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Abstract analysis that the potential for energy savings with DVFS

In this paper we show that in modern Computing Sys_haS Significantly diminished in newer CPU teChnOlOgieS
tems, DVFS gives much more limited energy savingsdue to faster memory interface system, more efficient
with relatively high performance overhead as comparedupport for low power modes in CPUs and higher rela-
to running workloads at high speed and then transitiontiveé power consumption of components other than CPU
ing into low power state. The primary reasons for this(€.9. memory). We further provide a key insight that
are recent advancements in platform and CPU architecSimple power management policies based on low power
tures such as sophisticated memory subsystem desightates of system components provide better system en-
and more efficient low power state support. We justify €rgy savings/performance tradeoffs across a wide range
our analysis with measurements on a state of the art sy$f workloads than DVFS.

tem using benchmarks ranging from very CPU intensive The rest of the paper is organized as follows. We dis-
to memory intensive workloads. cuss the related work in section 2 followed by the back-
1 Introduction ground on DVFS and the motivation for our work in sec-

Power consumption has become an over-riding concerfon 3. In section 4 we provide an overview of our evalu-
in the design of computer systems today. Dynamic volt-ation setup and elaborate on our experiments and results
age frequency scaling (DVFS) is a power managemen@efore finally concluding in section 5.
technique, that dynamically scales the voltage and fre-
quency (v-f) settings of the CPU so as to provide “just-2 Related Work
enough” speed to process the system workload. ScaPrevious DVFS-related work may be broadly divided
ing down of voltage levels results in a quadratic reduc-into three categories. The first category of techniques
tion in CPUs dynamic power consumption. Many mod-target real time systems, where the task arrival times,
ern CPUs such as AMD Opteron and Intel Xeon areworkload and deadlines are known in advance [4,5]. The
equipped with DVFS capability [1]. second category of techniques require either application
Previous work (explained in section 2) on DVFS hasor compiler support for performing DVFS [6, 7]. The
reported results that demonstrate its ability to achievehird category comprises of system level DVFS tech-
energy savings while keeping the performance degradaziques that do not rely on any application/compiler level
tion under acceptable limits. Though the basic ideas irsupport and target general purpose systems. The work
these policies are scalable across architectures, it-is dilone in [2, 3] monitor CPU utilization at regular inter-
ficult to understand how the energy savings and perforvals and performs dynamic scaling based on their esti-
mance change due to newer technologies and system derate of utilization for the next interval. The premise
sign. For instance, policies proposed in [2] and [3] as-is to shorten the idle period as much as possible using
sume that it is always beneficial to minimize the CPU scaling, since it is always beneficial to do so from en-
idle periods by scaling down the frequency. This as-ergy savings perspective. As we show in our work, this
sumption was true when these policies were designedassumption is no longer true. The work done in [8, 9]
since the idle CPU used to consume a lot of power. How-characterize the running tasks and accordingly make the
ever, it is no longer the case, since recent processomltage scaling decisions only for those phases of the
have introduced efficient support for low power modestasks where it is beneficial. Further, the policies take
that can reduce the power consumption to near zerddVFS decisions based on how beneficial they are from
This changes the applicability of such policies for cur- CPU energy savings perspective. We show that doing
rent generation of processors. In addition, the increasso does not necessarily result in higher system level en-
ing power consumption of other system components likeergy savings as well. In contrast, we show that simple
memory can significantly change the possible benefits opower management policies based on utilizing the low
DVFS. Hence, it is important to understand the benefitgpower modes commonly available in modern processors
of DVFS from the whole system standpoint. and memories can provide better energy savings and per-
In this work we show experimentally and through formance tradeoffs.



1 how long the DVFS based system consumes this addi-
_Ji _____ S tional power, and hence the extra energy consumption
,1,
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NO DVFs WITH DVFS consumes more energy than when running at the high-
est CPU frequency. We next show how the performance
delay, low overhead of entry into sleep states and the
energy impact of other system components affects the
3 Background efficiency of DVFS.

Figure 1 illustrates system power consumption with an
without DVFS for a workload. Without DVFS the CPU dPerfqrmance Delay (tieay) A memory bound work-
load incurs lower performance hit at a lower frequency

executes the workload at the highest frequency for time___ . :
Setting, since it causes many CPU stalls due to memory
t; and the system consumes powgy, . When not ex-

) . o accesses [8,9]. For an ideal stall intensive workload, the
ecuting anything useful, the system/CPU is idle and con- ) L

. . delay in execution is zero, and hence represents the best
sumes power; ;.. With DVFS the power consumption

) T . case for DVFS. In contrast, the execution time of a CPU
reduces taP,,,, while the execution time increases by . ) X ; .
intensive workload is entirely determined by the CPU
tdelay from ¢y t0 t1 + tgeiay (Shown ast,) because of

CPU operation at a lower v-f setting. The decrease infrequency. For an ideal CPU intensive workload, the in-

) ._crease in execution time when switching from frequency
power consumption depends on the degree of reductio . 3
. . ) . 1 to f2 can be estimated asX). Such a workload repre-
in voltage and frequency, while the increase in execu- 2 : L .
o . : .. sents the worst case for DVFS, since it incurs the highest
tion time of the workload(;;.,) is a function of how it ossiblet
utilizes the CPU resources [8,9]. We can further break’ delay-

down the system power consumption into that of CPUb In iEECiPU IfOOk(])_Isui_tet, ml((:f Is the fTr?St metrgcgé
(P.) and the other devices in the systefy). If we let ound benchmark, while sixirack 1s one ot th€ mos

the power consumption of CPU at v-f settings 1 and 2 byntens;ye [%O]' 21-0| underjtandktlhedcorr:elatl(t)n _bﬁtween
P.. andP,, respectively, and®..,_, when it is idle (as execution time delay and workload characteristics we

= . _ran the benchmarks at different frequency settings on a

ZTJZV:Q g]vli:lgu;cse:l), we can represent the energy SaVmgstate of the art quad core AMD Opteron based OpenSo-
laris system. Table 2 shows the %delay incurred by the

Ebvrs = Psys t1 + Pietdelay — Psys, (t1 + tdelay) benchmarks at the four settings supported by the proces-
sor. We also plot the %delay for an ideal CPU intensive
workload, which we label as the“worst” case, and for
= (P = Pey)ts = (Pe, + Pa — Pog, — Paa.)ldelay  the ideal stall intensive workload, which we label as the
= (Pe; = Pey)ti — (P, — Pege) + (Pa — Puge) )aelay “best” case. Sixtrack incurs a delay that is identical to

Figure 1:Power Consumption and Execution Times

== (F’sys1 - Psysz)tl - (Psyg - F’idle)tdelay

= Prt; — Petdelay that of the worst case due to its high CPU intensiveness.
— Eq—Ee 1) In contrast, for mcf it is relatively lower.

Pr/ERg is the reduction in CPU power/energy consump- 250%

tion because of DVFS. The second ternkt(Bay/Ee) :‘z;s‘

sixtrack
best
mcf (Xeon)

represents the extra energy consumption that DVFS 200%
causes relative to the case without DVFS. There are two
sources of extra power consumption for a system with
DVFS: 1) The difference between CPU power consump-
tion at the lower v-f setting and the idle CPU(P-Pg,),

416

150%

%delay

100%

2) The difference between device power consumption 50%

when it is active and idle (P— Pq,.). The extra device

power consumption depends on how often the executing Mt AR i oS e 7
workload accesses the devices. For instance, for a mem-

ory bound workload, the difference would be high, since Figure 2:%delay for mcf and sixtrack

it would make the memory consume more power for the

extra time §elay cOMpared to an idle system. In contrast, However, this delay is significantly larger than the
fora CPU bound workload, the difference would be neg-best case. This delay is much smaller on processors
ligible. The performance delayqfi,) determines for  with smaller caches and slower memory controllers. The



n Policyname | Description

AMD processor we use _has three levels of caches (L PM-1 switch CPU to ACPI state C1 (remove clock supply) apd
cache of 6MB), an on-die memory controller that op- move to lowest voltage setting
erates at 2.6GHz and sophisticated cache prefetchirlgPM-2 switch CPU to ACPI state C6 (remove power)

. PM-3 switch CPU to ACPI state C6 and switch the memory to self-
mechanisms. Consequently, the memory bound phases refresh mode
of mcf are much shorter on this processor compared to
running it on a processor with slower memory accesses. Table 1:Power Management Policies

For instance, running mcf on an older Intel quad core

Xeon (with two frequency settings: 2.6/1.9GHz, no L3 4 Evaluation Setup and Results

cache and an off chip memory controller), the delay ofggryp: o evaluate the effectiveness of DVFS for sys-
mcf at 1.9_GHz is just 6% from the best case (see Figiem level energy savings we formulate a simple static
ure 2). This is much lower when compared to 30% de-py/Es policy (s-DVFS), where workloads are executed
lay on the Opteron at the same frequency. Faster meMsaiically at different v-f settings. This is sub-optimal,

ory controllers and larger caches successfully mask thgjnce one can potentially get better results by running

memory latency making the execution more dependeny \yorkjoad at different settings based on its phase of
on the CPU frequency, thus limiting the possible energyayacution. However, as we show later, it does give a

savings due to DVFS. fair idea of the possible savings in the best case for
most of the benchmarks. We also propose three simple
ower management policies that are based on running
he workload at the highest speed and then reducing the
ower during the idle period$¥. in Figure 1) through
ifferent mechanisms. These policies are listed in Table

by default in all major operating systems (eg. Linux, 1. Each policy is successively more aggressive than the

. o revi ne in terms of r igq.. PM-1is ex-
OpenSolaris) when CPU is idle. Recently announce evious one Fe s of reducingac € .
remely easy to implement as support for C1 states is
Intel and AMD processors have also added support for . . . .
. o widely available in current processors. PM-2 relies on
deeper C states which can signifcantly reduce the power,.. - . .
consumption of CPU during idle times [11]. For in efficient C6 state support, which has recently been intro-
b 9 ' duced in Intel and AMD processors. PM-3 is the most
stance, C6 power state can reduce the power consump- . . :
. . . aggressive as it puts the memory into self-refresh mode
tion to zero. The roundtrip overhead of such states i

in the order of justu-seconds, thus allowing their fre- hereby getting higher system level savings. We assume

: ) . atvailability of low overhead entry/exit from self-refresh
quent use. The previous generation processors did ng i Lo
mode. The motivation of our evaluation is to compare

have SUCh. C-statg support, and thus consumed h'gh?ﬁe performance of s-DVFS against these three policies.
power during the idle periods. But newer CPUS, that For our experiments, we instrument a quad core AMD

are equipped with these states, can use them eﬁectivelés . .
o . . .. _Opteron processor based system running OpenSolaris.
to decrease their idle time power consumption. This in-

creases the difference between the CPU power consumrglr—he processor supports fourv-fsettings: 1.25V/2.6GHz,
tion at lower v-f setting and idle time, or in terms of 15V/1.9GHz, 1.05V/1.4GHz and 0.9V/0.8GHz. For

. . workloads, we use integer and floating point benchmarks

E?guuartéoln).l, increase®, — Pe,.), and hence £ (see from thg SPECCPU 2000 s.u.ite.. For comparison of s-
DVFS with the other PM policies in Table 1, we use the

Power consumption of other system components  model developed in section 3 (see equation 1). For in-
An important aspect that is often ignored by researctstance to compare s-DVFS and PM-1, we run the bench-
in DVFS is its impact on system level power savings. marks at all the frequencies and measure the correspond-
This is important to consider since workloads can makeng execution time and system power. In terms of Figure
other system components consume more power for &, we gett; andPs,,, , i.e. time and power for the high-
longer duration due to DVFS. For instance, our Opterorest frequency (we use that for PM-1) ahdand P,
system is equipped with 4GB DDR3 RAM, which ap- for the lower frequencies(we use that for s-DFVS). We
proximately consumes 4.5W when it is idle/not being measure power at the power outlet of the system using
accessed. However, when a memory intensive bencha data acquisition system (DAQ), which collects power
mark (like mcf) is running, the memory consumption in- samples every 300ms. These measurements allow us to
creases by 5W, i.e. it more than doubles. Thus, runningstimatePr, Pg, t1 andtq.q, (See Figure 1), and hence
mcf at a lower frequency makes the memory consumeZpy s based on equation 1 for each frequency 'f'. In
extra SW for gelay (S€€ Figure 1), compared to a systemother wordsEpy rs gives the energy savings of s-DVFS
without DVFS. This means a higher value(&—Py,.),  over PM-1. Based on this, we estimate the %energy sav-
or higher E (see Figure 1). ings of s-DVFS over PM-1 at given frequency 'f’ as:

Lower idle CPU power consumption The support
for ACPI C-states or CPU low power states/modes ha
evolved significantly over the last few years. The C1
state, where the clock supply to the CPU is gated, is sd(g
efficient in modern processors, that it is currently use



AE. _ Epvrs, Table 2:Comparison of s-DVFS and PM 1-3
0Lsavingspyr—i —
Epn—i T om——
. Workload fre %dela; SAVIngSpM —i
wherei=1,2,3 2) 9 || 7 Ny PN ] PV
1.9 29% 5.2% 0.7% -0.5%
. . mcf 14 63% 8.1% 0.1% -2.1%
Epy—; varies based on the policy we are compar- 08 || 163% || 81% || -6.3% || -10.7%
ing s-DVFS against, since each has different idle system bzip2 ii 32%2?2 ;‘:m :2%2 15135?2
power consumption oP;4;. (see Table 1). We measure 0.8 || 222.0% || 7.8% || -9.0% || -14.2%
i 1.9 33.3% 4.0% -0.9% -2.3%
the_ CPU and memory power consumption separately to con 12 |l arow |l s6o || 3106 || 550
estimateP; ;. for PM-(1-3). 0.8 || 219.0% || 7.1% || -9.9% || -15.1%
Results. Table 2 shows the comparison of energy crafty - g;ggﬁ ‘7‘:;32 jgzg;ﬁ giijg
and performance results achieved for s-DVFS and poli- 08 || 222.4% || 7.9% || -8.9% || -14.1%
: ” 1.9 34.7% 4.3% -0.7% -2.0%
cies PM-(1-3) across 18 SPEC benchmarks. The "fre- gee 1ol sz || 7ao |l 200 || 460
guency” column indicates the frequency (in GHz) at 08 || 2142% || 7.9% || -8.6% || -13.7%
which the processor is set for s-DVFS policy. The %de- ozip S e IO s
lay indicates the percentage by which the benchmark’s 0.8 || 224.7% || 7.9% || -8.9% || -14.1%
H i i 1.9 35.8% 4.4% -0.9% -2.3%
execution time increases because of s-DVFS when COM- | cer || 14 || 8210 || 70% || 27% || -5.5%
pared against policies PM-(1-3). The %energy savings 0.8 || 214.8% || 8.0% || -8.6% || -13.8%
0, . i i - 1.9 35.1% 4.5% -0.8% -2.2%
(/oEsaUm_gsPAH) c_;olumn indicates the syst_em level en ol " 80‘50/2 6_80/2 _2_80/3 _5_60/3
ergy savings achieved by the s-DVFS policy compared 0.8 || 211.4% || 7.1% || -9.6% || -14.8%
to the PM-(1-3) based on equation 2. Positive savings 19 1| 34.2% || 6.8% || 2.0% || 0.05%
L . . vortex 1.4 80.5% 7.5% -1.8% -4.5%
indicate that s-DVFS at the given frequency is more en- 08 || 205.3% || 8.2% || -7.9% || -12.9%
ergy efficient than the corresponding PM policy and vice 1.9 1] 355% || 2.7% || -2.7% || -4.1%
vpr 1.4 82.1% 7.1% -2.5% -5.3%
versa. 0.8 || 216.4% || 7.6% || -9.2% || -14.4%
We can observe from Table 2 that across all the bench- (a) SPEC 2000 INT
marks the performance delay because of s-DVFS is -
0Esavings p

large. For 10_benchmarks (bzip2, eon, gcc, crafty, gzip, Workioad || freq || dedelay || o in s P =L
parser, vpr, sixtrack, mesa, ammp) the performance de 37.3% || 5.0% || 05% || -2.0%

; thi 0, i sixtrack 1.4 86.2% 6.0% -4.3% -71.2%
lay is within 5% of the worst case (refer to Figure 2) os | 2264% |l 689 || -107% || 1619%

1
=
|

due to their high CPU intensiveness. For 6 benchmarks 19 || 365% || 2.9% || -25% || -4.0%
: i it i ithi 0, mesa 1.4 84.8% 5.8% -4.2% -7.0%

(vortex, art, mgrid, twaf, swim, applu), itis W|_th|n 15% o8 Il 2238% | 7206 || 090 || 15206
of the worst case, which means they comprise of som 19 29% 73% || 02% || -0.9%
i i lucas 14 63.2% 6.7% -1.0% -3.1%

phases of exe<_:u_t|on, which are memory pound. Only for| o8 1| 16629 || e106 | &0 || 15.0%
mcfand lucas it is more than 15%. Thus, in terms of per- 1.9 || 31.8% || 3.3% || -1.2% || -2.4%
formance all the benchmarks except mcf and lucas takg swim La || 75.2% || 3.9% || -5.0% | -7.4%
. . 0.8 198.4% 4.2% -11.9% -16.8%

a severe hit because of DVFS. The primary reason fo 19 32.4% 5.0% 1.2% 20.01%
the high delay is the sophisticated memory subsystem of  ar 14 || 76.1% || 7.3% || -1.7% || -4.2%
. 0.8 202.4% 8.0% -8.0% -12.9%

the CPU we use (refer to section 3). 19 [ 311% 1 2.9% [ 16% [ 2.8%

The %energy savings results indicate that s-DVFS i  mgrid 14 1 79.2% || 41% || -5.3% || -7.9%
o . 08 || 208.5% || 4.3% || -12.3% || -17.4%
also not very efficient from the perspective of energy 19 1 356% [ 50% 1 -02% I -17%
savings. Compared to PM-1, it achieves on an aver{ ammp 14 || 83.3% || 6.6% || -33% | -6.1%
. . . 0.8 218.8% 2.0% -16.0% -21.6%
age a maximum of just 7% energy savings across all th¢ To 1T 305% 1 279% 1T =219% 1T 3.4%
benchmarks, which comes at the cost of around 208% applu 14 || 73.9% || 47% || -4.4% || -6.9%
increase in execution time. We observe two interest 08 || 1939% [l 5.7% I 10.3% [| -152%
ing trends in these results: Energy savings has lit- (b) SPEC 2000 FP
tle correlation to benchmark characteristics: This hap-
pens due to %delay being uniformly high for most of by switching from 1.9GHz to 0.8GHz is just 2%. For the
the benchmarks. Intuitively mcf and lucas should incursame switch the increase in performance delay is around
higher savings due their IOWQfel’:ly- However, as iden- 180%. This indicates that the higher power savings at
tified in section 3, the memory bound workloads causdower v-f setting do not translate into higher energy sav-
the memory to consume extra energy when compared t#gs due to higher performance delay at that setting.
CPU bound workloads. This offsets their higher CPU In comparison to PM 2 and 3, the results of s-DVFS
energy savings. Z)hereis not much gained by running  are worse. Compared to PM-2, for majority of the
benchmarks at lower v-f settings: Across all the bench- benchmarks, s-DVFS is actually energy inefficient. The
marks, the average gain in energy savings for s-DVFSeason for this follows from our analysis on idle CPU




power consumption, which is now reduced to zero, indecreased the potential benefits. 2) Lower v-f settings
section 3. Consequently, based on equationglb&  are not beneficial for energy savings. DVFS policies, if
comes greater thange Compared to PM-3, it is even used, should employ higher v-f settings, since they get
worse, since policy-3 further lowers the idle systemalmost equivalent energy savings at much lower delay.
power consumption by putting memory into self-refresh3) On a system with slower memory controllers, and low
mode. power system components, DVFS would still get good
To understand the energy savings under multi-system level energy savings and performance tradeoff.
threaded environments, we experimented with multiples  conclusion

instances of SPEC benchmarks. For illustration purip this paper we have provided insights into the effec-
poses we have chosen three benchmarks with differenfyeness of DVFS from a system level energy savings
characteristics based on %delay results in Table 2: SiXperspective. We show through experiments on a modern
track, art and mcf. Table 4 shows the %delay and %enstate of the art system, that a combination of changes in
ergy savings results for different combinations of thesep|atform and CPU architecture has resulted in diminish-
benchmarks. We can see that for sixtrack there is NGhg the energy savings potential of DVFS. We show that
change in the %delay results, since being CPU intensimple policies based on low power modes of system
sive, the threads do not contend with each other for ankomponents can be fairly effective in providing good en-

CPU resources. In case of mcf we observe a bigger droprgy savings and performance compared to DVFS.
in %delay, since being memory intensive, the threads

contend for the L3 cache. This increases their memoryREf€rences

boundedness. For art, the drop is lower because of lessefl] http://www.intel.com/support/processors/xeontsh/
contention. The drop in %delay for mcf and art results in 012641.htm.
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fer inferior energy performance tradeoffs compared to [4] G. Quan and X. Hu, “Minimum energy fixed-priority

higher ones. scheduling for variable voltage processor,DATE ' 02,
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Table 3.Mult|—threaq)22 Results time tasks exploiting dynamic voltage scalindzeal-
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