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Dynamic voltage scaling (DVS) is a well-known low power dgstechnique that reduces the processor energy
by slowing down the DVS processor and stretching the tas&utian time. But in a DVS system consisting of a
DVS processor and multiple devices, slowing down the pramemcreases the device energy consumption and
thereby the system-level energy consumption. In this paperfirst use system-level energy consideration to
derive the 'optimal’ scaling factor by which a task shouldsisaled if there are no deadline constraints. Next, we
develop dynamic task scheduling algorithms that make usgrdmic processor utilization and optimal scaling
factor to determine the speed setting of a task. We presgati@im duEDF which reduces the CPU energy
consumption, and algorithrduSYSand its reduced preemption versiaySYSPC, which reduce the system-
level energy. Experimental results on the Video-Phone $a&slshow that when the CPU power is dominant,
algorithmduEDFresults in up to 45% energy savings compared to the non-D¥&. a&hen the CPU power and
device power are comparable, algoriththsSYSandduSYSPC achieve up to 25% energy saving compared to
CPU energy-efficient algorithrduEDF, and up to 12% energy saving over the non-DVS schedulingitigo.
However, if the device power is large compared to the CPU potlien we show that a DVS scheme does not
result in lowest energy. Finally, a comparison of the penance of algorithmsluSY SandduSYSPC show that
preemption control has minimal effect on system level epeeguction.

Categories and Subject Descriptors: D.4bérating Systems]: Process ManagementSeheduling

General Terms: Algorithms

Additional Key Words and Phrases: Dynamic task scheduéngrgy minimization, optimal scaling factor, DVS
system, real-time

1. INTRODUCTION

With the rapid growth in the portable and mobile real-tim@ide market, reducing the
energy consumption to extend the battery lifetime has becamimportant design metric.
Dynamic voltage scaling (DVS) is a well-known techniqueawIpower design that trades
off performance for power consumption by lowering the ofiegavoltage/frequency. It
achieves significant power saving due to the quadraticioalstiip between voltage and
dynamic power.

In recent years, there has been significant amount of work @doanergy efficient task
scheduling for DVS processors. The work can be classifienl static scheduling algo-
rithms [Yao et al. 1995; Quan and Hu 2001; Jejurikar and G@pta4; Jejurikar et al.
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2004] based on apriori task information, two-phase alporg [Shin et al. 2000; Krishna
and Lee 2000; Gruian 2001; Shin et al. 2001; Jejurikar andt&R2005] that operate in
two phases: an off-line phase (based®@E T or other execution time estimates) followed
by an online phase where the slack is greedily absorbed, aradypdynamic algorithms
[Yao et al. 1995; Shin and Choi 1999; Kim et al. 2002] that ooperate in the online
phase. Most of these techniques absorb the system slaalilgreereduce the processor
operating voltage and thereby reduce the CPU dynamic poovesuenption.

Now consider the DVS system shown in Fig 1 which consists 0¥/& [processor inter-
acting with other devices such as memory, flash drive, wseeipterface, etc. Extending
the execution time of a task by voltage/frequency scalisglts in a reduction in the CPU
dynamic power consumption but also results in an increaieeidevice energy consump-
tion. The system-level energy, which is the sum of the CPUgnand the device energy,
is a convex function of the scaling factor [Irani et al. 200&}d thus there exists a speed
setting for which the system-level energy is minimum.
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Fig. 1. System schematic

Recently, there has been some effort in developing tasldsiding algorithms that mini-
mize the system-level energy consumption [Jejurikar &@4; Jejurikar and Gupta 2005;
Kim et al. 2004; Choi and Chang 2004]. These include algoritithat procrastinate the
execution of tasks in a static schedule[Jejurikar et al42@hd dynamic schedule [Je-
jurikar and Gupta 2005], an algorithm that reduces the nurobereemptions in a dy-
namic schedule [Kim et al. 2004], and an algorithm that Jgicbnsiders the CPU and
memory frequency [Choi and Chang 2004].

In this paper, we present low complexity dynamic task schiegalgorithms that min-
imize system-level energy for a DVS processor based systéis.is an extension of the
work that was presented in [Zhuo and Chakrabarti 2005]. Werfiake use of the convex-
ity of the system-level energy curve to derive thgtimal scaling factoiby which a task
should be scaled to minimize energy (if there are no deadbmnstraints). While the same
concept has been introduced in [Jejurikar and Gupta 20Q4iKer et al. 2004] asritical
speedwe present a detailed analytical analysis to help undeidtze contribution of the
different components. Next, we introduce a speed settinfpadebased on processor uti-
lization and remaining workload estimation, and use it injoaction with optimal scaling
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factor to derive dynamic task scheduling algorithms. Weppse algorithnduEDF which
reduces the CPU energy consumption more efficiently (up #6 éBergy savings com-
pared to non-DVS scheduling) and with lower complexity cangg tolpSEHKIm et al.
2002] (which achieves the near optimal energy savings [Kiah.2002]). We also propose
algorithmsduSY Snd its reduced preemption versialSY SPC, for system-level energy
efficiency. Simulations on a randomized version of the Viédmne task set show that
when the CPU power and device power are comparable, algwihSY&ndduSYSPC
achieve large energy savings (up to 25%) compared to the @Btg-efficient algorithm
duEDF, and up to 12% over the non-DVS scheduling algorithm. In,fddhe device
power is large compared to the CPU power, then we show that & &i¥ieme does not
result in lowest energy. Finally, a comparison of the perfance of algorithmsluSYS
andduSYSPC show that preemption control has minimal effect on systerallenergy
reduction.

The rest of the paper is organized as follows. The paper begith preliminaries like
task definitions, DVS system configuration and calculatibroftimal speed setting in
Section 2. In Section 3.1, an efficient dynamic task schadwigorithm for systems with
dominant CPU energy is proposed. In Section 3.2, dynamicdelseduling algorithms
that reduce system-level energy are presented. The raridaration results are included
in Section 4. The related work is described in Section 5. Tdpepis concluded in Section
6.

2. PRELIMINARIES
2.1 Task Definition

In this paper, we consider periodic tasks in which the retatieadline of a task is equal
to its period, and the first instance of each periodic tasklsased at time 0. Table | lists
the task parameters used in this paper. A periodic T4ékhas period®¥ and worst case
execution timeVCETK. The execution of ¥ requires one or more devices. We define
this set of devices a®K. The optimal scaling factor that minimizes the system eperg
consumption while executinf® is 6. All task execution times are defined according to
the highest frequency of the DVS processor.

There are multiple instances of each task, and each instaascéhe same worst case
execution time and period, but has different arrival timeadline and actual execution
time. To make the notation simple, we relabel all task instarin the scheduling profile
by labelJ indexed by a number indicating the order of execution. Fstaince, in Fig 2,
taskJ; is the firstinstance of (1!, J, is the first instance of 2, J; is the second instance of
T etc.J; is preempted by task and resumes aftek finishes; the resumed part is still
deemed as part df and not given a new label. Since takkis the second instance of task
TA, its period isP; = 2min,WCEE& = 0.85min, arrival time issy = 2min and deadline is
di = 4min.

2.2 DVS System Configuration

Consider a typical DVS system that consists of one DVS psmreendN devices denoted
by D, D2,..Dn. The DVS processor can operate at different frequency altaiyesettings
in the active mode. For example, the Intel processor PXAB@6d€d on Xscale) can operate
at 5 frequency levels ranging from 208MHz to 624MHz [Intet@a2004]. We assume that
a change in frequency is accompanied by a change in voltagefacourse, current. The
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Table I. Summary of task parameters

TH thek — th periodic task in the task set.

pK the period of task ¥

WCETK | the worst case execution time of taB¥ when operated at the highest frequency.

oM the set of all required devices of tasi.

oK the scaling factor that minimizes the system energy consiomphile executing tasi ¥,

J; thei —th task in the scheduling profile.

WCET | the worst case execution timedfvhen operated at the highest frequeWGE T=WCE TV
if 3 eTK.

P the period of};, B = PN if J € T

d; the set of all required devices af ®; = ®X if J € TK.

6; the optimal scaling factor of, 6; = 8K if J € TK.

aj the arrival time of};, a = (x— 1) x P if J is thex— th instance off ¥/,

di the deadline of, di = a, +P.

AET the actual execution time df when operated at the highest frequency.

T pM = 2min, weeT!! =g.85min

:| TE Pl = gmin, wicET? =1 7min

—. 300
S T T T T

I
= 2m0 =

t{min}
6

Fig. 2. lllustration of task definitions

devices (e.g. SDRAM, Flash Drive, etc.), on the other hapdyate at a single frequency
and voltage in the active mode. Table Il lists the parameisesd to define the DVS system.

Table Il. Parameters of a DVS system
Tepu(T)

S the scaling factor of a task running on the DVS processeor. Tepuld) s>1
fepu(S) the operating frequency of the DVS processor for scalingpfac

Payn(s) the dynamic power of the DVS processor when operating atiéecy fcpu(s)
Pstatic the static power (active state) of the DVS processor

Pepu(S) the power of the DVS processor at frequerigyu(s), Pepu(S) = Payn(S) + Pstatic
Edyn(S) the processor dynamic energy consumption when executiaskaat frequencycpu(s)
Estatic(S) | the processor static energy consumption (active stateyveliecuting a task at frequenagy

fepu(s)
Ecpu(S) thg total processor energy consumption when executingkatdsequencyfepy(s)
] the optimal scaling factor for a processor, Egpy(©) = min(Ecpu(s)).
PJ-Std the standby power of devid;
EStd the standby energy of devi@, E?'® = PS'%. 1, wheret is the time during whictD; is on
Eact the active energy of devidg;

2.2.1 DVS Processor Energy Modelhe power dissipation of a CMOS circuit can
be broken down into: (1dynamicpower dissipation which is related to the switching
activity and the operating voltage, (&gatic power dissipation which is independent of the
switching activity.
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The dynamic power is calculated Byn = aC_V2f, wherea is the switching proba-
bility, C_ is the load capacitanc¥, is the voltage and is the frequency. While frequency
scaling in a DVS processor does not affacandC, frequency scaling by a factor of
causes voltage to scale by a factospthe dynamic current to scale by a factorsdfand
the dynamic power to scale by a factors3f ThusPyyn(s) = S 3Pyyn(1), WherePgyn(1) is
the dynamic power when there is no frequency scaling (cpomging tos = 1).

The static powePs4iic is defined as the sum of gate leakage power and the power con-
sumption due to non-scalable components of the processbrasuPLL circuitry and 1/O
subsystems [Jejurikar and Gupta 2004]. While the leakagepohanges linearly with
the voltage, the intrinsic power due to PLL circuitry and Babsystems is independent of
the voltage [Jejurikar and Gupta 2004].

In the following analytical analysis, we make the simplifgiassumption tha®s;atic
is a constant. This simplification is justified by the closetchebetween the data sheet
curves of real DVS processors and the analytical curves i{Bsawshown in Section 2.3).
Throughout the paper, we use the data sheet curves, andhtipléfging assumption does
not impact any of the findings.

2.2.2 Device Energy ModelWe assume that the devices have three modes of opera-
tions: active, standby(idle) and off. I; is required during the processing of a task, then
when the task is being executed, the device consumes staodm;PjS‘d as well as active

powerPf‘Ct, and when the task is preempted, it only consumes standbgr[Rj‘?W. If Djis

not required, its power consumptié’rﬁ” = 0. Also, there is an energy overhead when the
device transitions from one mode to the other.

Active energy: Assume that an access to devidg consumes energt;‘cjaa, which is a
constant. In realityE]T’“’t would depend on the type of access. Mgt be the number
of access to devic®; during execution of taski. Then the total active energy @
consumed during execution of tagkis given bij’let X Nij. SinceEJ?let is constant and
Ni j is constant, the active energy of a device is independetieofrequency and voltage
of the processor.

Standby energy: Since the device operates at a fixed frequency and voltagetamdby
poweerStGI is assumed to be constant. The standby energy consumpiaicidated by
EJ-Std = PJ-Stel x T, wheret is the time duration for which this device is on. If the frequg
of the DVS processor is scaled by a factosgthe task execution time artcare extended
by s, and standby energ_:yjStd increases bg.

The synchronous memory in [Choi and Chang 2004] is an exaaffdech a device. If
the frequency of the memory is fixed, then the memory energguwmption consists of a
part that is independent of the CPU frequency (similar tolﬁ?f@ and a part that is linear

with the CPU frequency (similar tEjS‘d) [Choi and Chang 2004].

2.3 Optimal Scaling Factor

The dynamic energy consumption of the CPU decreases witjudrecy/voltage scaling.
But scaling down the voltage does not always translate tefimg the total energy con-
sumption. This is because lowering the voltage also resuitscreased execution time,
which causes greater static energy (for CPU) and standlige(fer device) consumption.

In the rest of this section, we determine the maximum scdhetpr of a DVS system
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that results in minimum system-level energy when there ardaadline constraints. We
call this scaling factor theptimal scaling factor If we only consider the energy con-
sumption of the DVS processor, the optimal scaling factamily dependent on the CPU
characteristics and is denoted ®y When we consider the total system energy consump-
tion, the optimal scaling factor is dependent not only onG@fJ but also on the devices
required by the task. We denote the optimal scaling factotafek T aseK (and for task

J as6;).

Optimal scaling factor for CPU:Consider scheduling of a tagkwith arbitraryWCET
andAET (AET, < WCET), but no deadline constraint. When the talks scaled by a
factors, its execution times are extended by the fastdrhe corresponding CPU dynamic
energy consumption is given by

Edyn(S) = Payn(S) x (Sx AET) =52 x Pyyn(1) x AET = % x Egyn(1) (1)
and the static energy consumption of the CPU is given by
Estatic(S) = Pstatic X (S X AE-H) = SX Pstatic X AET, = SX Egtatic(1) (2

The total energy consumption of the CPU is the sum of the dymamergy and the
static energy.

Ecpu(s) = Edyn(s) + Estatic(S) = (572 X den(l) +SXx Pstatic) x AET; 3

DefineQqyn(s) = s2x Payn(1), Qstatic(S) = Sx Pstatic; aNdQcpu(S) = Qdyn(S) + Qstatic(S)-
ThenEcpu(s) = Qcpu(s) x AET and the value o$ that minimizeQ¢py(s) will also mini-
mize Ecpy(s). The functionQcpu(s) is convex because its second derivaty, (s) exists
andQ’(s) > 0 (note thatsyn(1) > 0 ands > 1). The optimal scaling facto®, can thus
be obtained by settin@/cpu(s) = (—2) X Payn(1) x S 3+ Petatic = 0. The optimal scaling
factor is thus

2 X Pgyn(1)\1/3
© ( Pstatic ) (4)

From Eqn (4), we se® is a function ofPyyn(1) andPstatic. The dynamic power con-
sumptionPgyn(1) is proportional to the switching activity, which may vary from task to
task. Thus strictly speaking, the optimal scaling factdaik dependent. To simplify our
analysis, we assume thBfyn(1) andPstatic are constant, and 98 is constant for a given
processor.

Fig 3 showsQcpu(s) of a processor witPgyn(1) = 500mW andPstatic = 200mW. Con-
vexity similar to Fig 3 have also been reported in [Jejurikad Gupta 2004], [Irani
et al. 2003] and [Zhai et al. 2004]. The optimal scaling fadtr this configuration is

o= (23%) o1,

For a real processor, we can use the data sheet to dete@nin&able Il shows the
Qcpu(s) values of two real DVS processors: processor OMAP5912 frofitéxas Instru-
ments Inc. 2004] and processor PXA270 from Intel [Intel CdtP04]. Based on the fre-
guency and power levels in the data sheets (the data shebtAP8912 has been obtained
from actual measurements), the values dgfy(s) is obtained bysx Pcpy(S). TheQepu(s)
data of the two processors show very different trends. WQilg,(s) of OMAP5912 re-
duces as the scaling factor increas@gu(s) of PXA270 first reduces and then increases.
Consequently, the optimal scaling factor of OMAP5912 cgponds to the lowest fre-
guency, and the optimal scaling fac®rof PXA270 occurs at an intermediate frequency.
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‘ “Qdyn(s)‘ Table Ill. Qgpy calculation of processors (a)
:gsla‘&‘;’Q o OMAP5912 (b) PXA270

T ] (@ TI OMAP5912

s 1 [ 114 ] 133 [16] 2
M\_// fopu(S)(MHZ) | 192 | 168 | 144 | 120 | 96

Poou(S)(MW) | 270 | 215 | 160 | 120 | 80

(mw)

Qi

np 1 Qepu(S)(MW) | 270 | 245.7 | 213.3 | 192 | 160
(b) Intd PXA270
= s ] s 1 12 | 15| 2 3
T S fepu(S)(MHZ) | 624 | 520 | 416 | 312 | 208
°y s Pepu(S)(MW) | 925 | 747 | 570 | 390 | 279
Qepu(S)(MW) | 925 | 896.4 | 855 | 780 | 837

Fig. 3. Plot of Qcpu(s) vs. scaling factors:
den(1):500mW,PslaliCZZOOmW,O:L?l

The difference in this trend can be attributed to the retetimtribution 0Qstatic andQgyn.
For instance, for the OMAP5912 procesSQ4atic is significantly smaller thaQqyn in the
region of operation, and so the lowest valu&ap, occurs at the largest value sf

Optimal scaling factor for CPU + DevicesNow consider a system with CPU and a set of
devices. The total energy consumption of the systeBjs(S) + Eqe(S), WhereEcpy(s)
is the CPU energy, anBye(S) is the total device energy. Since different tasks trigger
different sets of devices, the optimal scaling factor fartetask is different. Definé¥
to be the optimal scaling factor of a task which minimizesgsiistem energy when there
are no deadline constrain®X is determined off-line and is calculated only once for each
periodic taskT K. The procedure is described below.

Assume that a single task instarkéJ; € T/K) is active and it is scaled by factarThen
the system energy during the executiordias

K

E(S) = (Puyn(S) + Petatic) x Sx AET+ P x sx AET + E
= (572X Payn(1) + 5 (Ptatc + Pig,) ) AE T + E* )
where Pgi\,: Ypjcol PJ-Std is the total standby energy of all required devicES™ =

pjcol (Ej”lCt -N; j) is the total active energy of all required devices, dhdis the number
of access to devicB; during execution of tas;.

Let Q(s) =S 2 x Pyyn(1) +Sx (Pstatic+ ngv). ThenE(s) = Q(s) x AET + E2%. Since
AET; for a task is fixed ant, is constant, the value afthat minimizesQ(s) will also
minimize E(s). The functionQ(s) is convex and we can easily find its minimum by de-
termining the value o$ for which Q/(s) = 0. This value ofsis referred to as theptimal
scaling factor®l¥ for task T,

K
Pstatic + P([j e]v

Thus for every task, there is an optimal scaling factor foicllthe total energy (CPU +
device) is minimized. Note that different task instancethefsame periodic task may have
different density of access, which could lead to diffefgft (see equation (5)). However
the value ofE2% is independent of scaling, and so it does not impact the @bticaling
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factor.
From equation (6), we see thatRfatic + Pﬁ,ﬂvz 2Pgyn(1), then8 < 1. In such cases,

the voltage/frequency should not be scale®Pdlfiic+ ngv<< 2Pgyn(1), the CPU energy
dominates, and we can ignore the device energy during tdsdsting. Section 3.1 de-
scribes a dynamic task scheduling algorithm for such a saerd&CPU and device energy
are comparable, the optimal scaling fadigrlays an important role. Section 3.2 describes
task scheduling algorithms for such cases.

—# Q(s) when P*"=0 = Q(s) when P=0
—6- Q(s) when P*'=0.1W 1400l = Q(s) when P*=0.1W
60011 —— Q(s) when P*9=0.2w —— Q(s) when P*=0.2w

1 12 18 2 1 15 25 3

4 K 2
scaling factor s ——> scaling factor s ——>

(a) OMAP5912 based DVS system (b) PXA270 based DVS system

Fig. 4. Plot of Q(s) vs s for differer®sd: (a) CPU is OMAP5912 (b) CPU is PXA270

Since most DVS processors operate on a limited set of voliagdrequency levels, we
can graphically find the optimal scaling point for each tdsg.4 illustrates the variation of
Q(s) with sfor a DVS system that consists of a DVS processor and devithshiferent
standby power. For the OMAP5912 based DVS system shown id.Eag, wherPStd = 0,
the optimal scaling factor is actually the CPU optimal suglfactor, i.e. 6K = © =2
(the value of@ is also given in Table Ili(a)); wheRS!® = 0.1W, the optimal scaling factor
is 6K = 1.33; whenPsd is 0.2W (such as SDRAM [Micro Technology Inc. K = 1.
Thus we see that as the device standby power increasesathmydactor reduces. Also if
the device standby power is significant, as in PXA270 bassttsyor OMAP5912 based
system withPStd = 0.2W, then a non-DVS setting & 1) is most energy efficient.

3. ALGORITHM

In this section, we describe task scheduling algorithntsHe case when the CPU energy
is significantly higher than the device energy (Section,3ahd for the case when the
device energy consumption is significant (Section 3.2).

We use the following definitions in the algorithm descriptio

e RunQ the run queue containing all released tasks (\&jtke t, g; is arrival time,t is
current time point).

Jact: the active task executed by the processor.

Jnigh: the task with the highest priofity in tHRunQ

W the static processor utilization (EDF) oveperiodic tasks, defined y= ", W‘;'[Ekﬂ{k]
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3.1 Dynamic Task Scheduling With Minimum CPU Energy

In this section, we describe a task scheduling algorithm iiaimizes the CPU energy
consumption. This is applicable to systems where the CPlggrne significantly higher
than the device energy.

3.1.1 Dynamic Processor UtilizationThere are two important properties about EDF
schedulability and energy efficiency that are used to deéhgedynamic utilizatiordu(t).
We know that for a periodic task set in which the relative diéadof each task is equal
to its period and each periodic task releases the first ingtantime 0, the sufficient and
necessary condition for EDF schedulability is processibzation < 1 [Krishna and Shin
1997]. Furthermore, for a task set satisfying the conditiehl, the optimal scaling factor
to minimize the energy consumption while meeting all dewafliis constant and equal to
u~t [Aydin et al. 2001].

We propose a concept calldginamic processor utilizatiomwhich lets the active taskgt
absorb all the available slack provided that the remairasgs can be scaled by a factor
not less than thg 1.

In order to calculate dynamic processor utilization, cdesthe time interval from cur-
rent timet to dy; (the deadline of the active task). Let M4t be the set of tasks whose
arrival time is less thadyg (8 < dact). This includes tasks that have been preempted by
Jact @and also tasks that arrive b dae] but does not includé,e. In the intervallt, dac,
the total workload that needs to be finishedWCE'Bct — EXact) +W, where the term
(WCE'Ect — EXact) is the remaining execution time df¢, andW is the workload from
task sef gt.

W = z max(O,V(;/_c%T

x (min(dacs, o) — &) — X)) (7)
VI €l act

whereE X; (of taskJ;) is the the workload that has already been executed befosd ti
We first guarantee that the workloadraf is executed by scaling factpr®. Only then
can the remaining slack be absorbedlpy. The dynamic utilization when executidg
is given by
~ WCE et — EXact
Qact —t — 1 x Wr
The scaling factor due to dynamic utilization is givengy(t) = Wlm- Note that the
above procedure does not push the worklodl, ] to be executed aftetyc, or borrow
slack from workload assigned te dact (this is ensured by the max operation in Equation
(8)). Fig 5 illustrates the computation dii(t) for taskJat = TY. Fig 5(a) shows how
the task densities of each task contribute to the statizatibn p. Fig 5(b) shows the
amount of workload that needs to be computed in durdti@h]. Note that tasks in the
setl act Wwhose deadline is greater thdgy are also guaranteed utilizatipratt > dag. Fig
5(c) shows how the slack is absorbed By after guaranteeing that tasksliag maintain
utilization .

du(t) (8)

3.1.2 Algorithm duEDF. In this paper, our goal is to develop dynamic task schedul-
ing algorithms that (i) schedule the task set feasibly, andninimize the CPU energy
consumption. Recall that in dynamic scheduling &&eT of the task set is not known
apriori.
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. TI Ti2] TI31
|

durl ()

Fig. 5. lllustration of dynamic utilization:(a) The cortition of each task to the static utilizatipnthe height of
each task bar is its task density; (b) The total workload tisicould be finished in duratidh dact]. The plain
grey bars are the tasks that have been executed tefdree darker patterned bars are the tasks which could be
executed aftedac; (c) Allocation of all the slack to the active ta3i! while keeping the speed of other tasks as

[T

We use the Earliest Deadline First (EDF) strategy to deteei; from theRunQ The
scaling factos,ct of Joct is determined based on the deadline/execution time of Hks ia
RunQ and is not changed unftunQis updated. Every time a new task is released or the
currentJ,et finishes,RunQis updated and the active tadd; is re-selected.

The scaling factor fod, is given by

Sact(t) = min (max(sdu(t), P, 6) (9)

where the first itensyy(t) is the scaling factor if only slack during, daci] is considered,
the second iterp~! is the system-level reference scaling factor based orc sttilization,
and the third iten® is the scaling factor if only the CPU energy is consideredc&iour
goal is to generate a valid schedule that results in minimoengy consumption, we take
the minimum of these two terms as the final scaling facta@x@f The dynamic scheduling
algorithm is shown in Algorithm 1.

3.1.3 lllustrative Example 1.A simple task set with taskglX, T1Z, T18 and utilization
pn=1is givenin Table IV. Each task instance of the same peritadik is assumed to have
the saméET. We assume that the CPU can be continuously scaled betw&}afitl that
Payn(1) = 500mW andPstatic = 200mW. For such a process@,= 1.71 (refer to Fig 3 in
Section 2.3).

Table V lists the calculation for each task instance, whierai is the start timedu(t) is
the dynamic utilization given by equation (8), asid the scaling factor of the active task.
The final task profile is given in Fig 6(e).

Next we compare the performance dfEDF with the following three existing algo-
rithms: 1)ppsEDF[Shin et al. 2000] which implements slack lookahead as we#lack
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Algorithm 1: Algorithm duEDF

1 whilethere exist taskdo
2 Put all released tasks into RunQ;
3 if RunQ == nullthen
4 Keep processor idle;
5 Continue;
6 end
7 Find Jyjgh among RunQ;
8 Jact = Jnighs
9 t = current time;
10 Determine sact using equation (9);
11 Executelact till a new task released @yt completes;
12 EndTime= current time;
13 if Jact not finishedthen
14 | IncreaseE Xact by amountEndTime-t) /sact;
15 else
16 | EXact=WCETct;
17 end
18 end
Task P WCET AET is , ‘-Tm‘ -‘Tm I:I -
o (a) Task profile of non-DVS schedule (E=100%)
T | 10ms  4ms 2.4ms Z
T2 | 10ms  4ms 2.4mg £
TE | 30ms 6ms 1.2mg

frequency

Table IV. Task Specification of Ex-
ample 1

Task t du(t) s
Ji Oms 1 1
N7} 24ms 0715 1.4
J 5.76ms 0.730 1.37
N/ 10ms 0.667 15
Js 13.6ms 0.625 1.6
J 20ms 0.667 15
N/ 23.6ms 0625 1.6

frequency

frequency

frequency

Table V. Calculations pertaining to
duEDF of Example 1 Fig. 6. Task profiles for the task set in Table IV

forwarding; 2)ccEDF (Cycle-conserving RT-DVS) [Pillai and Shin 2001] which @pels
the task density dynamically;  SEHalgorithm [Kim et al. 2002] which uses slack esti-
mation heuristics to absorb slack. Fig 6 sketches the tasfites for a hyper-period for the
competing algorithms. The frequency values are normatiaeie highest frequency, and
the energy values are normalized to the value of non-DVSthdhmgy profile. This example
shows that our algorithrduEDF utilizes slack more efficiently. Fig 6 also states the en-
ergy consumption values normalized to the nonDVS EDF sdeetiote thaduEDF has
the lowest energy consumption compared to the three congpeyinamic task scheduling
algorithms.
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3.2 Dynamic Task Scheduling When Device Energy is Significant

In this section, we consider the problem of developing dyicaask scheduling algorithms
that minimize the system-level energy (CPU energy + devieggy) for cases where the
device energy is significant. The algorithms use a comlanatf (i) optimal speedetting,
which is the speed that minimizes the system energy for aifgpeask, and (ii)limited
preemptionwhich reduces the number of preemptions in an attempt taceethe device
standby energy.

The skeleton of the proposed dynamic task scheduling afgosduSY &ndduSY SPC
is given in Algorithm 2.

Algorithm 2; Algorithm outline ofduSYS andduSYS_PC

1 whilethere exist taskdo
Put all released task RunQand findJigh;
Determine and execute Jact by duSY'S, duSYS_PC;
if Jact not finishecthen
Jpre = Jact;
updateE Xpre and putJpre back intoRunQ
end
end

0 N o g b~ wN

3.2.1 duSYS-duEDF®or3d. Insection 3.1, we presented AlgoritrdaEDFwhich
is energy efficient if only CPU energy is considered. Sidc&DF does not consider
device energy when deciding on the scaling factor, we makéalfowing enhancements.
First, we utilize the optimal scaling fact@rwhich takes into account the CPU and the
device energy (refer to section 2.3). After calculatingayic utilizationdu(t) by equation
(8), we comparey,(t) with the pre-calculated optim@hgt (Bact = O if Jaet € TK) and
set the scaling factor to m(rmax(sdu(t), u*l) , Gact).

Second, we consider the standby energy of the devices atsbevith the preempted
tasks in the calculation of the optimal scaling factor. Theresponding scaling factor is
referred to a®.

For a DVS processor with discrete voltage / frequency gttt can be determined
graphically (similar to the method in section 2.3). Since thtal device power is larger,
Bact < Bact, and the execution time of the active takl; reduces in the presence of pre-
empted tasks.

Algorithm 3: Determinelact andsyet in duSYS

[y

Jact = Jnighs
if Jpre existsthen

Sact = Min (max(sdu(t)v Uil) 7’9act) ;

N

w

4 else
Sact = Min (max(sdu(t)v U71)7eact) ;
end
7 Executelact by factorsag till it finishes, or a new task with higher priority is release

(o2,
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The task selection and scaling factor setting calculatiodusYSline 3 of Algorithm
2) is shown in Algorithm 3.

Since6X and9¥ consider the energy contribution of the deviadsSY Sachieves sig-
nificant energy savings compareddoEDFwhen device energy is significant.

3.2.2 duSYSPC - Preemption ControlTask preemption helps in better slack utiliza-
tion and has been extensively used in DVS schemes that aed basCPU energy min-
imization [Kim et al. 2004]. However, task preemption ireses the lifetime of the pre-
empted task, resulting in an increase in the standby devieegg consumption of the
preempted tasks.

Algorithm 4: Determinelac; andsye by duSYS PC

1 if Jpre existsthen
2 Tdelay= (WCET—EXact) X (Sdu(t) - 1);

3 if Tgelay> O then

4 Jact = Jpre; Sact = Spre;

5 Executelact by factorsact till Tgelay or till it completes, or with higher priority
thandpign is released,

6 else
7 Jact = Jnighs Sact = Min (Sdu(t):ahigh);
8 Executelact by factorsac till it finishes, or a new task with higher priority is
released;
9 end
10 else
1 Jact = Jnigh;

12 | Sact=Min(Syy(t),Bact);
13 Executelact by factorsact till it finishes, or a new task with higher priority is release
14 end

In this section, we describe a mechanism to reduce the pteampeferred to a®re-
emption Contral At time t, assume thalhigh (the task with the highest priority) is consid-
ering preempting the execution & (the active task in the previous time cycle). If we
can delay the execution dfign by a time duratiorngeiay Without deadline violation, and if
Jpre finishes intgelay, then we can successfully avoid preemption. In some cagsgsnay
not be able to finish imgelay. By delaying the preemption dfre, the standby energy of all
devices used bypre is reduced.

The algorithm with preemption contraluSYSPC, is listed in Algorithm 4. The critical
parameter is the delay durati@Beiay. If Tdelay is calculated using the formulgeiay =
(WCET— EXact) X (sdu(t) — 1), the schedulability is not compromised. The argument is
along the same lines as [Kim et al. 2004]Ji§n can finish before its deadline by operating
at scaling factos (s = sqy(t) in this algorithm), it can be delayed lyejay and still finish
before the deadline with= 1 . So the slackgeiay Can be used to execulgre.

3.2.3 lllustrative Example 2.A simple task set with tasks!¥, T[@ is given in Table
VI. The processor used in the simulation is same as thatlistthtive Example 1 (Section
3.1.3).
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We run the following algorithms for one hyper-period (60 ras)l compare their system-
level energy consumptions: (1) Non-DVS EDF schedulingd(#DF, (3) duSYSand (4)
duSYSPC. Fig 7 shows the normalized frequency profile for each atgorj and the en-
ergy consumption normalized to that of non-DVS EDF scheduliWe see that while
duEDF exploits the slack efficiently, its energy consumption is thghest. This is be-
cause stretching the execution time results in the devieggyton for a longer period of
time, thereby increasing the device energy. We also seddhtitis example, preemption
control resulted in much greater energy reduction. Howeternumber of preemptions
is typically quite small, and the energy reduction due tceprption control in a longer
duration is insignificant.

et "

T T T T T T
Lo a)_Task profile of nonDVS EDF scheduling (E=100%) ... |
. .

n n n on an an an an

frequency

tims)

(b). Task profile of duEDF scheduling (E=103.2%)

frequency

Task T T

P 20ms 60ms 3
WCET | 10ms 20ms g
AET 7ms  16ms .
® D: D,

PSlYW) | 0.35 0.35 3
9 122 1.22 g

Table VI. Task Specification of

Example 2 Fig. 7. Task profiles and normalized energy for the task s€abieVI

4. EXPERIMENTAL RESULT

We evaluated the performance of our algorithms by runningukitions on a randomly
generated task set. The random task set was based on theRldee system [Shin et al.
2001] which consists of 4 periodic tasks: speech encodpegch decoding, video encod-
ing and video decoding as shown in Table VII. We chose thed4Adbone task set since
it has been used by many others to evaluate task schedudjagthins [Shin et al. 2000;
Shin et al. 2001; Shin and Choi 1999; Kim et al. 2002; Choi e2@05]. While most of
them used the exact task parameters in Table VII, we intredlt@ndomness into the task
parameters to get a more general result in our experiments.

Table VII. Task specification of Video-Phone application
| Task | video encoding | video decoding | speech encoding | speech decoding |
period (ms) 66.667 66.667 40.000 40.000
WCET (ms) 50.386 9.826 1.844 1.383
Ave.ET (ms) 13.099 1.460 0.907 0.680

The period of the tasks is randomly chosen from 10ms to 10@W&:Ts of the tasks
are chosen to satisfy the utilization constraint (0.1, 8t2,), AET for each task instance
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is evenly distributed if0.SWCETWCET]. All the task sets are run in a hyper-period (i.e.
the L.C.M of all periods). We varied the processor utiliaatdf the tasks from 0.1 to 1.0
with a step of 0.1, and ran 100 random task sets for eachatidiz value.

Three DVS processors were used in the experiments:

e CPUA with Pyyn(1) = 500mW, Pstatic = 200mW; scaling factor ranging continuously
from1to3,06=1.71.

¢ OMAP5912 with 5 available scaling factors ranging from 1 t@8d© = 2 (see Table
li(a)).

e PXA270 with 5 available scaling factors ranging from 1 to 8d® = 2 (see Table
II(b)).

When no task is being executed, we assume that the proceagsris the idle mode
with power consumption equal to 5% B§py(1). The delay of changing the frequency
from one value to another (including entering or exitingidiode) is ignored.

4.1 Performance of duEDF

4.1.1 Experiment 1.We first evaluate the performancedifEDFwith IppsEDF[Shin
et al. 2000],ccEDF (Cycle-conserving RT-DVS) [Pillai and Shin 2001] aip$EH [Kim
et al. 2002], with respect to only CPU energy consumption.

Fig 8(a) shows the normalized CPU energy consumption féerdift utilization values
when CPUA is used as the processor. AlgorittduaEDF has the lowest energy consump-
tions for all the utilization values; the energy savings ere¢he order of 10-30% with
respect to the non-DVS case. Fig 8(b) shows the complex#juated by the CPU time
consumed by running the scheduling algorithm (for one hygeod).duEDF has slightly
higher complexity compared tppsEDFandccEDF, but significantly lower complexity
compared tdpSEHfor all utilization factors.

[ZnonDVS @ IppsEDF = ccEDF S IpSEH M duEDF |

normalized CPU energy

CPU time consumed by scheduling (s)

1

uiilization [EnonEDF 7 IppsEDF = ccEDF S IpSEH B duEDF |
(a) Comparison of normalized CPU energy (b) Complexity expressed in cpu time consumption
consumption

Fig. 8. Experiment 1. Performance of CEUwith respect to (a) CPU energy, (b) complexity.

Fig 9 shows the CPU energy consumption when OMAP5912 and PBA®ith only
5 discrete scaling factors) are used. AlgoritdoEDF achieves up to 45% energy sav-
ings compared to the non-DVS scheduling when OMAP5912 isl sl only up to
20% savings when PXA270 is used. The low energy saving of PXOARan be ex-
plained with the help of Table Ili(b) which shows that itsgest possible energy saving,
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(a) CPU energy consumption when using OMAP5912(b) CPU energy consumption when using PXA270

Fig. 9. Experiment 1. Comparison of CPU energy consumptibermprocessors (a) OMAP5912 (b) PXA270
are used.

1— Qcpu(©)/Qcpu(l), is around 20%. In both cases, the energy savingsu&DF and
IpSEHare comparable. If however the CPU complexity is taken istmant (as shown in
Fig 8.(b)), the performance ofUEDFis better.

4.2 Performance of duSYS and duSYS_PC

In this section, we compare the performance of the proposstdrs level energy-efficient
algorithms. We includeluEDF andIpSEHDP [Kim et al. 2004] in the comparison since
duEDF is very efficient in reducing the processor energy conswnpt@andipSEHDP
(which is upgraded frontpSEH with delay preemption logic) is the best algorithm (to
date) for achieving system level energy efficiency for dyitatask scheduling. All the
energy consumption values shown in this section are noredhivith respect to non-DVS
scheduling.

4.2.1 Experiment 2.The task setting is the same as before but now each task §-asso
ated with a set of devices. Specificaly!l = {D;}, ®[@ = {D1,D,}, ®¥ = D; andodl¥ =
0. The standby power fdD; is P§!9 = 0.2 x Pgpy(1) and forDy is P5tY = 0.3 x Pepy(1). In
addition, we assume that DeviDg consumes energy value equaﬂi‘iﬁd x 0.0Imswhen it
transits from active state to idle state, d?féd x 0.02msvice versa. Furthermore, we add
another energy penalty for preemption that is due to stamfjretrieving the data of the
preempted task. In our experiments, this valuBig(1) x 0.0lmsper preemption. All
delay penalties during transition are ignored.

Fig 10 and Fig 11 shows the system-level energy consumpfitimreacompeting algo-
rithms when run on different processors. Note that the sydéwel energy includes CPU
energy, device standby energy, device state transitiorggraad preemption energy. On
the continuously scalable CPU processor (see Fig 10), whillkee algorithms have energy
savings of~ 20% when only CPU energy is considered, the savings dropd&%swhen
system-level energy is considered. AlgorithgBEHDP does significantly worse and has
higher energy consumption than non-DVS scheduling for ItNization. This is partly
becausépSEHDP does not consider the optimal scaling factor.

On the OMAP5912 and PXA270 processors (see Fig 11), AlgorifSEHDP and
duEDF have the worst performance. The bad performanau®DF is attributed to the
fact that it only considers the CPU optimal scaling factad does not take into account
the contribution from the device standby power. Compareitié¢onon-DVS scheduling,
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Fig. 10. Experiment 2. Comparison of (a) CPU energy and (&lesy-level energy for a CRPW based system.

the system level energy efficient algorithohsSYSandduSYSPC save up to 12% energy
when CPUA is used, up to 15% energy when OMAP5912 is used, and only w8840
when PXA270 is used. In all three cases, the improvemedu&YSPC overduSYSds
very limited.
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Fig. 11. Experiment 2. Comparison of system-level energyafeystem using (a) OMAP5912 and (b) PXA270.

4.2.2 Experiment 3.In this experiment, we study the effect of device power on the
system-level energy consumptions. Three cases are coadidere: (i) CPU power domi-
nates, (i) CPU power and device power are comparable aipdéivice power dominates.
We use the same task settings as Experiment 2, but vary theegewer as follows: Case
(i) P§t = P! = 0.05 x Pepy(1); Case (iP5t = 0.2 x Pepy(1), PS5t = 0.3 x Ppy(1); Case
(iii) P§d = PStd = 2 x Pepy(1).

Fig 12 compares the system-level energy consumption whetak set is run on the
OMAP5912 processor fop = 0.7. The result shows that while AlgorithuuSY Sand
duSYSPC do better thadpSEHDP andduEDF, the energy savings achieved by Algo-
rithms duSYSand duSYSPC are quite small when the device power increases. When
device power dominates (case (iii)), AlgorithicisSY &ndduSY SPC have only up to 5%
energy savings compared to non-DVS scheduling. Consigiéne complexity overhead,
in this case, non-DVS scheduling is the best choice. Thismasion is substantiated by
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[EnonbVS @IpSEH_DP = duEDF £ duSYS B duSYS_PC |

normalized system energy

)

case (i) case (i) case(ii)
CPU=>devices CPU~devices CPU=<=<devices

Fig. 12. Experiment 3. Comparison of system-level energysamptions when running the task set with- 0.7
on a OMAP5912 based system for the following cases: (i) CPep@ominates, (i) CPU power and device
power are comparable and (iii) device power dominates.

equation (6). WPsatic+ ngvz 2Pgyn(1), the optimal scaling factor 8= (%)V3 <
statictPgey

1, implying that DVS should not be used.

5. RELATED WORK

In recent years, there has been significant amount of worlk doenergy-efficient task
scheduling for DVS processors. In this part, we focus on thindask scheduling algo-
rithms that handle periodic tasks in single processor systdultiple processor schedul-
ing and mixed-task scheduling (periodic task + aperiodi&)tgroblems are beyond the
scope of this paper and have not been considered here.

The existing dynamic task scheduling algorithms can besiflad into: (1) those that
are based purely on slack absorption at run time [Yao et 85;1Shin and Choi 1999; Kim
et al. 2002], and (2) those that consist of two phases: né-{based okVCET or other
execution time estimation) followed by an online phase ke slack from the variation
of execution time is greedily absorbed [Shin et al. 2000sknia and Lee 2000; Gruian
2001; Shin et al. 2001; Jejurikar and Gupta 2005].

The algorithmlpfps proposed in [Shin and Choi 1999] is a power conscious fixed-
priority scheduling algorithm. It is based on a simple rime checking scheme: the
processor can either be shut down if there is no releasetamstopt the speed such that
the current active task is finished at its deadline or theassddime of the next task. The
advantage of this algorithm is its simplicity which makesasy to embed into an operat-
ing system (OS) kernel. The disadvantage is that the algortan not fully exploit the
slack because the active task can only be scaled when theoeother released task. The
performance of algorithripfps can be improved by adding an off-line phase which pre-
scale all tasks based on processor utilization. The cavreipg algorithm|pps achieves
significantly higher energy saving [Shin et al. 2000]. Eveough these two algorithms are
based on RM scheduling, it is easy to modify them to EDF sclirglby using dynamic
priority and EDF processor utilization instead of the aragisettings.

An online scheduling algorithm called AVR (Average Ratepisposed in [Yao et al.
1995] where the processor speed is set to be the summatioa dénsities of all live tasks.

The density of a taskK; is defined asl; = %, whereR; is the number of CPU cycles,
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bj is the deadlineq; is the arrival time. The competitive ratio with respect te tiptimal
off-line algorithm is also provided.

The performance of dynamic scheduling is highly dependetiie accuracy of the run-
time slack estimation. The algorithms in [Kim et al. 200202Dderive efficient slack
estimation algorithm$pSEH for dynamic-priority scheduling [Kim et al. 2002], and for
static-priority scheduling [Kim et al. 2003]. Three typéesstack are identified: the sum
of the unused times from higher priority task instancesaalyecompleted, the currently
remaining time of the active task, and the sum of the slaclegifiom the lower prior-
ity task instances. The estimation algorithm updates thuse (remaining) time of each
task, and uses it to calculate the available slack for theeotiactive task. The algorithm
achieves very high slack utilization at the expense of large-time complexity. In fact,
a comparison of the energy consumption of six EDF schedualiggrithms on DVS pro-
cessor in [Kim et al. 2002] shows thgtSEHKim et al. 2002] has near-optimal energy
performance.

Most of the above algorithms [Yao et al. 1995; Quan and Hu 206jurikar and Gupta
2004; Shin et al. 2000; Krishna and Lee 2000; Jejurikar anpt&R005; Shin and Choi
1999; Kim et al. 2002; Pillai and Shin 2001; Kim et al. 2003]mtmt change the proces-
sor speed until the current active task is finished or preedhpthe slack utilization can
clearly be increased if the processor speed can be varisddlzm the workload) during
the execution of the task. The intra-task scheduling aflgors [Shin et al. 2001; Shin and
Kim 2001; Seo et al. 2004] determine the start-up speedmdfdy analyzing the execu-
tion path, and then scaling down/up the processor speed bageranch selections during
run-time. The algorithm in [Shin et al. 2001] uses the woestecexecution path delay to
calculate the start-up speed, while the algorithms in [Sinid Kim 2001] and [Seo et al.
2004] use the average case execution path delay. Thesetarmuhed by load-profiling
in [Shin and Kim 2001] and by considering branch probaletitin [Seo et al. 2004]. A
more accurate intra-task scheduling algorithm based aastic estimates is proposed in
[Gruian 2001]; the processor speed is determined optinaaltican be changed from cycle
to cycle.

All of the earlier work on DVS scheduling is based on opeiatime processor at the
lowest possible speed provided the deadlines are not gahlaThe assumption is that
lowering the frequency and voltage lowers the energy copsiom This is certainly true
if only dynamic power consumption is considered. Howewuisub-micron technology,
the leakage power is as important as the dynamic power, alidgthe voltage as low as
possible may not result in reduction of total power (dynasnieakage). This observation
has been exploited in recent in work [Jejurikar and Guptad2@hoi and Chang 2004;
Zhai et al. 2004; Rao and Vrudhula 2005].

The method in [Jejurikar and Gupta 2004; Irani et al. 2008 drines the voltage scal-
ing factor (called critical speed) that minimizes the ta@®U energy consumption for
executing a given task. While analytical results based ernctimvexity of the curve are
presented in [Irani et al. 2003], the results are validated d0-nm technology Crusoe
processor in [Jejurikar and Gupta 2004]. For a DVS procesghrdiscrete speed settings,
[Rao and Vrudhula 2005] shows that a two speed setting igirifito achieve the mini-
mum energy consumption. There are other factors that mayadisct the critical speed.
At the processor level, the increase in temperature causaxeease in the leakage, re-
sulting in lower critical speed. At the system level, comgots such as DC-DC converter
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affect the critical speed as demonstrated recently in [€hal. 2005].

In order to reduce the system-level energy consumptios jiihportant to also consider
the energy consumption of other components such as menasly, drive, wireless inter-
face, etc. In such a system, extending the execution timetaslaresults in a reduction
in the CPU dynamic energy consumption but also causes asdselin the device energy
consumption. The method in [Jejurikar et al. 2004] is aimeatducing the system-level
(CPU + device) energy consumption and considers the dripeed of the DV'S processor
that takes into account the leakage of the devices. Whilesystem in [Jejurikar et al.
2004] assumes that the voltage/frequency of the devicesatrscalable, the SDRAM
based system in [Choi and Chang 2004] determines the fregudinhe memory and the
frequency of the DVS processor that result in the minimuntesysievel energy consump-
tion. A heuristic algorithm that makes use of the criticatsg and the procrastination
algorithm in [Jejurikar and Gupta 2004] (to reduce the oearhduring state transition) is
proposed in [Jejurikar et al. 2004] for static schedulimg] & [Jejurikar and Gupta 2005]
for dynamic scheduling. We should mention that the definitiboptimal scaling factoin
our work is the same agitical speedin [Jejurikar and Gupta 2004; Jejurikar et al. 2004;
Irani et al. 2003]. While the key concepts were presentedajufikar et al. 2004], the first
part of this paper provided an analytical analysis for bettelerstanding of the factors that
contribute to system-level energy consumption. Furtheentbis paper presents dynamic
task scheduling algorithms as opposed to static schedalgaithm in [Jejurikar et al.
2004].

The system-level energy consumption has been reduced leyitapthe number of pre-
emptions in [Kim et al. 2004]. The assumption is that voltagd frequency scaling results
in increased task preemptions and extended task lifetimehwranslates to higher energy
consumption. The proposed methods include one based olesato®y the current task if
a higher priority task is going to be released, another basatklaying the higher priority
task even it is already released. The experiments show #tay greemption is an effi-
cient way to reduce the number of preemptions, which in teduces the system energy
consumption.

6. CONCLUSION

In this paper, we considered the problem of developing dyotask scheduling algorithms
that minimize the system-level energy consumption (sumRd@nd device energy). We
first determined the 'optimal’ scaling factor by which a tasiould be scaled to minimize
energy when there are no deadline constraints. Then weaf®atlenergy efficient dy-
namic task scheduling algorithms for periodic tasks basedmimal scaling factor and
dynamic utilization. When only the CPU energy is considetbd proposed algorithm
duEDF achieves higher energy saving (up to 45% over the non-DV8dding) and has
much lower complexity compared to the existing algoritp®EHKim et al. 2002]. When
the system energy (CPU energy + device energy) is considiéreghroposed algorithms
duSYSndduSYSPC use a combination of optimal speed setting and limited pptiem.
For the case when the CPU power and device power are compata8ly &ndduSYSPC
achieve large energy savings (up to 25%) compared to the @ty efficient algorithm
duEDF and up to 15% energy saving over the non-DVS scheduling igthgor If the de-
vice power is large compared to the CPU power, then we shavaths¥'S scheme does not
result in lowest energy. Additionally, the experimentswtioat the addition of preemption

ACM Journal Name, Vol. V, No. N, Month 20YY.



Energy-Efficient Dynamic Task Scheduling Algorithms for DVS Systems . 21

control logic does not improve the quality of our solution.

Now if the devices in our system also operate at multipleagdifrequency levels, the
device power can be broken up into the dynamic part which adabte and the static
part which is not scalable. While this would change the sydivel energy curve, the
convexity property would still hold, and there would stik lan optimal scaling factor.
We are currently looking at extending the proposed dynaask scheduling algorithms
to determine the speed setting of both the CPU and the demicaifimum system-level
energy consumption.
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