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Abstract

The drastic increase in p o w er consumption b y mo dern pro cessors emphasizes the need

for p o w er-p erformance trade-o�s in arc hitecture design space exploration and compiler op-

timizations. This pap er rep orts a quan titativ e study on the p o w er-p erformance trade-o�s in

soft w are pip elined sc hedules for an Itanium-lik e EPIC arc hitecture with dual-sp e e d pip elines,

in whic h functional units are partitioned in to fast ones and slo w ones. W e ha v e dev elop ed

an in teger linear programming form ulation to capture the energy/p erformance tradeo�s for

soft w are pip elined lo ops. The prop osed in teger linear programming form ulation and its so-

lution metho d ha v e b een implemen ted and tested on a set of SPEC2000 b enc hmarks. The

results are compared with an Itanium-lik e arc hitecture(baseline) in whic h there are four

functional units(FUs) and all of them are fast units.

Our quan titativ e study rev eals:

1. There is considerable energy sa ving b y in tro ducing a few slo w FUs in place of fast

FUs in the baseline arc hitecture. When 2 out 4 FUs are set as slo w, the total energy

consumed b y FUs is reduced b y up to 31.1% (with an a v erage reduction of 25.2%)

compared to the baseline con�guration.

2. Although using slo w FUs ma y cause some p erformance degradation, our results sho w

that suc h degradation is small in a large ma jorit y of cases. The a v erage p erformance

degradation for a con�guration with 2 out of 4 FUs b eing slo w is only 6.2%. Ev en

when 3 out of the 4 FUs are slo w units, the a v erage p erformance degradation is within

15% compared to that ac hiev ed b y the baseline con�guration with all fast FUs.

3. If p erformance demand is less critical, then further energy reduction can b e ac hiev ed

b y trading p erformance for energy . F or example, if 30% decrease in the p erformance

can b e tolerated, then an energy sa ving of up to to 40.3% can b e ac hiev ed, with an

a v erage of 34%.

Keyw ords: Lo w p o w er micro-arc hitecture, lo w p o w er compilation tec hniques, in teger linear

programming, soft w are pip elining.
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1 In tro duction

The past decade has seen a tremendous increase in the p erformance of general purp ose micropro-

cessors. Ho w ev er, this higher p erformance is often accompanied b y an undesirable, sometime

excessiv e, p o w er consumption. This is predicted so on to b ecome a limiting factor in high-

p erformance pro cessor design [3 ]. Consequen tly , arc hitects m ust consider p o w er-p erformance

tradeo�s when exploring the pro cessor design space.

This pap er deals with lo w p o w er arc hitectures, compiler tec hniques, and their in terpla y .

Recen t researc h in lo w p o w er design prop oses arc hitectures with comp onen ts op erating at dif-

feren t pip eline sp eeds [17 ]. In suc h pro cessors, some functional units (FUs) op erate at full CPU

sp eed (\fast" FUs) while others run at a slo w er sp eed, t ypically half of the full sp eed (\slo w"

FUs). Slo w FUs can run at lo w er v oltages, whic h lead to a b etter-than-linear energy reduction

p er op eration [10 ].

The rationale b ehind suc h a design is that sc hedule slac k is presen t for some instructions,

i.e., they are not on the critical path, so prolonging their execution time should not h urt

p erformance. A limit study [5 ] demonstrates that more than 75% of execution cycles ha v e at

least one instruction that has slac k. By issuing instructions on the critical path to fast pip elines

and those whic h are o� the critical path to slo w er functional units, signi�can t p o w er and energy

reduction can b e ac hiev ed [14 , 26].

This pap er rep orts a quan titativ e study of p o w er-p erformance tradeo�s in the design space

b y exploring the in terpla y b et w een lo w-p o w er arc hitecture features and compiler optimizations.

Our study concen trates on soft w are pip elining [15 , 19], a compile-time instruction sc hedul-

ing tec hnique for lo ops. In our prior w ork, p erformance-orien ted soft w are pip elining under

giv en timing and resource constrain ts has b een form ulated as an inte ger line ar pr o gr amming

problem [1, 8, 9] and w as successfully used in ev aluating the soft w are pip elining algorithm im-

plemen ted in a pro duction-qualit y compiler [22 ]. Ho w ev er in the con text of lo w p o w er, e�ectiv e

soft w are pip elining algorithm whic h striv es for b oth optimal p erformance and minimal energy

is still unexplored. The problem that w e are addressing in this pap er is:

Given a lo op L and a machine c on�gur ation M with slow and fast FUs, �nd a

r ate-optimal softwar e pip eline d sche dule in which the sche dule c onsumes minimal

ener gy.

W e use the term r ate-optimal sche dule to imply that no other sc hedule for the lo op L can ha v e

a lo w er initiation interval (I I) for the mac hine con�guration M . And w e use the term minimal

ener gy sche dule refers no other sc hedule for the lo op L can ha v e a lo w er energy consumption

with giv en I I for the giv en arc hitecture M . This pap er form ulates the ab o v e problem as an

ILP problem and explores b oth the arc hitecture and compiler side of design space using the

ILP form ulation and its solution metho d. In particular, this study explores:

[Arc hitecture side:] In order to ac hiev e signi�can t p o w er reduction without incurring p er-

formance degradation, ho w man y of the FUs in an arc hitecture can b e slo w FUs? By

1
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Figure 1: Motiv ating Example

increasing the n um b er of slo w FUs, ho w do es the application p erformance degrade?

[Compiler side:] T o what exten t can the compiler exploit this kno wledge of slo w and fast FUs

in the arc hitecture, and sc hedule instructions in suc h a w a y to reduce energy without

signi�can t degradation in p erformance?

1.1 Example

W e illustrate the b ene�ts of slo w FUs with a simple example. Figure 1 sho ws a data dep endence

graph (DDG) for a lo op b o dy , with a lo op-carried dep endence (from one iteration of the lo op

to the next) from s5 to s4. Supp ose w e w an t to run this lo op on an arc hitecture a1 with 3

In teger Add units and 2 In teger Multiply units. All FUs are fast and fully pip elined, and their

latencies are 1 cycle for Add and 3 for Mult. The cycle con taining s4 and s5 imp oses a lo w er

b ound on ho w frequen tly the lo op b o dy can b e initiated. This is the Recurrence Minim um

Initiation In terv al (RecMI I), giv en b y

R ecM I I = max

8 cy cl es C

�

d ( C )

m ( C )

�

where d ( C ) is the sum of the latencies of the instructions in cycle C and m ( C ) is the sum of

the lo op-carried dep endences around cycle C [21 ]. In our example, there is only one cycle, and

RecMI I is d (1 + 1) = 1 e = 2.

W e can compute another lo w er b ound for the initiation in terv al b y considering a v ailable

resources. The Resource Minim um Initiation In terv al (ResMI I) is giv en b y

R esM I I = max

r

( R esM I I

r

) = max

r

��

d

max ;r

� N

r

F

r

��

where N

r

is the n um b er of instructions whic h are executed in FU t yp e r , F

r

is the n um b er of

FUs in t yp e r , and d

max ;r

is the maxim um n um b er of cycles for whic h the FU is used b y an

instruction. If the FUs are pip elined, then d

max ;r

is 1. In our example, the individual ResMI I

for Add and Mult FUs are d (5 = 3) e and d (1 = 2) e resp ectiv ely . Th us, the o v erall ResMI I is 2.

The minim um initiation in terv al (MI I) is the maxim um of ResMI I and RecMI I; MI I=2 in our

example. (Sev eral pap ers on soft w are pip elining [15 , 18 , 19 ] discuss computing RecMI I, ResMI I,

and MI I.)
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Iteration Time Steps

0 1 2 3 4 5 6 7 8 9 10

0 s0 s1,s2 s3 s4 s5

1 s0 s1,s2 s3 s4 s5

2 s0 s1,s2 s3 s4 s5

Figure 2: A F easible Sc hedule for the DDG for Arc hitecture a1

Iteration Time Steps

0 1 2 3 4 5 6 7 8 9 10

0 s0, s2 s1 s3 s4 s5

1 s0, s2 s1 s3 s4 s5

2 s0, s2 s1 s3

3 s0, s2 s1 s3

4 s0, s2 s1 s3

Figure 3: A F easible Sc hedule for the DDG for Arc hitecture a2

Figure 2 sho ws one p ossible \rate-optimal" sc hedule with an initiation in terv al I I = 2 for

this DDG. The rep etitiv e k ernel in cycles 4 and 5 is shaded. W e can see that there is some

slac k in the sc hedule, and not all FUs are fully utilized. If one Add FU and one Mult FU in

a1 w ere replaced with slo w FUs op erating at half the frequency , w e could ac hiev e the same I I

with this mo di�ed arc hitecture a2 , as sho wn in Figure 3. In this sc hedule, instructions s2 and

s3 are sc heduled in the slo w Add and Mult FUs; these are sho wn in italics. Although the k ernel

app ears later, i.e., the prologue is longer, the sc hedule is still optimal with I I = 2. Arc hitecture

a2 ma y sa v e p o w er relativ e to a1 , without slo wing do wn the lo op.

On the other hand, if t w o of the Add units w ere slo w (arc hitecture a3 ), the sc hedule in

Figure 3 w ould not w ork. Eac h lo op iteration w ould require 5 additions, but eac h of the t w o

slo w units can p erform only one addition ev ery 2 cycles, so that all three Add units together

can p erform only 4 additions ev ery 2 cycles. The b est initiation in terv al that w e can ac hiev e for

this DDG w ould b e I I = 3. One p ossible sc hedule is sho wn in Figure 4. This example sho ws

Iteration Time Steps

0 1 2 3 4 5 6 7 8 9 10 11

0 s0 s2 s1 s3 s4 s5

1 s0 s2 s1 s3

2 s0 s2 s1 s3

3 s0 s2

Figure 4: A F easible Sc hedule for the DDG for Arc hitecture a3
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Fast  Clock

Triggers (Fast Clock)

Slow  Clock

Triggers (Slow Clock)

Figure 5: Rising Edges in F ast and Slo w FUs

that b y v arying the n um b er of fast and slo w FUs, the arc hitecture can b e made more p o w er

e�cien t, but at some p oin t this e�ciency will lead to a p erformance p enalt y .

The di�erence in clo c k sp eeds, and therefore input rates, b et w een fast and slo w FUs presen t

a few complications when sc heduling instructions in a slo w FU. If the slo w FU is op erating at

half the clo c k frequency of the fast FU, then the slo w FU will only ha v e half the n um b er of

rising/falling edges on whic h activities can b e triggered. Th us if an instruction is sc heduled on

a slo w FU at an o dd-n um b ered cycle, then the activities will not tak e place in the slo w FU

un til the next ev en-n um b ered cycle on whic h the rising edge o ccurs (refer to Figure 5). Th us

an instruction sc heduled on a slo w FU at an o dd-n um b ered cycle will exp erience an additional

cycle dela y . An y other instruction dep enden t on this will ha v e to b e sc heduled after 2 ` + 1

cycles, where ` is the latency of the fast FU. F urthermore, if the I I is o dd, then eac h instruction

will o ccur in an o dd cycle in alternate iterations; when this o ccurs, the additional latency will

b e incurred. Th us, w e assume that the latency of a slo w FU is uniformly 2 ` + 1. F ortunately ,

for the sc hedule sho wn in Figure 4 this is already satis�ed. Lastly , as an instruction sc heduled

at o dd cycle in a slo w FU will ha v e to w ait for an extra cycle to get the rising/falling edge, w e

should also assume, conserv ativ ely , that a new instruction can b e initiated on a slo w FU only

once ev ery three cycles. Again, in the sc hedule sho wn in Figure 4, as instructions s0 and s2 are

sc heduled on di�eren t slo w FUs, this constrain t is also satis�ed.

1.2 Synopsis

Giv en an arc hitecture with a �xed n um b er of FUs in eac h resource class, it is in teresting to �nd

out ho w man y of these FUs in eac h class could b e op erated at a slo w er clo c k rate, and hence

at a reduced p o w er consumption, and what is the degradation in p erformance, if an y . In this

pap er, w e prop ose an in teger linear programming form ulation for the ab o v e problem based on

our earlier w ork. W e apply our approac h on SPEC2000 in teger b enc hmarks to ev aluate di�eren t

con�gurations (with di�eren t n um b er of slo w and fast FUs) of Itanium pro cessor from b oth the

p erformance and p o w er angles. Also w e study the additional p o w er sa vings that can b e obtained

when the compiler trades p erformance for energy . Our results sho w that b y in tro ducing t w o

slo w FUs in the arc hitecture, in the place of fast FUs, an a v erage energy sa vings of 25.2% can

4



b e obtained while the p erformance degradation is within 6.2% on the a v erage.

Before pro ceeding to our study , a few remarks are in order. As the fo cus of this pap er is

on studying the arc hitecture design space, admittedly , w e use a somewhat appro ximate p o w er

mo del, and consequen tly , an appro ximate energy mo del. Also in this study w e do not consider

the p o w er consumed b y other comp onen ts suc h as issue logic and cac hes. Finally , w e ignore the

p o w er consumed b y inactiv e functional units. Our exp erience obtained b y using arc hitectural-

lev el p o w er sim ulator [7] and Synopsys gate-lev el p o w er sim ulator is that leak age p o w er(p o w er

consumed b y inactiv e functional units) is only a v ery small fraction of the total p o w er. Although

the case migh t c hange in the future, the increased leak age p o w er problem can accordingly b e

addressed b y related tec hniques lik e input v ector con trol [26 ]. Our initial in v estigations sho w

that it is p ossible to relax some of these assumptions and incorp orate a more accurate p o w er

mo del in our in teger linear program form ulation, although at the exp ense of complicating the

in teger program form ulation. W e lea v e the details of these accurate mo dels as w ell as making

their form ulation e�cien t for future w ork, as the emphasis of this pap er is not on dev eloping a

p o w er-a w are soft w are pip elining metho d.

The rest of the pap er is organized as follo ws. The next section presen ts an elegan t ILP

form ulation for p o w er-a w are soft w are pip elining based on our previous w ork. In Section 3 w e

deriv e an analytical expression for energy consumption and v alidate it. Section 4 deals with

the exp erimen tal ev aluation and results. Related w ork is elab orated in Section 5. Lastly , w e

pro vide concluding remarks in Section 6.

2 In teger Linear Programming F orm ulation

In this section �rst w e extend the in teger linear programming form ulation [8 , 9 ] for soft w are

pip elining to handle dual sp eed pip elines. Subsequen tly in Section 2.2, w e re�ne the form ulation

to more accurately mo del structural hazards in dual sp eed pip elines.

2.1 Initial F orm ulation

Let the n um b er of no des in the DDG b e N and let I I b e the initiation in terv al [19 , 15 , 18 ]. In

this pap er w e consider only rep etitiv e sc hedules or mo dulo sc heduling. The soft w are pip elining

metho ds attempts to �nd a sc hedule for eac h v alue of initiation in terv al I I , starting from the

minim um initiation in terv al (MI I) [19 , 15 , 18 ]. The metho ds stops as so on as a sc hedule is

found for the �rst I I greater than or equal to the minim um initiation in terv al.

In mo dulo sc heduling, the sc hedule time of op eration i in the j th iteration is giv en b y

t

i;j

= t

i

+ j � I I

where t

i

is the sc hedule time of op eration i in the �rst iteration. W e use a N � 1 v ector � to

represen t the sc hedule time of the op erations in the �rst iteration. The v ector � is comp osed

of v ariables t

0

; � � � ; t

N � 1

. W e use a I I � N matrix A to represen t the rep etitiv e pattern of
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instructions in the mo dulo sc hedule. The matrix A = [ a

t;i

] where a

t;i

= 1 if and only if no de i

is sc heduled at time step t in the mo dulo sc hedule, where t is the range [0 ::I I � 1]. It is easy

to see that

a

t;i

= 1 ; if t

i

mo d I I = t:

F urther � and A are related b y the follo wing equation.

� = I I � � + A

T

� [0 ; 1 ; � � � ; I I � 1]

T

(1)

The v ector � is an N � 1 v ector comp osed of k

0

; � � � ; k

N � 1

. Equation 1 implicitly de�nes k

i

as

k

i

=

�

t

i

I I

�

Since eac h instruction i is sc heduled in the rep etitiv e pattern exactly once, the follo wing

equation m ust b e satis�ed for a legal sc hedule:

I I � 1

X

t =0

a

t;i

= 1 for all i 2 [0 ; N � 1] (2)

F or resources that op erate on a single sp eed, that is those whic h are not partitioned to fast

and slo w ones, e.g., the issue unit, the resource constrain t can b e sp eci�ed using the follo wing

simple inequalit y .

X

i 2 � ( r )

a

t;i

� R

r

for all t 2 [0 ; I I � 1] (3)

where R

r

is the n um b er of resources of t yp e r and � ( r ) represen t the set of instructions in the

lo op that use resource t yp e r . Note that resources lik e issue unit are used b y all instructions,

and hence � (I ssue U nit ) consists of all instructions; whereas in the 
oating p oin t divide re-

source t yp e, there ma y b e only one function unit, and � (F P D iv ide ) consists of only FP divide

instructions, if an y , in the lo op.

Next w e form ulate the resource constrain ts for resources t yp es whic h ha v e slo w and fast

FUs. F or example, in our motiv ating example, the Add and Multiply FUs ha v e slo w and fast

FUs. F or an instructions whic h go es to these resource t yp es r , w e also need to kno w whether

the instruction is sc heduled on slo w or fast FU. W e use t w o sets of v ariables u

t;i

and v

t;i

for

this purp ose: u

t;i

= 1 if instruction i is sc heduled on fast FU and a

t;i

= 1; lik ewise v

t;i

= 1 if

instruction i is sc heduled on slo w FU and a

t;i

= 1. Since the resource assignmen t for instruction

i can b e either fast FU or slo w FU but not b oth, the follo wing equation holds:

a

t;i

= u

t;i

+ v

t;i

for all t 2 [0 ; I I � 1] ; and for all i 2 [0 ; N � 1] (4)

If there are R

r ;f ast

fast FUs and R

r ;sl ow

slo w FUs in resource t yp e r , then the resource constrain t

for soft w are pip elined sc hedule can b e enforced using the inequalit y

X

i 2 � ( r )

u

t;i

� R

r ;f ast

for all t 2 [0 ; I I � 1] and for all r (5)

X

i 2 � ( r )

v

t;i

� R

r ;sl ow

for all t 2 [0 ; I I � 1] and for all r (6)
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Next w e will express the precedence constrain t. F or this, w e de�ne a v ariable f

i

for eac h

instruction i to indicate whether instruction i is sc heduled on fast FU (in whic h case f

i

= 1) or

on slo w FU (in whic h case f

i

= 0). The v ariable f

i

is de�ned as:

f

i

=

I I � 1

X

t =0

u

t;i

for all i 2 [0 ; N � 1] (7)

No w, for eac h dep endence arc ( i; j ) in the DDG, the precedence constrain t b et w een i and j is

form ulated as [21 ]:

t

j

� t

i

� d

ij

� I I � m

ij

where d

ij

is the latency from instruction i to j and m

ij

is the dep endence distance [19 , 15 , 18].

In the dual-sp eed arc hitecture, the latency d

ij

will b e d

ij;f ast

and d

ij;sl ow

for fast and slo w FUs.

The precedence constrain ts can b e expressed as:

t

j

� t

i

� f

i

� d

ij;f ast

+ (1 � f

i

) � d

ij;sl ow

� I I � m

ij

for all ( i; j ) (8)

A p o w er/energy a w are soft w are pip elining metho d should try to construct a sc hedule that

do es not incur an y p erformance degradation and also consumes the minim um energy . The

p erformance a soft w are pip elined sc hedule is related to the initiation in terv al (I I) for whic h

the in teger programming metho d attempts to �nd a solution. A simple ob jectiv e function to

minimize the energy consumption for the same initiation in terv al I I , is the one whic h minimizes

the n um b er of instructions issued to fast FUs. This ob jectiv e function is based on the simple

mo del that the energy consumed can b e appro ximated to n um b er of the instructions executed

in that FU [16 ]. Assuming C

r ;f ast

and C

r ;sl ow

are the w eigh ts for fast and slo w functional units

of t yp e r , the ob jectiv e function is giv en b y:

min

X

r

X

i 2 � ( r )

( C

r ;f ast

:f

i

+ C

r ;sl ow

� (1 � f

i

)) (9)

The full ILP form ulation has the ob jectiv e function as Equation 9 under the constrain ts giv en

b y Equations 1 { 8. In the ab o v e ILP form ulation, Equations 1 { 4 are same as in [8 , 9].

Ho w ev er, Equations 5 { 8, whic h are used for mo deling slo w and fast FUs, are con tributions of

this pap er.

2.2 Re�ned ILP F orm ulation

The form ulation presen ted in the previous section is simple, but do es not accoun t the resource

usage of slo w FUs accurately . More sp eci�cally , when an instruction is sc heduled on a slo w FU,

not only its latency ( d

ij

) is increased (to d

ij;sl ow

), but also the slo w FU has a slo w er throughput.

As explained in Section 1.1, instructions can b e initiated in the slo w FU only on alternate cycles

(of the fast clo c k). Since the time steps in our sc hedule is based on the fast clo c k, slo w FUs

(op erating at half the clo c k frequency) ha v e a structural hazard, and can ha v e instructions

sc heduled on them only once ev ery t w o cycles.
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W e will explain the ab o v e using an example. Assume instructions i and j are executed on

the same resource t yp e r , and b oth are sc heduled on the slo w FU. F urther assume that there

is only one slo w FU of t yp e r . Then if instruction i is sc heduled at time t , then j cannot b e

sc heduled at time ( t + 1) mo d I I or vice-v ersa. In other w ords, instructions sc heduled on a

slo w FU o ccup y the pip eline for more cycles (t w o in this case), ev en though the slo w FU is also

fully pip elined (on the slo w er clo c k). Th us our resource constrain ts for slo w FUs (Equations 6)

should b e mo di�ed to re
ect this. W e do this b y including the follo wing constrain t. If ( v

t;i

= 1)

and ( a

t;i

= 1) then ( v

( t � 1) ;i

) should also b e 1, where t � 1 represen ts ( t + 1) mod I I . Logically

this is equiv alen t to

: (( v

t;i

= 1) ^ ( a

t;i

= 1)) _ ( v

( t � 1) ;i

= 1)

whic h is equiv alen t to

( v

t;i

= 0) _ ( a

t;i

= 0) _ ( v

( t � 1) ;i

= 1) :

The ab o v e can b e expressed in the form of a linear constrain t as:

v

t;i

+ a

t;i

� v

( t � 1) ;i

< 2 : (10)

Note that if b oth ( v

t;i

= 1) and ( a

t;i

= 1) then v

( t � 1) ;i

should b e 1 in order to mak e the left

hand side (strictly) less than 2. Note that in the ab o v e constrain t w e could ha v e eliminated the

term ( a

t;i

= 1), as ( v

t;i

= 1) already implies the former. Ho w ev er including the former, ensures

that the inequalit y is not applied successiv ely to v

( t � 2) ;i

, v

( t � 3) ;i

, etc., and mak e them 1 to o.

Lastly , to accoun t for the additional cycle in v olv ed when instructions are sc heduled at o dd-

n um b ered cycles on slo w FUs (refer to Section 1.1), w e consider (i) d

ij;sl ow

= 2 � d

ij;f ast

+ 1

and (ii) if v

t;i

= 1, and then b oth v

t � 1

and v

t � 2

m ust b e 1. Note that w e apply conditions (i)

and (ii) uniformly on all instructions (sc heduled on slo w FUs). This is b ecause, ev en if an

instruction is sc heduled at ev en-n um b ered cycle, if the I I is o dd, the ab o v e conditions should

hold. No w condition (i) can b e easily incorp orated in Equation 8. T o incorp orate condition (ii),

w e add the equation

v

t;i

+ a

t;i

� v

( t � 2) ;i

< 2 : (11)

Including Equations 10 and 11 in the ILP form ulation accoun ts for resource constrain ts

accurately . Ho w ev er, a consequence of this | the fact that an instruction sc heduled on a slo w

FU uses the FU exclusiv ely for 3 cycles | disallo ws lo ops with initiation in terv al 1 or 2. This

is in order to adhere to mo dulo sc heduling constrain t [18 ] whic h states that a functional unit

cannot b e used b y an instruction in time steps that di�er b y a m ultiple of I I. As a consequence,

the lo w est I I for whic h a sc hedule can b e found in the arc hitecture in v olving slo w and fast FU

is 3.

3 Exp erimen tal F ramew ork

Using the ILP form ulation prop osed in the previous section, w e explore ho w the design space

of an Itanium-lik e arc hitecture can b e made p o w er-e�cien t b y in tro ducing slo w FUs. In this
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study w e fo cus on the p erformance of soft w are pip elineable lo ops in the SPEC2000 in teger

b enc hmarks. The follo wing subsection brie
y describ es the Itanium arc hitecture. Section 3.2

describ es the analytical energy mo del used in ev aluating energy-e�ciency of di�eren t v arian ts

of Itanium arc hitecture b y in tro ducing slo w FUs. Our exp erimen tal metho dology is detailed in

Section 3.4.

3.1 T arget Arc hitecture

The target pro cessor in our study is an Itanium-lik e pro cessor [12 , 13 ], the �rst micropro ces-

sor of the In tel Itanium Pro cessor F amily (IPF). Itanium is an Explicitly Par al lel Instruction

Computing (EPIC) pro cessor, whic h can issue 6 instructions in a single cycle, and supp orts

predicated execution, sp eculativ e execution, rotating registers, etc., to increase instruction-lev el

parallelism. It has four t yp es of functional units: M-unit , I-unit , F-unit , and B-unit , whic h w ork

primarily for memory access, in teger op erations, 
oating-p oin t op erations and branc h instruc-

tions resp ectiv ely . Eac h instruction falls in to one of the six categories: A-typ e , I-typ e , M-typ e ,

B-typ e , F-typ e and X-typ e . Since our p o w er-a w are soft w are pip elining is applied only to lo op

b o dies with single basic blo c ks, the instructions in the lo op b o dy are of A-typ e , I-typ e , and

M-typ e only . There are no F-typ e instructions b ecause w e used in teger b enc hmarks only .

I-t yp e and M-t yp e instructions are executed on I-units and M-units resp ectiv ely , whereas

A-t yp e instructions can b e executed on either t yp e of FU. There are t w o of eac h functional

unit t yp e, and b oth are fully pip elined. One of the t w o FUs in eac h t yp e can execute an y of

the instructions in that category while the other cannot execute a small subset of them. The

di�erence is minor and the t w o instances of the FUs in eac h FU t yp e are otherwise iden tical.

Latency v alues used in our exp erimen ts are tak en from the instruction timing of Itanium as

de�ned in its micro-arc hitecture man ual [13 ].

3.2 Energy Mo del

W e use a simple p o w er mo del in our exp erimen ts. It is kno wn that dynamic p o w er dissipation

P is giv en b y P = C � V

2

dd

� f where C is the e�ectiv e switc hing capacitance, V

dd

is the supply

v oltage and f is the clo c k frequency . In slo w FUs, the clo c k sp eed is reduced and v oltage can

b e accordingly reduced, leads to b etter-than-linear energy sa ving. Empirically , it w as found

that FUs w orking on half frequency consume ab out 40%(represen ted b y C in the computation

b elo w) of the energy consumed b y fast FUs. It is represen ted as follo w:

E

sl ow ;i

= C � E

f ast;i

(12)

Also w e assume the total energy consumed b y FUs incurred for the soft w are pip elined

sc hedule is the sum of the energy incurred for eac h instruction in the sc hedule. This is based

on the same appro ximation that w e used in our ob jectiv e function in Section 2, namely , the

total energy consumed is related to the n um b er of instructions executed [16 ]. Admittedly , in

this simple mo del w e fo cus on FUs only and ignore the p o w er used b y other comp onen ts suc h
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as issue logic and cac hes, and w e assume inactiv e functional units consume no energy due to

clo c k gating. Th us, the total energy consumed in the dual sp eed pip eline arc hitecture is:

E

dual

=

X

i

f ast

E

f ast;i

+

X

i

slow

E

sl ow ;i

As dual sp eed pip elines are considered only for in teger FUs, w e assume the energy consumed

b y the I-unit and M-unit FUs are the same, i.e., E

f ast;I � unit

= E

f ast;M � unit

, and E

sl ow ;I � unit

=

E

sl ow ;M � unit

.

Next, w e compute the energy consumed b y a single iteration of the sc hedule of a lo op l as:

E

1

dual ;`

= N

f ast;`

� E

f ast

+ N

sl ow ;`

� E

sl ow

where N

f ast;`

and N

sl ow ;`

represen t the n um b er of instructions sc heduled on fast and slo w FUs

in a single iteration of lo op l , th us N

sl ow ;`

+ N

f ast;`

= N

`

. The ab o v e equation can b e deriv ed

to:

E

1

dual ;`

= N

f ast;`

� E

f ast

+ N

sl ow ;`

� C � E

f ast

(13)

Compared to Equation 13, the energy consumed b y a single iteration of lo op l in the baseline

arc hitecture is

E

1

base

= N

`

� E

f ast

(14)

F rom this, w e can appro ximate the energy consumed b y a lo op l , whose trip coun t is T

`

, for

the dual sp eed and baseline arc hitectures as:

E

dual ;`

= E

1

dual ;`

� T

`

= ( N

f ast;`

+ N

sl ow ;`

� C ) � E

f ast

� T

`

(15)

E

base;`

= N

`

� E

f ast

� T

`

(16)

Lastly , the energy consumed b y all the soft w are pip elineable lo ops in a b enc hmark for dual and

baseline arc hitectures are:

E

dual

=

X

`

E

dual ;`

(17)

E

base

=

X

`

E

f ast;`

(18)

Similarly the p erformances of the b enc hmark or the execution time sp en t in soft w are pip eline-

able lo ops are giv en b y:

Exec. Time

dual

=

X

`

T

`

� I I

dual ;`

(19)

Exec. Time

base

=

X

`

T

`

� I I

base;`

(20)

where I I

dual ;`

and I I

base;`

are the initiation in terv als for lo op l in the dual sp eed and base

arc hitectures.
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Figure 6: Comparing Our Analytical Energy Mo del with Sim ulation Results

3.3 Compare The Analytic Energy Mo del With Sim ulation Result

T o estimate the accuracy of our energy mo del, w e enhanced the W attc h p o w er sim ulator [2] with

dual-sp eed pip elines. W e use the annotation bits of SimpleScalar [4] instruction w ord to mark

whether instructions should b e issued to fast or slo w FUs. W e \mimic k ed" the compiler b eha vior

b y man ually adding annotation �elds to the assem bly program and running the executable

program on W attc h with clo c k-gating [2] enabled. W e p erformed these steps on a matrix

multiply program and iterated sev eral times to get programs where the n um b er of instructions

sen t to slo w FUs v aried. W e use the term binding r atio to refer to the ratio of n um b er of

instructions issued to the slo w FUs to the total n um b er of instructions. In this exp erimen t, w e

considered instructions from all basic blo c ks, and sim ulated the energy consumed in executing

them from the W attc h sim ulator. W e compare this with the estimated energy using Equation 17

for the matrix m ultiply program in Figure 6. Comparison rev eals that our analytical energy

mo del and the results obtained from W attc h sim ulation are v ery close. This sho ws that our

analytical energy mo del for FUs closely trac k the activit y-based dynamic p o w er sim ulation [2 , 7].

3.4 Exp erimen tal Metho dology

W e implemen ted our ILP form ulation on the Dela w are P o w er-Aw are Computing T estb ed (Del-

P A CT) platform [24 ]. The ILP form ulation w orks with the Op en64 compiler [23 ], whic h is

an op en-source compiler from SGI targeting Itanium pro cessors. Op en64 has a ric h set of

optimizations and w e enabled them in our exp erimen ts b y setting the highest optimization lev el.

Our w orkload came from the SPEC2000 in teger b enc hmark suite. Benc hmarks w ere compiled b y

Op en64, executed on the \train" data sets to collect pro�ling information, then recompiled using

this pro�ling information. DDGs w ere extracted and an in teger linear programming problem

w as formed for eac h DDG. These w ere then passed to CPLEX [11 ], a commercial in teger linear

programming solv er, whic h ga v e us the sc hedule, the initiation in terv al of the lo op (denoted b y

11



I I

`

) and instruction partitioning (to fast and slo w FUs) of eac h DDG.

F or eac h of the b enc hmarks considered, w e obtained the trip coun ts of all soft w are pip elin-

eable lo ops for the train input set b y pro�ling. Using Equations 17 and 18 w e computed the

energy consumed b y the soft w are pip elineable lo ops in eac h b enc hmark. The execution time

incurred on the soft w are pip elineable lo ops are giv en b y Equations 19 and 20. Since our w ork

fo cuses only on soft w are pip elining, w e use the former as the energy measure for the b enc hmark

and the latter as p erformance.

W e rep ort our results for only those b enc hmarks whic h w ere successfully compiled b y Op en64

compiler and pro duced correct results. These b enc hmarks, the n um b er of soft w are pip elineable

lo ops in them, and c haracteristics of the DDGs asso ciated with these lo ops are summarized

in T able 1. In our exp erimen t, eac h lo op is giv en a �xed time limit for CPLEX to deriv e a

solution, and within this time limit, 91% of the lo ops could b e sc heduled b y CPLEX.

Benc hmark # of Lo ops # of no des # of edges Minim um I I

(a vg) (max) (a vg) (max) (a vg) (max)

164.gzip 69 7.3 19 12.8 37 3 14

175.vpr 93 15.4 75 47.6 621 12 95

181.mcf 22 12.8 54 62.6 495 9 27

186.craft y 86 11.4 64 33.5 833 5 92

197.parser 116 7.4 29 16.1 69 5 18

256.bzip2 63 9.4 32 21.0 108 6 100

300.t w olf 317 18.7 101 63.8 349 12 192

T able 1: Statistics on DDGs Extracted from SPEC 2000 Benc hmarks

4 Exp erimen tal Results

The main observ ations from our exp erimen ts are summarized as follo ws:

1. Making some of the functional units as slo w FUs can signi�can tly reduce energy consump-

tion for these b enc hmarks. Changing t w o fast functional units to slo w ones can lo w er FU

energy requiremen ts up to 31.1% with an a v erage reduction of 25.2% compared to the

baseline con�guration.

2. Despite the considerable energy sa ving, judicious use of slo w functional units generally

leads to a surprisingly small p erformance degradation. Ev en when 2 out of the 4 func-

tional units are slo w units, the a v erage p erformance degradation exp erienced is only 6.2%

compared to that ac hiev ed b y con�guration with all fast FUs.

3. If p erformance is less critical, more energy sa vings can b e ac hiev ed b y an energy-a w are

compiler. On a pro cessor with 2 fast and 2 slo w functional units, a maxim um of 40.3%

12
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Figure 7: Energy Sa ving and P erformance P enalt y of Di�eren t Con�gurations

energy sa ving on FUs can b e ac hiev ed o v er the baseline mo del if a maxim um of 30%

increase on the individual I I v alues for the di�eren t lo ops is acceptable.

4.1 Energy Gain and P erformance Degradation b y Slo w F unctional Units

The p erformance degradation and energy gain in in tro ducing some slo w FUs in the place of fast

FUs is depicted in Figure 7. In this exp erimen t, w e considered fast and slo w FUs for the I-unit

FUs and M-unit FUs only . T ogether w e refer to these as in teger FUs. In all exp erimen ts, there

are 4 in teger FUs, while the n um b er of slo w and fast FUs v aries among the con�gurations. W e

consider the follo wing four con�gurations:

C0 2 fast I-unit and 2 fast M-unit FUs | this is the baseline arc hitecture

C1 1 fast I-unit , 1 slo w I-unit , and 2 fast M-unit FUs

C2 1 fast I-unit , 1 slo w I-unit , 1 fast M-unit and 1 slo w M-unit FUs

C3 2 slo w I-unit , 1 slo w M-unit , and 1 fast M-unit FUs

Figure 7 sho ws the energy gain and p erformance loss of con�gurations C1 { C3 on all b enc h-

marks, compared against the energy and p erformance of the baseline con�guration C0 . The

last set of bars indicate the a v erage energy reduction and p erformance degradation tak en across

all b enc hmarks. F or con�guration C1 , w e observ e an energy gain of 12% or more in all the

applications. With con�gurations C2 , the energy sa vings increase to 18% and more. Lastly ,

for con�guration C3 , the energy gain is higher, ranging from 20% to 41%. It is imp ortan t

to note that the ab o v e energy sa vings are obtained only b y trading o� a little or no p erfor-

mance in man y cases. F or con�guration C1 , except for b enc hmarks gzip and crafty whic h

sho w relativ ely large p erformance degradation, 19.6% and 10% resp ectiv ely , all other b enc h-

marks incur v ery little p erformance degradation, often less than 1%. With con�gurations C2 ,

the p erformance degrades, b y 5% { 20%, in 4 of the b enc hmarks, while for other three ( mcf,
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parser and twolf ) the p erformance degradation is negligible. Lastly , for con�guration C3 ,

b oth the p erformance degradation and the energy gain are higher. It should b e noted here that

ev en with con�gurations C2 and C3 (with, resp ectiv ely , 2 and 3 slo w FUs), the degradation in

p erformance is within 15% for all the b enc hmarks, except gzip .

It is imp ortan t to note here that our metho d obtains r ate-optimal sc hedules where the

optimalit y is for a giv en con�guration ( C1 , C2 , or C3 ); i.e., there can b e no other sc hedule that

has a lo w er initiation in terv al for the giv en con�guration. Among the rate-optimal sc hedules

for a giv en con�guration, our approac h obtains one that consumes the minim um energy (as

calculated b y our energy mo del). In this sense, the sc hedules obtained b y our approac h are

optimal in terms of b oth p erformance and energy for the giv en con�guration.

Lastly , w e observ e that gzip su�ers relativ ely large p erformance loss when slo w functional

units are in tro duced. This observ ation agrees with that of related w ork b y Seng et al [14 ].

In terestingly , t w o b enc hmarks, namely mcf and parser , incur no p erformance degradation

ev en when 3 of the 4 in teger units act as slo w FUs. T o summarize, for the b enc hmarks w e

studied, con�gurations C1 , C2 and C3 consume, resp ectiv ely , 17.5%, 25.3%, and 30.2% less

energy , on the a v erage, compared to the baseline arc hitecture.

4.2 T rading P erformance for Energy

Next w e address the question that whether further energy sa vings can b e obtained in dual

sp eed arc hitectures if the compiler is allo w ed to trade p erformance. T o answ er this question,

w e conduct a set of exp erimen ts on con�guration C2 (with 2 fast and 2 slo w FUs). Here, for

eac h soft w are pip elineable lo op, w e set the optimal I I obtained for con�guration C2 as the base

I I v alue. W e allo w our compiler to c ho ose an I I v alue whic h is within a p erformance degradation

threshold (PDT) from the base I I v alue, and try to obtain energy-e�cien t sc hedules. W e c hose

PDTs as 10%, 20%, 30% for eac h application.
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In Figure 8 w e plot the energy sa vings compared to the baseline con�guration (C0) for

v arious PDT v alues. The bar corresp onding to rate-optimal refers to a PDT v alue of 0%,

whic h necessarily means that the compiler do es not trade p erformance for p o w er, and tries to

obtain the optimal sc hedule for con�guration C2 . As sho wn in the �gure, energy gains in three

b enc hmarks, namely vpr , mcf , and twolf , increase with increased PDT v alue. Ho w ev er, in

the other b enc hmarks, the energy sa vings app ear only when the PDT is increased from 10%

to 20%. The insigni�can t b ene�t in p erformance when the PDT is increased from 0% to 10%

can b e explained b y the fact that these b enc hmarks ha v e a lo w er a v erage Minim um I I(MI I)

than the three b enc hmarks, as sho wn in T able 1. F or those DDGs with small minI I, 10% PDT

lea v es no space for them to increase its I I. Hence their sc hedules are not c hanged for a large

fraction of lo ops compared with the rate-optimal sc hedules obtained under con�guration C2 .

The actual p erformance degradation for these b enc hmarks is less than 1% when 10% PDT is

applied. When PDT of 20% is giv en, energy gain is more apparen t for all b enc hmarks. The

a v erage energy sa ving for PDTs of 20% and 30% is 31.8% and 34% resp ectiv ely .

Lastly , w e note that a PDT v alue refers to an increase in the individual I I. Hence a PDT

of, sa y 20%, do es not necessarily mean a 20% degradation on the execution time. The a v erage

p erformance degradation for the b enc hmarks is only 15.4% when the PDT is 20%.

5 Related W ork

Exploiting instruction sc hedule slac k to reduce p o w er consumption with minimal p erformance

degradation is extensiv ely studied in literature. A limit study on a v ailable sc hedule slac k w as

p erformed b y Casmira et al [5 ]. Their result sho ws that in the course of program execution,

for more than 75% of the execution cycles there exists at least one instruction that has slac k.

Ho w ev er they didn't men tion an y w ork on tec hniques to exploit suc h instruction sc heduling

slac k for energy sa ving.

Pyreddy et al [17 ] extend this idea b y partitioning functional units to fast ones and slo w

ones, op erating the slo w ones at half the rate of fast ones, and using run-time pro�ling to guide

instruction issue to these t w o sets of functional units. It is their assumption that pro�ling

needs to b e done in a separate pass other than the actual run. In con trast, Seng et al prop osed

to analyze instruction criticalit y dynamically and issue critical instructions to fast functional

units while non-critical instructions to slo w ones [14 ]. The mec hanism they adopt to predict

instruction criticalit y is the critical path predictor bu�er [6]. Although in teresting, the bu�er

consumes additional p o w er whic h ma y o�set the p o w er gain in functional units.

The w ork b y Zhang et al [26 ] uses compilation tec hniques to determine the fast or slo w

functional units where eac h instruction should b e issued to. They designed a energy-orien ted

heuristic algorithm to re-order a sc hedule made b y some p erformance-orien ted sc heduling algo-

rithm to ac hiev e energy sa ving with minimal p erformance degradation. Our w ork complemen ts

theirs in the follo wing asp ects. First, our study fo cuses on lo op soft w are pip elining while their

study is on global sc heduling with acyclic dep endence graphs. Second, w e use an in teger linear

15



programming based approac h to ev aluate the limits of p erformance energy tradeo�s an \optimal

sc heduler" can do. Our metho d can b e used to ev aluate heuristic, more practical, algorithms

and p oten tials of their impro v emen ts [22 ].

A relev an t w ork b y Y un et al [25 ] targets p o w er-a w are soft w are pip elining. They prop osed

a heuristic algorithm whic h extended iterativ e mo dulo sc heduling [20 ], tries to minimize step

p ower for a soft w are pip elined lo op on a cycle-b y-cycle basis. Their ob jectiv es are to deriv e

a sc hedule under whic h \p o w er consumption are b etter balanced" under a VLIW arc hitecture

where the sp eed of function units are �xed.

6 Conclusions

This pap er rep orts a quan titativ e study of p o w er-p erformance tradeo�s in the design space of

energy e�cien t arc hitectures. It studies the in terpla y b et w een lo w-p o w er arc hitecture features

and compiler optimization tec hniques, sp eci�cally soft w are pip elining. It explores b oth the

arc hitecture and the compiler side of design space. An Itanium-lik e arc hitecture mo del in v olving

dual sp eed pip elines (slo w and fast FUs) is used in this study .

This design space exploration is p erformed under the Dela w are P o w er-Aw are Computing

T estb ed (Del-P A CT) platform on SPEC2000 in teger b enc hmark programs. W e ha v e prop osed

an elegan t in teger linear programming form ulation for rate-optimal soft w are pip elining on ar-

c hitectures in v olving dual-sp eed pip elines. Using the in teger linear programming approac h w e

explore the design space for Itanium-lik e arc hitectures, assuming that some of the FUs are slo w

FUs.

The main results and observ ations of this pap er are:

1. Energy gain b y in tro ducing a few slo w FUs in the place of fast FUs is considerable. The

energy consumed b y all FUs is reduced b y up to 31.1% (25.2% on a v erage) when 2 out of

4 FUs are set as slo w.

2. P erformance degradation caused b y slo wing do wn some of the FUs is small in a large

ma jorit y of the cases. The a v erage p erformance degradation for a mo derate setting, i.e.,

2 out of 4 FUs are set as slo w, is only 6.2%.

3. F urther energy gains can b e ac hiev ed b y the compiler if p erformance slac k is a v ailable.

When the p erformance degradation threshold is set at 30%, energy sa vings rise to 40.3%

in the b est cases (34% on a v erage).

F urther researc h directions include making comparison with heuristic approac hes for energy-

optimal sc heduling approac hes, reducing leak age p o w er and incorp orating run-time information

in soft w are pip elining algorithm to ac hiev e ev en larger energy sa ving.
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