Energy Management of DVS-DPM Enabled Embedded
Systems Powered by Fuel Cell-Battery Hybrid Source

Jianli Zhuo

Dept. of EE
Arizona State University
Tempe, AZ, USA

jlanli@asu.edu

Dept. of

ABSTRACT

Dynamic voltage scaling (DVS) and dynamic power management
(DPM) are the two main techniques for reducing the energy con
sumption of embedded systems. The effectiveness of bothdddS
DPM needs to be considered in the development of an energy man
agement policy for a system that consists of both DV S-ekdnhel
DPM-enabled components. The characteristics of the poowece

also have to be explicitly taken into account. In this paperpro-
pose a policy to maximize the operational lifetime of a DVBND
enabled embedded system powered by a fuel cell-batteryB)FC-
hybrid source. We show that the lifetime of the system isrdete
mined by the fuel consumption of the fuel cell (FC), and thnet t
fuel consumption can be minimized by a combination of a load e
ergy minimization policy and an optimal fuel flow control fyl

The proposed method, when applied to a randomized task, trace
demonstrated superior performance compared to competilirg p
cies based on DVS and/or DPM.

Categories and Subject Descriptors:
C.3 [Special-purpose and application-based systems]: real-
time systems and embedded systems

General Terms: Algorithms, Design
Keywords: DPM, DVS, fuel cell, hybrid power, embedded system

1. INTRODUCTION

Energy minimization has always been a critical design Gate
for portable embedded systems. DVS (dynamic voltage spalin
and DPM (dynamic power management) are the two main tech-
nigues to reduce the energy consumption for such system& DV
saves energy by operating the system at a lower frequencghaead
a lower voltage, while DPM saves energy by putting the system
into a lower power state when the idle time is long enough.

There has been lots of work in the areas of DVS and DPM. Most
DVS work is associated with task scheduling, and can beielass

*This work was partly supported by the NSF grant (CSR-EHS
05059540). We sincerely acknowledge the help from Kyungsoo
Lee at SNU and Aaron Williams at ASU.

Permission to make digital or hard copies of all or part o thvwork for

personal or classroom use is granted without fee providatdbpies are
not made or distributed for profit or commercial advantage that copies
bear this notice and the full citation on the first page. Toyootherwise, to
republish, to post on servers or to redistribute to listgyies prior specific
permission and/or a fee.

ISLPED’07,August 27-29, 2007, Portland, Oregon, USA.

Copyright 2007 ACM 978-1-59593-709-4/07/00085.00.

Chaitali Chakrabarti

Arizona State University
Tempe, AZ, USA

chaitali@asu.edu

Naehyuck Chang

School of CSE
Seoul National University
Seoul, Korea

naehyuck@snu.ac.kr

EE

fied into offline task scheduling algorithms [1, 2, 3] or omlitask
scheduling algorithms [4, 5]. Offline algorithms scale tlétage
based on the difference between the worst case executieratich

the deadline. Online algorithms utilize the variation aftime ex-
ecution times and scale the voltage even lower. Work in DPM ha
centered around prediction of future idle periods [6, 7graga-

tion of small idle times to get longer idle durations [3, 8pchas-

tic control techniques based on Markov chain models [9, &1,
Techniques that combine the concepts of DVS and DPM policies
to further reduce power usage have been proposed in [113].2, 1
The Markov chain-based stochastic approach is used tondeer

the voltage levels of the DVS processor in [11]. The work i][1
treats the different voltage levels of the DVS processor alsipte
active power modes and then applies DPM based on a stochastic
approach. The algorithm proposed in [13] looks at the trefée o
between the DVS-enabled CPU and the DPM-enabled devices to
choose the scaling level of the CPU. None of these approaakes
into account the characteristics of the power source.

In this paper we propose a DVS-DPM policy that maximizes the
operational lifetime of an embedded system powered by ecklel
based hybrid power source. The embedded system consists of a
processor (CPU) which supports DVS and peripheral devigels s
as memory, flash disk, ASIC, etc, some of which support DPM. We
consider fuel cells (FC) as the power source since they heme v
high energy density and can meet the growing energy demand of
embedded systems. Unfortunately, an FC has limited pealempow
capacity and can hardly track the frequent and large fluctustn
the load demand. So we use an FC-battery (FC-B) hybrid source
which has the high energy density of FC and the high power den-
sity of battery [14]. FCs have different characteristicmpared to
traditional power sources (e.g., batteries) that have texipécitly
taken into account in the development of the energy manageme
policies.

In our prior work, we have proposed FC-aware algorithms when
the FC works at a fixed output level [15] as well as when the FC
works at multiple output levels [16]. While in both cases tholt-
age scaling level of the CPU is a function of the power model of
the embedded system and the power state of the hybrid sdhece,
work in [16] allows fuel flow control and results in additidrfael
savings. Both [15, 16] considered the FC system efficienbeta
constant, which is true for our first hybrid power source ptype
built with PWM DC-DC converter and constant fan speed cdntro
policy. In [17], we proposed a more efficient FC configuratiath
a PWM-PFM DC-DC converter and variable fan speed contral pol
icy that had higher efficiency. We proposed an efficient F@uiut
control policy and applied this policy on top of a traditibiPM
algorithm traditional DPM algorithm to derive a FC-aware v



DPM policy. In this paper, we unify our prior work to handletho
DVS and DPM. The main contributions of this paper are asWaito

e Proposed a system-wide energy-efficient DVS-DPM policy,

which considers the CPU energy as well as the device energy

during both the active period and the idle period.

e Formally proved that the proposed FC control policy is opti-
mal in terms of minimizing the fuel consumption.

e Developed the FC-aware DVS-DPM algorithm, which mini-

If a task can be finished within timeat the highest frequency, then
for scaling factors, its duration stretches ®x 1. The correspond-
ing energy consumption is

Ecpu(S) = Pepu(1) X Tx (K1S 2 +Kos+ (1—K1 —K2)).  (3)

When the CPU is not executing any task, it is considered to be
idle. In this mode, the CPU power consumption is a constdoeya
and is ignored in this paper.

mizes both the energy consumption of the embedded systemDPM enabled devices: While some modern CPUs support dy-

and the fuel consumption of the FC-B power source.

The rest of the paper is organized as follows: Section 2 -ntro
duces the characteristics of the system under consideratio the
optimization framework. Section 3 illustrates our methiobugh
a motivational example. Section 4 presents the proposexditim
which optimizes both the energy consumption and the fuetl con
sumption. Experimental results based on random task tr@aees
given in Section 5, and the paper is concluded in Section 6.

2. BACKGROUND

2.1 System overview
The system under consideration is shown in Figure 1. It st®Si

namic power management (DPM), in this paper, we only conside
DPM control of the peripheral devices. Without loss of geatigy,
we assume that a device has three power modes: RUN, STANDBY
and SLEEP. During thactive period(the execution of a task), the
enabled device is in the RUN mode and the corresponding power
consumption isPyn. When the task finishes, thdle period is
initiated and the device goes into the STANDBY mode; theeorr
sponding power consumption g, When the idle period is long
enough, the device can be put into the SLEEP mode and the cor-
responding power consumptionRg,. We assume thdyn, Psdp
andPg), are constant values. It is obvious tfatn > Psgp > Psip.

We assume that there is no direct transition between the SLEE
mode and the RUN mode, i.e., the transition must go through th
STANDBY mode. The transition overhead between the STANDBY

of an embedded system that includes a DVS-enabled CPU and mul mode and the RUN mode is assumed to be zero, and we only con-

tiple DPM-enabled peripheral devices and is powered by aBFC
hybrid source. The FC-B source consists of an FC as the primar
source that provides the average power, and a rechargeatbbeyb
that supports the fluctuations in the load demand. The atnguagid
discharging of the battery is controlled by the CMS (chargem
agement system). The control system implements a fuelezffic
energy management policy; it applies DVS/DPM policy to the e
bedded system and a fuel flow control policy to the FC system.

fuel flow control
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Figure 1: System overview.

2.1.1 Embedded system

DVS enabled CPU: The CPU power consumption consists of the
dynamic powerPgyn, and the static power (including the intrinsic
power and the leakage power). This is modeled as

@)

Pcpu = Cett ><ded>< f +Pon+Vud X Istatics
—_—

Payn static power

where bothPy, and lstatic are assumed to be consta@t;+ is the
effective capacitance determined by the switching aatisjlyg
is the supply voltage andl is the operating frequency. Sindel

W, whereV; is the threshold voltage, aralis a system pa-
rameter. We assumgq >\t ando = 2, thenf O Vyg.

We defines as the scaling factor which is the ratio of the highest
frequency to the operating frequency. Tisus 1 ands[] Vd’dl. We
defineky as the ratio oPgyn to Pcpy andk; as the ratio oPon to
Pcpy at the highest frequency. Th&apy is represented as

Pepu(s) = Popu(l) X (K1S > +Ka + (1— K1 —Kp)s™1).

@)

sider the transition overhead between the SLEEP mode and the
STANDBY mode. The transition delay to the SLEEP modeig

(pd: power down) and the corresponding power consumption is
Ppd- The transition delay from the SLEEP modetjg (wu: wake

up) and the corresponding power consumptioR,js. We put the
device into the SLEEP mode when the idle period is longer than
the break-even timelpe. The is determined byPsqgp, Psip and the
transition overhead [9].

The device energy consumption during the active period is de
fined asE,ct, and the energy consumption during the idle period is
defined asEjgje Which also includes the transition overhead. The
total energy consumed by the device is thgxyc = Eact + Eigle-

2.1.2 FC-B hybrid power source

FC system: As shown in Figure 1, the FC system consists of the
FC stack, the primary DC-DC converter, and other compor{ents
shown) such as the cooling fan, the air supply fan, the fusigu
etc. In the FC stacki, andO, react to produce electricity. The
primary DC-DC converter is in charge of power regulatiord has
a constant output voltage of 12 V.

The FC output poweP: can be set to a value in thead fol-
lowing range Q = [P, P"®, by varying the fuel flow rate. The
corresponding FC output current is calculated by

_P
Ve’ @

The FC system efficiencys, is determined by the FC stack ef-
ficiency, the primary DC-DC converter efficiency, and the pow
consumed by other components. Figure 2 piptas a function of
the FC output currentg. When the air supply fan and the cooling
fan operate at the optimal speed determined by the outprertur
the FC system efficiency is shown in Figure 2(b). In the lodd fo
lowing rangens can be represented by = a — 3 x I wherea >0
andp > 0. This is the case that is considered in this paper. A sim-
pler mechanism is to operate the fans at constant speeddiesa
of the FC output) and has been considered in [15, 16]. In such a
systempns appears to be almost constant within the load following
range, as shown in Figure 2(c), and can be said to correspdahd t
case whet3 = 0.

I
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Figure 2: Measured FC stack efficiency and FC system efficiency of
the BCS 20 W, 20 stack, room-temperature hydrogen fuel cell®2 psig
Hy pressure).

The fuel flow rate is proportional to the FC stack currép, In
our system, the relationship betweep andlIr is given by

_yxle _yxIr
Ns a—BxIg’
wherey is a constant determined by the FC system.

©)
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Battery: The battery in Figure 1 acts as an energy buffer. The
battery status is denoted Bswhich is the remaining energy in the
battery, and the capacity of the battery is denote®2&. When

Pr is higher than the load power, the charge management system

(CMS) switches the battery to the charging mode, and thee€orr
sponding energy stored into the battery is denoteBiag When

Pr is lower than the load power, the battery works in the disghar
ing mode to support the embedded system, and the energyl pulle
from the battery is denoted &is. In this work, we assume that
the CMS and the battery perform zero-loss charging/digghgr
operations.

2.2 Optimization framework

Our goal is to maximize the operational lifetime of the FChwit
a fixed amount of fuel, which is the same as minimizing the fuel
consumption due to execution of a set of tasks. The fuel acopsu
tion is proportional to the integration of; over time, and thus the
cost function that we need to minimize is defined as

c:/lfc~dt. (®)

The following constraints have to be satisfied. First the BE o
put power has to be within the load following range, i.e.,

FC-constraint P < Pp < pMa

@)

At any point in time, we cannot store energy into the battéer at
has been fully charged, and we cannot pull energy from theryat
if it has been exhausted. We refer to these as the hard cimtstra
of the battery, i.e.,

Hard B-constraint 0 < B+ Echg— Egis < BT

®)

To maintain a robust and stable operation, we add an addition
battery constraint as shown in Equation (9). This constrigia
soft constraint, and could be violated when it conflicts witile

FC-constraintor theHard B-constraint
Soft B-constraint Ecphg = Egjs.

9)

Figure 3 illustrates the energy flow of the FC-B system. The
fuel consumption in terms af transforms to the FC output energy,

FC systen Eec
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Embedded
system

ELOAD
>
chg

Ed\s

Battery

Figure 3: Energy flow of the system under consideration.

Erc = [P -dt. The embedded system consumes en&igyap.
If all the above constraints are satisfied, we hBwe = E_ oap-
We summarize the definitions used in this paper in Table 1.

Table 1: Definitions

S the scaling factor of the DVS-enable CPiJ; 1.

Pcpu(s) CPU power when it is scaled ty

K1,K2 the coefficients in CPU power model.

Prun, Psdb, Psip device power in RUN/STANDBY/SLEEP mode.

Ppd: Pwu device power when entering/exiting SLEEP mode.

Tpd: Twu delay when entering/exiting the SLEEP mode.

The break-even time of the DPM component.

d deadline of the task.

T execution time of the task when= 1.

Ecpu(s) CPU energy consumption.

Eact(S), Eidie(s) | device energy consumption during active/idle perigd.

Epvc(s) device energy consumptioBpyc = Eact + Eigle-

ELoap(S) load energy consumptioi; oap = Ecpu + Epvc.

B battery status, the remaining energy in the battery
| BMX battery capacity.

Echg Edis energy charged to/discharged from the battery.

P, IE FC system output power/current.

Q=[P™", P | load following range of the FC system.

Vpc =12V output voltage of the primary DC-DC converter.

Ns FC system efficiency.

ao,B,y the coefficients of FC system.

I FC stack current.

Cc cost function, the integration of; over time.

3. MOTIVATIONAL EXAMPLE

We illustrate the proposed FC-aware DPM-DVS method with a
motivational example. To simplify the analysis, we consigsin-
gle task that requires one peripheral device coupled warCRU.

The CPU power model is specified Bypy(1) = 10 W,k1 = 0.8
andk, = 0.1. The CPU supports scaling factors from 1 to 2 with
steps of 0.1. The power modes of the peripheral device aoifigak
by Prun =8 W, Psgp=4 W, P5jp = 1.6 W, Tpg = Twu = 0.05 sec and
Ppd = Pwu= 6.4 W. The break-even time e = 0.2 sec. The task
is specified by its deadlingl = 2 sec, and its execution time~=
1 sec. The FC system output can be varied between [4 15] W; its
coefficients arex = 0.46, = 0.13 andy = 0.32. The battery is
pre-charged to half of its capacity 100mA-hr. The FC outmlyo
changes at the boundaries of the task.

As shown in Figure 1, the system-level management policy con
sists of a policy applied to the embedded system and a pagticy a
plied to the FC power source. In this example, we considardiu
ferent policies for the embedded system and two differelitips
for the FC. The embedded system policies are: (a) Pbléseline
which does not apply any DVS or DPM technique, (b) PoldyS
which minimizesEcpy by applying DVS on the CPU, (c) Policy
DPM which minimizesEpy ¢ by apply DPM on the device, and (d)
the proposed policpVS DPM which minimizesE_oap by apply-
ing both DVS and DPM on the embedded system. The FC policies
are: (1) PolicyASAPwhich sets the FC output power as close to
the load power profile as possible, and (2) proposed p&EL
which sets the FC output power to an average value in the task d
ration and lets the battery switch between discharging aacying



modes. The corresponding load profiles and the FC outpulsleve
for the eight combinations are shown in Figure 4.
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Figure 4: Motivational example - profiles of different policies.

First we check the energy metrics of the four different pegion
the embedded system side. Table 2 lists the scaling faatorthe
values ofEcpy, Epvc andE_poap under different policies. We see
thatDVShas the lowest value d&cpy but the highesEpyc, DPM
has the lowest value dEpyc but the highesEcpy. DVSDPM
considers both DVS and DPM, and is successful at achieviag th
lowest total energy consumptioBy ot aL-

Table 2: Motivational example - load energy metrics

(a)baseline| (b) DVS | (c)DPM | (d) DVSDPM
S 1 2 1 1.3
Ecpu 10J 5J 10J 7.03J
Epvc 127 16J 10.08J 12J
ELoap 22] 21 20.08J 19.03J

To illustrate the difference between the two FC control ¢ie§,
consider the profiles shown in Figure 4(a-1) and Figure 3(a-2e
load power during the active period ([0 sec, 1 sec]) is 18 Wicio
ASAPsetsPr: to 15 W according to thé&C-constraint(given in
Equation (7)) and this causes the battery to discharge. fi&fysa
the Soft B-Constraingiven in Equation (9)), during the idle period
([1 sec, 2 sec]Pr is adjusted from 4 W to 7 W. If instead we use
Policy OFC, then for the entire duration (active period and idle
period), FC output power is set to 11 W as shown in Figure 3(a-2

After determiningPr, we calculate the fuel consumption in terms
of ¢ by using Equations (4) (5) and (6). The valuescofor the
eight policy-combinations are shown in Table 3. As we canthee
lowest fuel consumption is achieved by the combination diclyo
DVSDPM and PolicyOFC.

Table 3: Motivational example - fuel consumptionc (A-s)

(a)baseline| (b) DVS | (c) DPM | (d) DVSDPM
(1) ASAP 1.83 1.61 1.68 151
(2)OFC 1.72 1.62 1.52 1.42

4. ALGORITHM OFC _DVS_.DPM

The proposed algorithfFC_DVS DPM consists of two main
steps: load energy minimizatiotry applying DVS and DPM to-
gether, followed byoptimal FC output control When we cannot
control the FC output, as in our previous work [15], the miaim
load energy consumption does not correspond to the mininel f
consumption. However, if the FC has the capability to chatge
output power by controlling the fuel flow rate, the load eyergn-
imization is an essential step for fuel minimization [16].1This
will be formally proved in Section 4.1.2.

We first describe our algorithm for the single task case, had t
expand it to the multiple-task case.

4.1 Single task

4.1.1 Load energy minimization

We first describe how to minimizE_oap Where there is only
one peripheral device involved. Let the task have a deadliaed
execution timer. We define a break-even scaling facsg, corre-
sponding tolye, as

_ d—The
==
The system-level energy consumption of the embedded system
ELoab(S) = Ecpu(s) +Epvc(s) = Ecpu(s) + Eact(s) + Eidie(S),
(11)

whereEcpy is calculated by Equation (3), and the device energy
consumptions are calculated by

(10

e

Eact(s) = Prun XSXT, (12)
Eie(s) = Psip X (d — ST — Tpd — Twu) + PpdTpd + PauTwu  if S< Spe,
idlet>) = Psgpx (d — 1) otherwise
(13)

SinceE pap in Equation (11) is convex in the range 9K Sy
as well as in the range af> s,¢, We can find the optimal scaling
factor by comparing the two minimum values in these two range
For instance, whea< s, the energy function can be expanded to

ELoab(S) = Psip X (d —Tpd — Twu) + PpdTpd + PwuTwu +
(k153 +Ka+ (1—K1 —K2)s ™) x Pepu(1) + Prun — Psip) X ST,

2k xXPepy(1)
KZXPCPU(1>+PTUH7PS|D.
that the scaling factor has to be boundedshyby definition. Sim-
ilarly, the minimal value ofE| pap(S) Whens > s, OCcurs ats =
3 2K1><Pcpu<1)

K2 xPepy (1) +Prun—Psab

The power model of a real system might be more complicated
and cannot be expressed by simple convex functions. In s, c
the optimal scaling factor has to be determined by numesiaich.

Next we consider the case when the task execution requires
devices, and each device has a different break-evenTime We
sort the devices in decreasing order of their break-eveasjreo
that spe1 < Spe2 < -+ < Spen- Next we determine the value of
s which minimizesE oap(s) by searching in each of the interval
(Shek—1;Soek]- In a real system, the CPU only supports a few dis-
crete scaling levels, so the scaling factor correspondirige min-
imum energy consumption can be easily calculated by numieric
search.

Note that our approach is similar to [13], but is more gengeral
that it considers more accurate power models for both the &l
the peripheral devices, multiple devices and devices wiiktipte
power states.

and its minimal value occurs at= ¢ Note



4.1.2 Optimal FC output control

After determining the load power profile, we set the FC output
power such that the fuel consumption is minimized. In ouviongs
work [17], we have shown that setting an average FC outpuepow
during the wholaask slot(active period + idle period) corresponds
to the lowest fuel consumption. This is formally proved belo

THEOREM 1. When a fixed amount of energy is to be drawn
from the FC in a fixed amount of time, less fuel is consumed by op
erating the FC at a single output level than operating it attiple
output levels.

PROOF We only need to prove that operating the FC at one sin-
gle power output level consumes less fuel than operatingtiwa
power output levels.

Assume that we want to draw energyfrom the FC in timeT .

We consider two policies.

e Setting |: We first operate the FC at output Ieﬂ?gl_l ina
duration with lengti\7 , where 0< A < 1. Then we operate
it at output level g in the remaining duration of lengitl —

A)7T . The two output levels have to satisfy
Voc X (lE1 X AT +ipax (1=N)T)=%.  (14)
According to Equations (5) and (6), the corresponding cost
function is
yx g1 y X er
a = ——T0 XAT X (1=N)T
! a—Bxlgy a—Bxigp x )

= f(ira) x A+ f(ir2) x (1-N), (15)

where functionf (x) is in the form off (x) = gﬁxﬁxxi.

e Setting Il: We operate the FC at the output leifelin the
whole duration. Similarly we have

VD(:><|~|: XT =E, (16)
and the cost function is
y><|~|: ~
=—— — x7 = f(lg). 17
= g ¥ (Ir) 17)

Function f(x) is convex in the load following range, because
f(x) > 0. From Equations (14) and (16), we know that

|~|:71><)\+|~|:72>< (1-MN) = It (18)
Based on the definition of the convex function,
ca>an- (19)

Thus Setting Il with a single output level consumes less. fiNelte
that if the FC system has constant efficiency as shown in Eigur
2(c), i.e.,p =0, thenc| = ¢y and the single level output level is
still a good choice. [

LeEmMA 1. If the FC operates at a single output level, lower
FC output energy corresponds to lower fuel consumption.

PROOF. In duration7', assume that the single FC outppt=
llow delivers energyeqw, and that the smgle FC outplit = |h|gh
delivers energyEnigh. If Enigh > Ejows Ih,gh > llow becausdr is
a linear function of£. Chigh > Ciow Since the cost functiog is

monotonically increasing dg increases. That is,
Zhigh > Zlow = lhigh > liow = Chigh > Ciow- (20)

O

Note that Lemma 1 also shows that lovigpap results in lower
fuel consumption.

From Theorem 1 and Lemma 1, we see that for a ceBgaijpp,
the minimum fuel consumption is achieved by setting the Futu
level to a single value given by

ELoaD
4

If the desired value oPr is beyond the FC load following range,
i.e., theFC-constraintin Equation (7) is violated, we sé¥ to
pmax (if Eigro - pmawy or pmin (if g < pmimy_|f the desired
value of P cannot satisfy thélard B-constraint we setPr to the
closest boundary value determined by Equation (8). In thases,
we might have to sacrifice th#&oft B-constrainfor the current task
slot, and the difference betwe&ha;s andEg is compensated for
in the following task slot (slots) by appropriate choicePpf

4.2 Algorithm OFC_DVS_DPM

Figure 5 describes the flow chart of Algorith@FC_DVS DPM.
For each task, we first do load energy minimization, and thah fi
the optimal FC operating level. This is performed sequéntiar
each task in the task queue.

Pe =

(1)

Input: task sequence)
FC-B power parameters
k=1

Load energy minimization
determine the scaling factor fortagk T

}

Optimal FC output control
@ determine the FC output in the task slqt
=K+ i

Apply the DVS-DPM policy on the embedded
system, and control the FC system output to
execute task T

Figure 5: Flow chart of Algorithm OFC_DVS_DPM.

5. EXPERIMENTAL RESULT

In this section, we compare the performance of the proposed a
gorithm, OFC_.DVS DPM, with the competing policies for a syn-
thetic random task trace.

5.1 Experimental settings

The FC-B power source consists of an FC with load following
range [4 W, 15 W] and coefficients= 0.46,3 = 0.13 andy= 0.32,
and a battery which has been pre-charged to its cap&TX =
100 mA-hr.

The embedded system consists of one CPU and two de@ges,
andD». The power specifications of the CPU (at highest frequency)
are as follows: the intrinsic power is 2 W, the static powet W/,
and the dynamic power is determined by the task since differe
task has different switch activities. The scaling factarpported
by the CPU are in the range of 1 to 2 with steps of 0.1. The device
power specifications are given in Table 4.



Table 4: Device power specification Table 7: Experimental result - fuel consumption,c (A-s)

Pun | Psdb Psip Ppd Tpd Pau Twu The Policy | baseline| DVS DPM | DVSDPM
D; | 8W | 4W | O5W | 4W | 0.05s| 4W | 0.05s| 0.1s ASAP | 3332.3 | 2723.9| 3186.0 2746.1
D, | 5W | 2W | 0O5W | 1W | 0.05s| 4W | 0.1s | 0.25s OFC 2960.8 | 2659.8| 2700.8| 2504.3
There are four groups of task§;, T», Tz and T4, executed se- DVS-enabled CPU and DPM-enabled devices. Our goal is to max-

quentially. For each task grodp, there are multiple task instances ~ imize the lifetime of the FC, i.e., minimize the fuel consutiop.

of the same task type (i.e., the same CPU power model and theThis is achieved by applying a combination of an embeddetgsys
same device set). The number of task instances is randomirge  load energy minimization policy and an optimal FC outputteoin
ated between 50 to 100. The deadline of a task instance ighos policy. The load energy minimization finds the CPU scaling-fa
from in a uniform distribution between 5 sec and 10 sec; amd th tor which minimizesE| oap, defined as the sum of the CPU energy
task execution time is the product of the deadline and pemes and the device energy. The optimal FC control policy exgjici

utilization which again is randomly chosen from the rang&@@® takes into account the characteristics of the FC systemieefiiy.
100 %. The CPU dynamic power and the required device set of the It achieves the lowest fuel consumption for a giBroap. Sim-
tasks in each task group are specified in Table 5. ulations on random task traces demonstrates the supgridiihe

proposed algorithm compared to other competing algorithms
Table 5: Task specification
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