions during whi
h turning



o� of a fun
tional unit is not expe
ted to hurt performan
e and the dynami
power expended in turning the unit on is far smaller than the stati
 power savedby turning it o�. For this strategy to work well, it is important that the idleregions be long in duration. However, it is possible that the 
ode representingthe idle region varies greatly in duration from its one exe
ution to another. Forexample, the idle region may be formed by a while loop. If very little time isneeded to exe
ute the idle region then the unit will be turned o� and then imme-diately turned on. In this situation the savings in stati
 power will be minimal.However, loss of performan
e will still be in
urred while exe
uting the 
ode im-mediately following the idle region and dynami
 power will still be expended inturning the unit on.Our implementation of on and o� is so designed that we are able to dynam-i
ally nullify spuriuous o� and on pairs and thus avoid the dynami
 power thatwould otherwise be dissipated during the transitions. When an instru
tion withoff dire
tive is en
ountered, a unit is sele
ted and marked as pending-off. Ifan instru
tion with the on dire
tive is en
ountered while the status of the unitis still pending-off, the unit state is 
hanged to on from pending-off. Whenthe instru
tion asso
iated with the off dire
tive retires, it will examine the sta-tus of the fun
tional unit that it marked as pending-off. If the status is stillpending-off, the unit is turned o�; otherwise it is left on. Thus, the overallimpa
t of the above approa
h is that if the on dire
tive is en
ountered whilethe fun
tional unit is in pending-off state, the fun
tional unit is not a
tuallyturned o�. Thus the off-on pair does not turn the unit o� and then ba
k on.1 : ....2 : mul.off { turn unit o�3 : if (x > 0) f4 : wait = 0;5 : while(1) f6 : wait = wait++;7 : if (wait == 1000) break;8 : g9 : mul.on { turn unit on10 :for (i = 0 ; i < 100; i++)11 : sum += a[i℄ * 10;12 :....Fig. 2. Nulli�
ation of OFF and ON pair.For the example in Fig. 2, the 
ode from line 3 to 8 takes very short timeto exe
ute when x � 0; otherwise it takes a long time to exe
ute. During theexe
ution of this 
ode we would like to turn the multiplier o� sin
e it is notrequired. If x > 0 we get power savings by turning the unit o�. However, ifx � 0, the o� and on dire
tives are en
ountered in rapid su

ession and the unitis not turned o� and then immediately turned ba
k on. Before the instru
tionwith the off dire
tive retires, we would have already de
oded the instru
tionwith the on dire
tive and 
hanged the status of the unit from pending-off to



on. Therefore when the instru
tion with off dire
tive retires, it will �nd thefun
tional unit status as on and therefore it will not turn it off. As a result thespurious off-on pair will be nulli�ed.3 Compiler SupportOur approa
h. Our 
ompiler is designed to introdu
e off and on suÆxed in-stru
tions in su
h a way that the following two goals are met. First we need toremove idleness by turning fun
tional units o� without 
ausing an in
rease inprogram exe
ution time (i.e., we want to redu
e stati
 power dissipation without
ausing performan
e degradation). Se
ond the fun
tional units that are turnedo� should be o� for prolonged periods of time so that the dynami
 power dis-sipated during on-off and off-on transitions is small in 
omparison to stati
power saved by keep the units o�. Both the above goals are met by 
arefulpla
ement of on and off suÆxed instru
tions.In order to a
hieve the �rst goal of minimizing performan
e degradation wetake the following approa
h. We 
lassify the basi
 blo
ks in a program into two
ategories: hot blo
ks whose exe
ution frequen
ies are greater than a 
ertainthreshold value and 
old blo
ks whi
h are all the remaining blo
ks in the pro-gram. We also analyze the fun
tional unit usage in ea
h blo
k to identify itsrequirements and 
onsequently identify the units that are expe
ted to be idle inthat blo
k. We pla
e the off and on dire
tives in 
old blo
ks bordering the hotblo
ks in whi
h the unit is expe
ted to be idle. This situation is illustrated bythe example in Fig. 3a. In 
ontrast the example in Fig. 3b illustrates a situa-tion in whi
h we forego the removal of idleness sin
e the blo
k neighboring thehot blo
k in whi
h unit is idle is another hot blo
k where the unit is not idle.This is be
ause the potential pla
ement points for off and on dire
tives are alsohot and therefore su
h instru
tions will be exe
uted with high frequen
y. Thus,our approa
h removes idleness only if su
h removal does not adversely e�e
tperforman
e.
OFF

IDLE

ON

Hot

Cold

Cold

(a) Reving idleness without
       performance degradation.

(b) Allowing idleness to avoid
       performance degradation.

Hot

Hot

IDLE

NOT IDLE

Fig. 3. Idleness removal strategy.In order to a
hieve the se
ond goal of maximizing power savings mentionedabove we do not pla
e instru
tions 
arrying off and on dire
tives at boundaries



of a region formed by a single basi
 blo
k. Instead we identify larger subgraphsin the 
ontrol 
ow graph that represent 
ontrol 
onstru
ts (e.g., loops) whi
hwe refer to as power blo
ks. Then we 
lassify the power blo
ks as hot or 
old. Inaddition, from the requirements of individual blo
ks in a power blo
k, we identifywhi
h fun
tional units are idle throughout the exe
ution of the power blo
k.When power-aware 
ode is generated, the off and on dire
tives are pla
ed atboundaries of power blo
ks using the prin
iples des
ribed earlier and illustratedin Fig. 3.We have given an overview of our approa
h. Now we des
ribe the three mainsteps of our algorithm in more detail. The �rst step involves 
onstru
tion of anpower-aware 
ow graph. The se
ond step identi�es the power blo
ks. The thirdand �nal step introdu
es the off and on suÆxed instru
tions.The power-aware 
ow graph (PAFG). Our 
ompiler begins by building thePAFG whi
h is a 
ontrol 
ow graph whose basi
 blo
ks are annotated with twotypes of information: the resour
e requirements; and the exe
ution 
ounts.The requirements of ea
h blo
k is 
al
ulated by �rst identifying the numberof operations requiring ea
h fun
tional unit type in the blo
k. This informationby itself is enough for those fun
tional unit types where only one fun
tionalunit of that type is present. If an operation requiring the fun
tional unit of a
ertain type is present, the unit of that type is required. However, the abovemethod is inadequate if there are multiple fun
tional units of a given type. Wemust a

ess the level of instru
tion level parallelism present in the operationsthat use the fun
tional unit type to 
ompute the requirements. The dependen
esamong statements are examined to identify the parallelism and a

ordingly therequirements are 
omputed. In parti
ular, if two instru
tions that 
an exe
utein parallel require the same type of fun
tional unit, then two su
h units arerequired. In other words the requirements of a basi
 blo
k are 
omputed su
hthat they represent the number and type of units required to exploit the ILPpresent in the blo
k. Another issue that must be 
onsidered during 
omputationof requirements is that many instru
tions other than the integer add instru
tionmay use the integer adder. For example, base + o�set 
omputation to 
omputethe address of an array element requires an integer adder.The pro�le information that annotates the basi
 blo
ks is derived from priorexe
utions of the program. This information is used for identifying hot blo
ks.If the exe
ution 
ount for a parti
ular blo
k is more than a threshold, it is
onsidered to be hot. The threshold value is set a

ording to the formula givenbelow. In this formula N is a tunable parameter that 
an be 
hanged to generatehigher or lower number of hot blo
ks and thus 
ontrol how aggressively idlenessis removed.Threshold =Exe
ution Count of Most Frequently Exe
uted Blo
kSome 
onstant value N :An example 
ode segment and its power-aware 
ow graph are shown in Fig. 4aand 4b. The requirements are annotated as a ve
tor of values en
losed in angularbra
kets (the �rst value 
orresponds to integer adders and se
ond for integer



multipliers) while the pro�ling information is annotated as the exe
ution 
ounten
losed within square bra
kets. We set the threshold value as MaxV alue=10for identifying hot blo
ks.Identifying power blo
ks. In order to identify longer periods of time overwhi
h a fun
tional unit 
an be turned o�, we identify subgraphs representinglarger 
onstru
ts su
h as loops, if-statements, and swit
h statements. These sub-graphs are referred to as power blo
ks. A hierar
hi
al graph at the power blo
klevel is 
reated in whi
h ea
h power blo
k indi
ates the start and the end nodesof the subgraph forming the power blo
k. In addition, a power blo
k holds thesummary of all the information regarding the basi
 blo
ks that form the powerblo
k. The requirements of a power blo
k are 
omputed from the requirementsof the hot blo
ks in the blo
k. The reason for this will be 
lear when we dis
usshow off and on dire
tives are generated. There is only one entry point into apower blo
k, that is, the start node of the power blo
k dominates all the blo
ksinside the power blo
k and hen
e the 
ontrol has to 
ow through that blo
k.Therefore if the start node is hot, the whole power blo
k is marked as hot eventhough all the basi
 blo
ks belonging to it may not be hot.The higher level tree 
onstru
ted from power blo
ks for our example is shownin Fig. 4
. Ea
h leaf in this tree is a basi
 blo
k. Internal nodes 
orrespondingto higher level 
ontrol 
onstru
ts are the power blo
ks.Inserting power-aware instru
tions. On
e all the information regarding therequirements of ea
h basi
 as well as power blo
k is re
orded in the respe
tiveblo
ks, we traverse the PAFG for 
ode generation. Our basi
 approa
h for intro-du
ing the off and on instru
tions is as follows:{ For ea
h user fun
tion we start by turning all units, ex
ept a minimal 
on�g-uration of units, o�. The minimal 
on�guration is required so that exe
ution
an pro
eed and the pro
essor does not deadlo
k. Typi
ally this 
on�gura-tion will in
lude an integer adder.{ For ea
h 
all to a library fun
tion we assume that all units are on during theexe
ution of the library fun
tion. This is be
ause we do not analyze 
ode forlibrary fun
tions and therefore in order to guarantee that no performan
edegradation o

urs, we must keep all units on. Instru
tions to turn on unitsthat are o� are therefore introdu
ed immediately prior to the 
all and uponreturn these units 
an be again turned o�. The impa
t of this restri
tion 
anbe redu
ed by performing our optimizations at link time.{ If a parti
ular user fun
tion is 
alled in a hot blo
k su
h that the numberof 
alls to the fun
tion ex
eed the threshold, then the 
urrent frameworkbypasses the analysis of that fun
tion, on the grounds that any swit
hinginside this fun
tion would be too frequent and hen
e not bene�
ial (it mayin fa
t jeopardize the exe
ution speed).{ We 
ompare ea
h blo
k with all its su

essors to 
he
k if there is a di�eren
ein the power requirements of the blo
ks. If there is a di�eren
e, then we tryto generate o� and on instru
tions at the boundaries after 
he
king whether



1 : void main() f2 : for (i = 0 ; i < 100 ; i++)3 : if(sum < 1000)4 : sum = sum + arr[i℄;5 : else f6 : sum = sum / 1000;7 : 
ount++;8 : g9 : print(
ount,sum);10 : g(a) Sample 
ode segment.
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True
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sum = sum / 1000;

print(count,sum)
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(b) Power-aware 
ow graph.
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hi
al tree with power blo
ks.
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mul.off
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print(count,sum)

End

Start

sum < 1000

True
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   count++;

i++

(d) Final 
ode.
Fig. 4. Introdu
ing dire
tives.



the blo
ks involved are hot or 
old a

ording to the strategy outlined earlierin this se
tion. When a hot power blo
k is adja
ent to 
old blo
ks, typi
allyo� instru
tions are generated prior to entering the power blo
k. From therequirements of the power blo
k we identify the units to be turned on oro�. Re
all that the requirements of the power blo
k are 
omputed from hotblo
ks in it. Therefore within the hot power blo
k there may be 
old blo
kswhi
h require a unit that is 
urrently o�. Therefore, upon entry to su
h a
old blo
k su
h a unit is turned on and upon exit it is turned o� again.Noti
e that all instru
tions being introdu
ed are being pla
ed in 
old blo
ks.The 
ode generated for our example is given in Fig. 4d. We assume that wehave 2 integer adders and 2 integer multipliers (
oating point units are omittedbe
ause we assume all operations in the 
ode are integer operations). Note thatat the beginning we turn all fun
tional units o� ex
ept the integer adder whi
hrepresents the minimal 
on�guration for this example. The loop represents ahot power blo
k and the blo
k pre
eding the loop is a 
old blo
k. Therefore weintrodu
e instru
tions a

ording to the requirements of the power blo
k priorto entering it. Sin
e the hot basi
 blo
k in the loop 
ontaining the statements"sum = sum+arr[i℄" and "i++" requires two adders to exploit ILP, we turn onan additional adder before entering the loop. Noti
e that the multiplier (whi
hwe assume also performs the divide operation) is o� in the loop. Therefore if weenter the 
old blo
k 
ontaining the statement "sum = sum=1000", a multiplieris turned on and upon exit it is turned o�. Finally, prior to exe
uting the libraryfun
tion 
all for printf all o� units are turned on { sin
e at this point addersare already on, only the multipliers need to be turned on.4 Experimental ResultsImplementation. We have implemented and evaluated the te
hniques de-s
ribed in this paper. We used the l

 [3℄ 
ompiler for our work. lburg was used toprodu
e 
ode generator from 
ompa
t spe
i�
ations. The original 
ode was exe-
uted on test data to generate pro�le information whi
h is used by the 
ompilerto generate on and off instru
tions. We use a 
y
le level simulator generatedusing the FAST [8℄ system. FAST generates a 
y
le level simulator, an assemblerand a disassembler from a mi
roar
hite
ture and instru
tion set spe
i�
ations.In our experiments we simulated a supers
alar that supported out-of-orderexe
ution and 
onsisted of 2 integer adders, 2 integer multipliers, 1 
oating pointadder, and 1 
oating point multiplier. It uses 
ontrol spe
ulation (i.e. bran
hpredi
tion) and implements a pre
ise ex
eption model using a reorder bu�er anda future �le. The number of outstanding bran
hes is not limited and bran
hmispredi
tions take a variable number of 
y
les to re
over.We used six ben
hmarks in our experiments. From Mediaben
h [6℄ we haveused two programs: raw
audio.
 and rawdaudio.
. From DSPstones we have takenthree programs: �r2dim.
, n-real-updates.
, and �r.
. The last ben
hmark, 
om-press.
, is from SPEC95.



Removing idle time. To a

ess the e�e
tiveness of our idle time removalte
hnique we measured the utilization of fun
tional units before and after op-timization. We de�ne utilization as the per
entage of total program exe
utiontime (in 
y
les) for whi
h the unit is on and busy exe
uting instru
tions.In Table 2 we show the utilization of the various fun
tional unit types in thepro
essor { for integer units the numbers represent average utilization of thetwo units. As we 
an see, ex
ept for the integer adders, the other units havevery low utilization be
ause while they are on, they are often not exe
uting anyoperations. In other words there must be times when these units 
an be turnedo�. After applying our te
hniques we measured the utilization again. As shownin Table 3 the utilization of the integer adders shows very little 
hange. This isbe
ause during the exe
ution of the optimized 
ode these units were always on.For the other three types of units the utilization has be
ome very high be
ausethey are busy exe
uting operations while they are on. This means that for mostof the times that they were idle, we were able to turn them o�. In other wordsthese units were o� for over 90% of the time for all programs ex
ept 
ompress.Re
alling the data in Table 2, we 
an see that turning o� units for 90% of thetime results in signi�
ant savings in stati
 power dissipation.Table 2: Utilization of fun
tional units in original 
ode.Utilization (%)Ben
hmark Integer FloatAdder Mult Adder Multraw
audio.
 87.71 0.0252 0 0rawdaudio.
 88.76 0.00159 0 0fir2dim.
 59.45 7.01 0 0n-real-updates.
 61.62 2.37 0 0fir.
 52.26 2.65 0 0
ompress.
 90.08 0.045 25.70 29.06Table 3: Utilization of fun
tional units in optimized 
ode.Utilization (%)Ben
hmark Integer FloatAdder Mult Adder Mulraw
audio.
 87.73 99.7 99.7 99.7rawdaudio.
 88.77 99.76 99.76 99.76fir2dim.
 59.73 85.03 99.70 99.70n-real-updates.
 61.62 94.53 99.44 99.44fir.
 52.72 92.42 99.38 99.38
ompress.
 90.31 98.90 23.99 51.15



Performan
e degradation. We also measured the degradation in the perfor-man
e by 
omparing the total exe
ution 
y
le 
ounts for original and optimized
ode (see Table 4). The degradation is less than 1% due to the fa
t that we pla
ethe on and off instru
tions in 
old blo
ks and units are turned on upon de
odeof instru
tion with the on suÆx. The latter a
tion redu
es stalling of instru
tionsdue to unavailability of fun
tional units.Table 4: Performan
e degradation.Ben
hmark Unoptimized Optimized Degradationraw
audio.
 6,588,776 6,591,742 -0.0147rawdaudio.
 5,028,710 5,049,175 -0.0041fir2dim.
 4,676 4689 -0.28n-real-updates.
 2,697 2,697 0fir.
 2,413 2,424 -0.46
ompress.
 453,823 454,877 -0.232Transition a
tivity vs o� durations. For ea
h idle period that a unit isturned o�, we have a pair of transitions: on-to-o� and then o�-to-on. Whilethe stati
 power saved during the o� periods depends upon the duration of theo� periods, the dynami
 power spent during transitions depends upon the totalnumber of transitions a
tually performed.Table 5 gives the total number of transition pairs for all the fun
tional unitstypes. There are no transitions for integer adders be
ause they are always on andfor integer multipliers the number given is the sum of the transitions en
oun-tered by both units of this type. These are the transitions whi
h were a
tuallyperformed during exe
ution. Table 6 gives the average duration for whi
h unitswere turned o�. As we 
an see these durations are quite long - ranging fromseveral hundred to several thousand 
y
les.Sin
e the durations for whi
h fun
tional units are o� are quite long andthe number of transition pairs is relatively modest, we 
an 
on
lude that ourapproa
h is quite e�e
tive in saving stati
 power wasted by idle fun
tional units.Table 5: Non-nulli�ed transition pairs.Integer FloatBen
hmark Adder Mult Adder Multraw
audio.
 0 769 748 735rawdaudio.
 0 800 919 712fir2dim.
 0 2 1 1n-real-updates.
 0 2 1 1fir.
 0 2 1 1
ompress.
 0 113 212 286



Table 6: Average o� duration in 
y
les.Integer FloatBen
hmarks Adder Mult Adder Multraw
audio.
 - 8552 8789 8944rawdaudio.
 - 5481 6296 7075fir2dim.
 - 3987 4674 4674n-real-updates.
 - 2550 2682 2682fir.
 - 2230 2409 2409
ompress - 10929 496 847E�e
tiveness of nulli�
ation strategy. We also measured the number oftransition pairs whi
h were nulli�ed by our ar
hite
ture design be
ause theywere too 
lose together. The number of nulli�ed transition pairs is given inTable 7. As we 
an see, this number is quite signi�
ant for some ben
hmarks asthey 
ontain variable length idle regions whi
h are quite often of small duration.Therefore our approa
h of allowing the 
ompiler to aggressively remove idle timeand then relying on the hardware to nullify the operations if they are not usefulhas proven to be very su

essful.Table 7: Nulli�ed transition pairs.Integer FloatBen
hmarks Adder Mult Adder Multraw
audio.
 0 445 148 148rawdaudio.
 1510 298 149 149fir2dim.
 0 0 0 0n-real-updates.
 0 0 0 0fir.
 2 0 0 0
ompress 958 0 1539 05 Con
lusionsThe stati
 power 
omponent of power dissipation is on a rise [2, 9℄. We pre-sented a te
hnique for redu
ing this stati
 power to some extent by swit
hingo� the idle units. Our approa
h uses a 
ombination of 
ompiler, instru
tion set,and mi
roar
hite
ture support for maximizing power savings and minimizingperforman
e degradation. Stati
 power redu
tion of over 90% was a
hieved forunits that were found to be mostly idle at the 
ost of well under 1% in
rease inexe
ution times.
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