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Abstract - To minimize energy consumption by voltage
scaling in design of heter ogeneous real-time embedded systems,
it is necessary to perform two distinct tasks: task scheduling
(TS) and voltage selection (VS). Techniques proposed to date
either are fast but yield inefficient results, or output efficient
solutions after many slow iterations. As a core problem to solve
in the inner loop of a system-level optimization cycle, it is
critical that the algorithm be fast while producing high quality
results. This paper presents a new technique called
Evolutionary Relative Slack Distribution Voltage Scheduling
(ERSD-VS) that achieves both speed and efficiency. It
addresses priority adjustment and slack distribution issueswith
low cost heuristics. Experimental results from running publicly
available testbenches show up to 42% energy saving compared
to a published technique called EVEN-VS. It also shows up to
70 times speed improvement compared to an efficient technique
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saving potential. The algorithm then slows down thetmos
energy saving ones by a\tm, (assuming that the
corresponding mode is available). They also explore difter
task priorities using a genetic algorithm (GA) that produces
various priority patterns. They have reported up to 43% more
energy saving compared to [8], while their algorithm naeti
has increased up to 78 times. The complexity of the proposed
algorithm is O(pri-mn® - log(n)), wherep is the size of
population in GA,i is the number of iterations) is the
number of tasks anuh is a factor related t&tq,. Gruian and
Kuchcinski [5] have proposed a DVS-based constructive list
scheduling technique that dynamically re-computes task
priorities based on average energy dissipation. If thado
schedule does not meet the specified deadline, priorities o
tasks on the critical path are increased and all tagksea

called EE-GLSA. . . .
scheduled. The complexity of their algorithm isvay{-n®

log(max))) wheren is number of tasks. Bambha et al [1]
have used Monte Carlo and simulated heating algorithms to
Design of low power distributed embedded systems ffhd an optimized voltage mode for each task. They have
usually an iterative process that includes task schedulingported a runtime of several hundred of seconds for the
(TS) and voltage selection (VS), in order to meet bothverage size testbenches.
performance and power constraints. TS is responsilole fo This paper presents a new technique caflediutionar
meeting the timing and dependency constraints on the, tas SIativep S?ackaistributiomERSD) vol?a e schedulin t?:at
and V.S is responsible for the energy red_uction through te iciently addresses slack distribugt]ion and E[?)riority
selection of a voltage-frequency combination (voltagele) adjustment issues. The algorithm iteratively generatesrl

for each of the tasks. The iterative design process srihlee . L ;
runtime of VS and TS algorithms as important as the ower mode sets and evaluates their validity by perfayrain
Jest effort scheduling. To generate a new mode set, the

efficiency. Scheduling of dependent tasks on a mult _ :
processor system is an NP-complete problem [6]. Otleeof algorlt_hm randomly slows down some of h|g_h power_tasks.
well known heuristics for this problem is priority-beskst Experimental results from running publicly available
0 .

scheduling, in which the scheduling decisions are ma?gncéhmzks s?r?w up tﬁ 42f maore e?er% st{:\vmg comp;red
based on priority of the tasks. The priority valuesuagally o [8]. dSto, 10e rer?_llj S S OWt_ up to I imes Sﬂﬁ‘? u;;)
calculated based on the tasks execution delay and deadlineﬁg:ﬁire 0 [10], while generating equally energy-efficien

An efficient voltage scheduling algorithm must address Thi . ized as foll Section I ¢
two major issues: assigning appropriate amount of slaak tim IS Paper 1S organized as ollows. section i, presants
to the right set of task (Slack Distribution): and updatamk example to show the importance of a good slack distribution

priorities/ordering to make the selected voltage mod@égor'thm' Section Ill formulates the optimization pesh

o ; N hat chamgir®" €OSts associat_ed With a task _graph model. We desiegbe
schedulable (Task Priority Adjustment); Note that c a‘mngIERSD-VS algorithm in Section IV, followed by the

he voltage mode of a task during slack distribution wil . . .
the voltag g perimental results and analysis in Section V. Sedtibn

change its execution delay and consequently, its priority. ) th tributi d ludes th
Schedule of the tasks should be updated to accommodate giyymarizes the contributions and concludes the paper.

changes. Addressing the slack distribution and priority
adjustment issues appropriately can vyield energy efficient
results. However, it may increase the complexity of ar@l Figure 1 shows a simple schedule where two taskang
TS algorithms. 1,) with the execution delay afare followed by a slack time
Luo and Jha [8] address the slack distribution issue B the same sized]. We assume that the resource has three
evenly partitioning slack intervals among the taskstesta Modes:mi, m, andms; where,m, is the fastest mode with
before the interval. Schmitz et al [9][10] show thaist SUPPly voltage of 3 volts, frequency df and power
technique is not efficient enough and propose a step py sgonsumption of 1W. The energy consumption of the original

slowdown technique that sorts tasks based on their eneﬁ%heergu;ereist\?vqouip\:s;z?btléovtvgflsaroefaccc))fntshuemti)g)g(]etshgeglc:fg tti)r>r/1e

I. Introduction

II. Importance of efficient slack distribution



assigning it to one of the tasks; or dividing it betw#le® integer operations. To capture this effect, we represach
two. In the first case; runs in moden,, andz, runs in mode task by apower dissipation factorPwr_Facto(z), that can
mes. In this way, the energy consumption reduces fEgnio  be extracted through profiling and measurement [2][3].

0.62>E;. In the second case, both tasks run in mogeand

the overall energy consumption is 0.&3x The goal of the optimization algorithm is to find a mode

set M corresponding to the task sEtso that the dynamic

Modes Vogage FFreq 1PW energy dissipatiorE, is minimized and no deadline and
] T mi >4 1 oe7El oa43| Precedence constraints are violated.
E=B[m, 2.1 05F | 024 L
d d d Therefore, we want to minimize:
;1 / \ Ecoral = z (Pwr(r m) - texeol m)) 1)
MO.M O [7) 0.43 fotal i xeclTi »
[ [ | iCTon]
d 2d 3d/2 3d/2 . .
E=062F E=043§ Assuming the task[T runs in modenM:
Pwr(z , m ) = Pwr_FactoK(z) - Pwr(m;) 2)

Figure 1. Different ways of partitioning the slack betwegandz, foreelzi . M) = toec(z) - freq(fastestModéproc(z))) / frem) (3)

In general, the same amount of slack time can be appliedFurther, no hard real-time deadline violation is alldwe
towards saving a different amount of energy, depending on . v 00407, @)
the task that it is assigned to. In this example, thezeonly where,
two tasks, and their execution delay, power consumption and
deadline are the same. However, for heterogeneousnsyste ~ #(@i» M) =1(a) + teelzi, M) = (z), Da DT - ®
the algorithm should handle many tasks with various Here. ts denotes the task start time assigned by the
characteristics. In Section IV, we present our heursr ~ SCheduler. Note that a positive valueyashows the amount
addressing this issue. of deadline miss, while a negative value yofshows the
amount of slack time available after task execution. We
denote the overall deadline violation of taskBétunning in
mode setM) by y1(M), which is defined as the maximum of
In this paper, we investigate the voltage scheduling aspegt deadline violations:
of system synthesis process. Therefore we assumehéat ©)
allocation of PEs and the mapping of the tasks aredglrea (M) =Max(x(z;,m))

done. A system is usually represented by its applicatieh a Fyrthermore, the execution order of the tasks and

architecture. The architecture is represented as aofsetcommunications must be respected and is expressed as
processing elementBE and communication channdls A fgllows:

processing element may operate at different voltagdsleve
and consume different amounts of power. These voltage
(power) levels are represented \mjtage modesThe set of
voltage modes for a processing elempnts given by the
non-empty seWM={m 4, ..., Mnay}. We denote the fastest interval(z, @) n interval, ) = @, Oz ,5 0T (8)

mode ofp; by fastestModfp,). Each voltage modm has its where interval(z, ) is execution interval of task on

own frequency,freq(m), and power consumptiorRwr(m).  resourcer, represented by the start and end time of the task.
The application is represented by a set of periodic task

graphs {{G,, ..., TG}. All task graphs have the same period IV. ERSD Voltage Scheduling Algorithm

and their own arrival time and deadfn&/e represent the i )

task graph set in a directed acyclic gra@fir, ) where Figure 2 s_hows the block dlag_ram of ERSD approach. The
T={11, 12, ..., 7o} represents tasks ar@={c, = (z, 5, wi))} ERSD algorlth_m stgrts by seleptlng_thg fastest motjeand
represents data dependency of taslo 7 (its predecessor); Proceeds by iteratively evolving it into a more energy
and o;; indicates the communication delay of data to bgfficient one. The evolution of the modes is perfornbgd
transferred. A task may be associated with a dead(ijdy 'a@ndom slowdowns steered by tistowdown probability
which its execution must be finishe is the set of tasks (SPP) values. In each iteration, the execution delayse

for which o(z) is specified Ty must at least contaisink tasks (@Sks are updated for the selected mode (Equation 3). Then,
(tasks with no dependents) and if a sink does not haveth§ s_chedu_llng algorithm re-calculates the priority values
deadline, then it is assigned the same deadline as its K@Jiority adjustment) and re-computes the schedule. If the
Each tasks is mapped to a processing elemprid(z), and generated schet_jule is valld_, then the new m_ode is sbfepte
has an execution deldy.e{s) in the fastest mode of that the next evolufuon; ot_herW|se, _the last valid mod_e \wi
processor. In addition to the mode of the processorg sofflected. In this section, we first present our hearisr
specific characteristics of individual tasks may affemtir ~calculation of slowdown probability and then describe th
power consumption. For example, a specific processor md§tails of the algorithm itself.

consume more power for floating point operations than fo

I1l. Problem formulation

to(n) + texedm) + @y <ty) ,O7,50T,gOC ©)
In addition, no execution overlap on any resouréé(PE
O L) is permitted:

! By considering thehyper-period of any set of periodic task graphs and
repeating them accordingly, such a set can bercmbstl.
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Figure 2. ERSD-VS algorithm

A. Calculating slowdown probability

large, then all the tasks in sktare randomly slowed down
(coarse grain slack distribution). If the amount of lsltume

is small, however, then a subset of taSKST, is randomly
selected and the slack time of each t&s; is distributed
among its predecessors (fine grain slack distributiong Th
coarse grain slack distribution operates on all the taghite
the fine grain one operates on the tasks that have staok
time to further improve the results.

Slowdown probability of a task is used to direct random )
slowdowns. In heterogeneous embedded systems, differenfigure 5 shows the function used to randomly slow down

resources have different power consumptions. Tasks that
mapped to high power resources are better candidates

the predecessors of a task. The chance of slowdowrsts f
giyen to the task itself and then to its predecessitisefie is

slowdown than those mapped to low power resources. TRBY more slack time). THeanpomS.owDown function shows

power consumption of each task depends on the mapﬂ&"’ ;
assigned mode and its individual powetPPs. If a randomly selected numbieis smaller than the

resource,
characteristics.

In each iteration of our algorithm, the SDP of thektais
calculated by:

k OPwr(7;,m)
_— k (Pwr(r,, >avePwr (11
SDRr;) = avePwr @,m) (11)
1 otherwise
Where,
z Pwr(r;,m)
avePwr = 0 (12)

andk is a constant used for adjusting the range of SDP.

the random slowdown decisions are made based on

SDP, then the task is slowed down. The function outpets th
amount of consumed slack time.

EvoLve( ModeSetM ){

calculate SDP for each task usiig
evMode=M
if (xr(M) is not small)

/I randomly slows down all the tasks in T

RanpomLY SLowDowNALL (T, (M), evMode
else

randomly selec® 0Ty

for {0

RANDOMLY SLOWDOWNPREDECESSORE T, —x (7), evMode

return evMode

Figure 4. evolve function

Note that Equation 11 calculates the proportion of the powe In the ERSD-VS algorithm, except fa@voLve(), all the
consumption of task; to the average power consumption ofunctions in the loop have linear complexity ()( For

all tasks. Therefore, it assigns higher values of SDRigh
power tasks.

B. Voltage selection algorithm

Figure 3 shows the pseudo code of our voltage selectig

EvoLve() function, the complexity of coarse grain slowdowns
is linear while the complexity of fine grain slowdows i

O(ngx(n—ng)). Therefore the overall complexity of ERSD-VS
is O(xngxn), whereny is the total number of tasks whose

gadline is explicitly specified (including all sink tasks)da

algorithm. It starts by selecting the fastest modefasethe 1 IS number of all tasks.
tasks that must be schedulable and has the highest eng
consumption. Then it calculates execution time and pofver
the tasks (line 3) that is used by scheduler (line 4palch

iteration of the loop (lines 5-12), a new mode set isped

from a previous one by random slowdown of tasks (line 6),
and is used to produce a new schedule (line 8). If the new
mode is schedulable, then it is selected for the nepdtibn;

I'gYRanpowmLY SLowDownPrepecEssorgtaskz, slack, evModeg
o if(slack0)
slack= slack— RanpomsL.owDown(z, evMode
for predd Predcessors(
if (slack>0)
RANDOMLY SLowDowNPReDECESsorRPred, slack, evMode

RanpomSLowDown(z, evModé
r = generate a random number

otherwise, the last schedulable mode is used in the next if(r<sDpP¢))
iteration. evModér] = evModér] -1  // slows down one level
r etur N CALCULATE CONSUMEDSLACK ()

01 ERSD_VS() return 0
02 optMode= SeLecTTHEFASTESMODESET( ); Figure 5. Speed up function
03  caLcuLaTE EXECDELAY ANDPOWER( OptMode);
04  scHepute( optMode); .
05 while( noOfiter < 1000 and noOfUselesslter < 100) V. Experimental Results
06 evMode= EvoLve( optMode); .
07 CALCULATEEXECDELAY ANDPOWER( €VMode); The proposed voltage scheduling (VS) approach was
08 screpuLe( evMode);  //recalculates priorities then schedules applied to a set of TGFF-based testbenches generated by
28 Rggmigl’;slter o Schmitz et al ([10]). In these benchmarks, the task graph
11 if (¢r(evMod¢<0) // if evMode is schedulable are mapped to a set of PEs, some capable of DVS. Table
10 optMode= evMode shows the results of running different VS algorithmstom
1 noOfUselesslter = 0 testbenches. The second column of the table shows the
12 return optMode

complexity of each testbench in terms of the numbktasés

and edges. The third column represents the results of a
In the EvoLve() function shown in Figure 4, first the voltage scheduling algorithm that evenly distributes theks

slowdown probabilities of all tasks are calculated usingmes (EVEN-VS [8]). The forth column shows the resilt

Equation (11). Next, if the amount of slack tipgM) is EE-GLSA approach [10] that combines an efficient slack

Figure 3. main loop of voltage selection algorithm



distribution algorithm with a Genetic Algorithm basedtLi Experimental results from running publicly available
Scheduling (GALS). The GALS explores various taskenchmarks show up to 42% energy saving over a published
ordering and priorities to achieve the maximum savingchnique called EVEN-VS. Also, ERSD-VS is competitive
opportunities. Also, for these testbenches, they assiha with an energy efficient technique called EE-GLSA while
there is no limitation in the number of possible agk achieving up to 70 times improvement in algorithm runtime.
modes. The third and fourth columns are the results egpborBecause of its efficiency, ERSD-VS is a good candidate f

in [10]. They report a worst-case run-time of 0.23s antthe inner most loop of the design space exploration
17.99s for EVEN-VS and EE-GLSA respectively by runninglgorithms.
their C++ code on a Pentium 111/750MHz/128MB Linux PC.

Among them, EVEN-VS runs faster than EE-GLSA but EE-

GLSA generates more energy efficient results. [1] N. Bambha, S. Bhattacharyya, J. Teich, and E. Zitzlerbtidy

, global/local search strategies for dynamic voltageirsgah
The fifth column ShOW_S _the resul_ts of ERSD'VS_(OW embedded multiprocessors”. Rroc. CODES pages 243-248,
voltage scheduling heuristic) combined with a simple  apyjl 2001.

priority-based list scheduling that uses an As Late A
Possible Schedule (without resource constraint) toulzke
priority values. To provide a fair comparison, we consiie
voltage modes for each processing element. The sixth
column shows the run-time of ERSD-VS for different[3]S. Devadas and S. Malik, “A survey of optimization technsque
testbenches. The algorithm is implemented in C++ arsl wa targeting low power VLSI circuits”. Iffroc. DAG pages 242-
executed on a Pentium I1/700MHz/128MB Linux PC. 247, 1995.

ERSD-VS saves up to 42% compared to EVEN-VS, and it ig]R.P. Dick and N.K. Jha, “MOCSYN: multi-objective core-
very competitive with EE-GLSA. Note that while the fya based single-chip system synthesis”"Phoc. DATE, pp. 263-

of ERSD-VS is comparable with EE-GLSA (the best 270, Mar. 1999.

published results), it runs 70 times faster than EE-GLSA. [6]F. Gruian and K. Kuchcinski, “LEneS: task scheduling for low-
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Table 1. Energy savings by running different VS algorithms on
testbenches of [10]

VI. Summary and Future Works

This paper presents a new technique calledlutionary
Relative Slack DistributiofERSD) voltage scheduling that
addresses both the slack distribution problem and priority
adjustment, the two major issues of voltage scheduling. Our
heuristic calculates a power-oriented mode transition
probability for each task that directs the rand®mlutionof
mode sets towards the most energy saving mode.
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