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Abstract clearly causes a waste of computational resource, because,
in order to guarantee the feasibility of the task set, the
Dynamic voltage scaling (DVS) is a technique used processor speed must be set to the nearest level greater
in modern microprocessors operated by battery to set than the optimal one.
voltage and frequency levels at proper values that meet  Recently, some authors proposed solutions for proces-
performance requirements while minimizing energy con- sors having discrete speed levels. For example, Mejia-
sumption. Most of the present work on DVS manage- Alvarez et al. [9] proposed an approach where a different
ment, however, is based on simplistic assumptions aboufrequency is assigned to each task; however, their proces-
the hardware characteristics that limit the real applica- gor model is simpler than the one used in this paper and
bility of the proposed algorithms. Typical simplifying the assignment problem is NP-hard, thus it can be solved
assumptions consider continuous processor speed, neglipn fine only by a heuristic algorithm. More recently, Bini
gible overhead during voltage switching, task execution gt g|. [3] presented a method for approximating any speed
time linear with frequency, and tasks with equal power |eve| with two given discrete values, which are properly
consumption. In this work, we enhance the task model togyitched as a pulse width modulation signal to obtain its
consider some of the real CPU characteristics, and inte- average value. Schedulability analysis to guarantee the

grate energy-aware algorithms with elastic scheduling to feasibility of real-time task sets running under this mode
improve control performance of embedded systems run-yas also presented.

ning on architectures offering a limited number of oper-
ating modes. Implementation issues and experimental re-
sults for the proposed algorithm are also discussed.

In this paper, we present a novel DVS management al-
gorithm that integrates energy-aware with elastic schedul-
ing to cope with processors with a limited number of op-
erating modes. To avoid wasting processing time due
to speed quantization, we consider a more flexible task
model, in which tasks can operate within a given range

Most of modern embedded systems are operated byof periods, with different performance. Whenever the se-

_ . L lected (discrete) speed level leaves some free processor
batteries, hence reducing energy consumption is one of

L bandwidth, elastic scheduling is invoked to reduce task
the major issues to be solved. When such systems have 9

. . . . periods to fully utilize the processor and increase the con-
also real-time requirements, then the issue of reducing en-

. . . . : ... trol performance. The algorithm allows the application
ergy consumption must be considered in conjunction with . .
. . . to select between energy-oriented, performance-oriented,
the one of meeting timing constraints. The problem of

S . : : and user-defined strategies.
minimizing energy consumption while guaranteeing real- Tob ider the eff f the hard hi
time constraints has been widely considered in the real—t 0 e;[terkcon5| e;'rt Ef[_e ects oft i ar V\;‘::re arc |t?c—
time literature [1, 2, 10], however most of the achieved ure on task execution times, we enhance the execution

results assume that the processor can continuously adaptfmfa moFieI by splitting the coc_ie in two_parts: one that
its voltage and frequency to vary its power consumption. varies with speed and one that is speed independent.
Unfortunately, commercial processors only provide a  11€ Proposed algorithm has been implemented in the
limited number of operating modes, each characterized byShark real-time operating system as a new scheduling
a given voltage, clock frequency, and power consumption. module, and experimental results have been derived on an

Adapting a continuous model to a discrete DVS system Athlon64 3000+ processor.
The rest of the paper is organized as follows. Section 2
*This work has been partially supported by the Italian Ministry of

University Research under contract 2003094275 (COFINO3) and con- presents the models useq to describe the .executlon Flme
tract 2004095094 (COFINO4). and the energy consumption of a task. Section 3 describes
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the integrated DVS-elastic algorithm. Section 4 describesfrequency C;,... = C;(1)) and at the minimum fre-

some experimental results, and Section 5 states our conquency C; .. = Ci(smin)). In fact, since by equation
clusions and future work. 1),
Cimin — M + (1 _ ¢i)Cimw
2 MOdeIS Smin
theng,; can be computed as
This section presents the models used throughout the c _C .
paper for task execution times and power consumption. In ¢y = —min_ “tmax  CTRIR 2

Oinlam 1- Smin

addition, the elastic model is briefly recalled for the sake
of completeness. To simplify the comparison between  Figure 1 shows the functiof(s) for a set of different
processors with different frequency rang&,in, fmaz)s values of¢. It can be seen that the simplified model that
all the quantities of interest (power, computation times, considers the execution time inversely proportional to the
etc.) will be expressed as a function of speed, defined asfrequency (equivalent to the cage= 1) gets worse as the
the normalized frequency= f/ fma...- Hence, the valid-  frequency decreases.

ity range for the normalized speed[iS,in, Smaz), Where
Smin = fmin/fmaz @Ndsmae: = 1. As for the voltage,
the rule adopted in the algorithm is to select the minimum
voltage level compatible with the frequency represented
by the resulting speed. This approach is in line with the
CPUFreq driver used in Linux, which leads to a simple
and fast implementation.

2.1 Execution Time Model

Typically, task execution times are considered to be in-
versely proportional to the clock frequency and are mod-
eled asC;(s) = C;,,../s, whereC; __ is the task exe-
cution time at the maximum processor speed. Extensive
experiments on real hardware, however, show that this as-
sumption is not correct. A more accurate model is to split
the execution time in two parts: one dependent on the  Figure 1. C(s) as a function of the ¢ param-
CPU frequency, and one independent. While the former eter.
part is due to the code that works with the processor or
with the hardware running at the CPU frequency, the lat-
ter part comes from the code that uses hardware devices, , Energy Consumption Model

that are not affected by frequency changes. For example, In CMOS integrated circuits, the dominant component

the. video OquUt _ope:jates at thifrequer.nchy Ef tgiECI buZ’of power consumption is the dynamic power dissipation
so its execution time does not change with the speed e to switching, which is given by

Let C; be the execution time evaluated at the max-

max

imum processor speed, and kgt be the percentage of P=C. Vi f
code which deals with the frequency-dependent hardware. _ _ o ' o
Then, the task execution time can be modeled as whereC. is the effective capacity involved in switching,

V2, is the supply voltage anflis the clock frequency. The
(1) value of the capacity’.;; depends on two factors: the
load capacityC being charged/discharged and the activity
Unfortunately, classifying the code in the two parts de- weight a, which is a measure of the actual switching ac-
scribed above is not easy, because the actual executionivity. Thus,C.;; = axC. Moreover, a voltage reduction
times depend on the architecture on which the task is run-causes an increase of the delays in the gates, according to
ning. For example, operations that rely on RAM mem- the following formula:
ory are frequency-dependent if running on ARM proces-
sors and frequency-independent if running on x86 archi- D=k
tectures.
The value of¢; can be estimated experimentally by wherek is a constant and; is the threshold voltage. Ob-
measuring the execution time of a task at the maximum serving that the processor speed is directly proportional

Ci(s) = % +(1-)C,

max *

Vaa
(Vaa — V2)?



to the clock frequency and inversely proportional to the As shown in [4], ifT'; is the set of tasks that reached
gate delay, it turns out that the power consumption of a their maximum period (i.e., minimum utilization) atg
processor grows with the cube of its speed. The overall en-is the set of tasks whose utilization can still be com-
ergy consumption of the system, however, also depends orpressed, then to achieve a desired utilizalign< U4
other components of lower grade. Martin et al. [7, 8, 11] each task has to be compressed up to the following utiliza-
derived the following relation to describe the power con- tion:
sumption as a function of the speed: I
~Ua+Up) - 4

VTZ‘ S Fv Ui = Uimw — (Uvmw B
P(s) = K35 + Kys5° + K15 + K. (3) v
) o _ Wwhere
The K3 term is the coefficient related to the consumption U _ Z U, 5)
of those components that vary both voltage and frequency. e et fmas
The K coefficient is related to the hardware components
that can only vary the clock frequency, wheréd&g rep- U= Y Ui, (6)
resents the power consumed by the components that are i€y
not affected by the processor speed. Finally, the second
: N E,= ) E. (7
order term {3) describes the non linearities of DC-DC e

regulators in the range of the output voltage.
If there exist tasks for whict/; < U; ;. , then the period

2.3 Elastic Task Model of those tasks has to be fixed at its maximum valye,

In our framework, each task is considered as flexible (so thatU; = U;,,,,), setsI'y andI', must be updated
as a spring, whose utilization can be modified by chang- (hencel’r andE, recomputed), and equation (4) applied
ing its period within a specified range. More specifically, again to the tasks ifi,. If there exists a feasible solution,
each task is characterized by four parameters: a worst-that s, if the desired utilizatioty, is greater than or equal
case computation timé€;, which depends on the proces- to the minimum possible utilizatiot, i, = > .-, chi -
sor speed according to equation (1), a minimum period the iterative process ends when each value computed by
T;.... (considered as a nominal period), a maximum pe- equation (4) is greater than or equal to its corresponding
riod T; ., and an elastic coefficief;. The elastic coef-  minimumU;
ficient specifies the flexibility of the task to vary its utiliza- All tasks’ utilizations that have been compressed to
tion for adapting the system to a new feasible rate config- cope with an overload situation can return toward their
uration: the greateF;, the more elastic the task. Hence, nominal values when the overload is over.
we consider a set of elastic tasks, where each task is

min "

indicated by: 2.4 Overall task model
To integrate the execution time model with the elastic
7i(Cis Tipins Tiya» Bi)- one, each task will be denoted as follows:
In the following, T; will denote the actual period of task 7(Ci i T T B
7;, which is constrained to be in the range . ,7; .
Moreover, we defind/; ., = C;/T; .. as the nomi-  where the meaning of the parameters has been explained
nal utilization of taskr;, Uper = > 1y Ci/T5,.., @and in the previous sections.

Umin = Z:;l Ci/Timam '

Note that bothU,,.. and U,,;, depend on the pro- 3 Algorithm Description
cessor speed, hence any load variation due to a speed
change is always subject to alasticguarantee and is ac- The algorithm proposed in this paper combines DVS
cepted only if there exists a feasible schedule in which management with elastic scheduling to enhance perfor-
all the periods are within their range. In our framework, mance or reduce energy consumptions in systems with
tasks are scheduled by the Earliest Deadline First algo-discrete operating modes. In the following, we assume
rithm [6]. Hence, ifU,,.. < Uy, all tasks can be created that U,in(Smaz) < Uq (WhereU; < 1), otherwise no
at the minimum period;, , , otherwise the elastic algo- feasible solution can be found and the task set is rejected
rithm is used to adapt the tasks’ periodsZposuch that by the feasibility test. Thé/; parameter allows the user
> % = Uy < 1, whereU, is some desired utilization to tune the effective load on the processor according to
factor. It can easily been shown (see [4] for details) that a the actual overhead introduced by the kernel, which can
solution can always be foundif,,;, < Uy. be measured off line. A valuE; = 1 should never be



used, since other internal kernel activities (e.g., the inter- 4 Cimax P, Timax Timi” E; S
rupt handlers for the network or other peripheral devices) l l l l l
could create critical transient overload conditions.

At the application level, the user can choose among
three high level strategies:

Y

Power Manager

e Energy saving energy consumption is minimized Ci(s) |T; T E
by selecting the lowest processor spagthat guar- v
antees schedulability with the maximum periods;
then, ifU,,in(se) < Ug, periods are reduced by the
elastic algorithm to reach the desired utilizatigp,
thus improving the control performance. Ci(s) T

Y Y

Y

Elastic Schedul er

Y

e High performance: control performance is maxi-
mized by selecting the lowest processor spegd Scheduler
that provides full performance, that is, that guar-
antees schedulability with the minimum periods; if
Sp > Smag, that'is, if Upaz (Smaes) > Ug, thens,
is set t0s,,4, and task periods are enlarged by the oriented, then the minimum theoretical spe€d (i.e.,
elastic algorithm to reach feasibility with the desired in a continuous range) is computed as the speed that
utilization U,,. minimizes energy consumption while guaranteeing the

schedulability of the task set.

Considering the computation time model expressed in
equation (1), the total processor utilization can also be ex-
pressed as a function of the processor speed:

Figure 2. Block diagram of model flow.

e User mode this mode allows the user to manually
select a speed leve], included in the rangest, s,]
defined by the two previous modes.Uf, 4. (s.) >
Uy, periods are enlarged by the elastic algorithm to

reach feasibility with the desired utilizatidr,. Uls) — Z CET(S)
The algorithm consists of three hierarchical levels. At .
the top level, the power manager performs the acceptance _ Z ¢7 zm“ n Z (1= 0i)Cipaa
test and computes the working frequency according to the
selected strategy. At the medium level, the elastic sched- UD
= —+Ur (8)

uler computes the task periods and passes the task set to
the system scheduler at the bottom level (EDF in the spe-,here Up is the processor utilization due to the

cific Case). We can see ea_ch level as a function that CON+requency-dependent code, estimated at the maximum fre-
verts the input task model into a new one accepted at thequency, whereal - is the one that is frequency indepen-
lower level. The hierarchical structure of the algorithm is yant.

illustrated in Figure 2. o . The minimum utilization computed with the maximum
The power manager is invoked every time a new task perigds can also be expressed as a function of speed:
enters/leaves the system or a new speed is selected by the

application. Task parameters used by this model are: task Uin(s) = Z 9iClipnas n Z (1- ¢z U =9i)0i0.
execution time at maximum frequenog,( ), the per- Tias T
centage of frequency-dependent codg,(parameters of UD

the task power modeK(3, K5, K1, Ky) and bounds of the = 5 + UPpin- ©)

task periodsT,...,, Tina.)- ImposingU,,,i»(s) = Uy (desired utilization), the re-

3.1 Computing the frequency bounds lated speed is given by

Most commercial processors do not allow a continu- > $iCimaz Up.
* _ tmazx min
ous variation of voltage and frequency, but only provide a Se = U= 3" (1=6)Cirman Ud —Ur
d — i=1 - min

limited number of operating modes, each characterized by imaw
specific values for supply voltage, frequency, and power If s’ is out of the range [0,1], the task set is not feasible
consumption. and it is rejected by the guarantee test.

Assuming that a single speed has to be used for In the performance-oriented  strategy, if

the whole application, if the selected strategy is energy Up,az(smaz) > U, the speeds; that guarantees



the best performance is clearbly,,,.. Otherwise, the
best theoretical speed; to achieve full performance

It is worth observing that, in the energy-oriented strat-
egy, the elastic mechanism is always used to reduce pe-

is computed as the minimum speed that guaranteesriods to bring the processor utilization up &, so im-

schedulability with the nominal periods.
Considering that/,,, ., can be expressed as

~ $Cirn o (1= 0)Ci
; sT; Jr;( T, )

tmin tmin

Umaz (5)

U
D;‘Il axr + UF

max

(10)

imposingU,q.(s) = Ua, the best theoretical spes] is
given by

Zn ?iCimay
S* _ i=1 Tivnin _ UDm,aw
"U -, S Us = Up,..

tmin

Hence, in general,

UDwnaz i
§* = m if Umaw(smaw) S Ud
P Smmaz otherwise

3.2 Frequency selection and period adjustment

Due to the discrete range of frequencies, it may not be
possible to set the CPU speedsator s;,. Hence, we set

Se = mkin {si|sk>si}s (11)

sp = mkin{sk | s > s;}. (12)

proving the control performance whenever possible. Such
an improvement is larger when the number of available
speeds is small. Clearly, the values of computation times
used in the elastic method are estimated using the speed
level computed by the power manager or selected by the
user.

Another advantage of using the elastic approach in this
context is that, if tasks have different power consumption,
elastic coefficients can be set to reduce the energy of the
tasks with higher power consumption. In fact, since the
energy consumed by a task in a given interval is propor-
tional to the number of jobs executed in that interval, elas-
tic coefficients can be assigned so that tasks with higher
power will be more compressed, that is are subject to a
larger period variation to decrease their energy consump-
tion. To obtain this result, the elastic coefficidiitcan be
set as

whereP;(s) is the power consumed by task as defined
in equation (3).

4 Experimental Results

The proposed algorithm has been implemented as a
scheduling module of the Shark real-time operating sys-
tem [5]. In this section we present two sets of experi-
ments: the first one is aimed at verifying the execution

Once the speeds. ands, are computed and task set time model introduced in Section 2, while the second one
schedulability is guaranteed in the worst case situation, presents some results related to the proposed algorithm as
there can be some possible strategies to select the operat function of the workload. Experiments are performed
ing frequency as a function of the high level approach.  on an AMD Athlon64 3000+, whose clock can be set at
four frequencies: 1000, 1800, 2000 and 2200 MHz, cor-
responding to the following normalized speeds: 0.4545,
the actual speed is set tg. If s, > s&, then 0.8181, 0.9090, 1. At the present stage, we were not able
Unmin(se) < Uy. Hence, to fully utilize the proces- to measure the actual system consumption, so we could
sor, task periods are reduced through elastic schedul-not present experimental values for the parameters of the
ing to bring the task set utilization at the desired level energy consumption model (see section 2.2) or some ex-
Ug. perimental results on the actual energy saving. This issue

will be addressed in the future.

¢ If the objective is to minimize energy consumption,

If the objective is to improve performance, the actual

speed is set te,,. Note that, ifU,,,42(sp) < Ug, all 4.1 Validating the execution time model

tasks can run at their nominal period and the elas-  Experiments were carried out with a group of five peri-
tic algorithm is not used, otherwise task periods are gdic tasks with different characteristics (i.¢ parameter),
expanded to reach the desired utilization and the execution time of each task was estimated for all

) ) _ - available speeds. The body of each task is composed as
Finally, if the user decides to select a specific speed ¢,|1ow:

Sy € [se,sp] (@mong the available levels), then the
elastic method is invoked to reach the desired utiliza-
tion Uy.

e Integer (71): 7000000 operations on integer num-
bers;



e Float (r): 90000 floating point operations and
trigonometric functions;

e Textl (r3): 700000 integer operations mixed with
the output of 9000 characters in text mode without
screen scrolling;

e Text2 (r4): same as3 but with 2100000 integer op-
erations and only 3000 characters;

e Graphics (75): like 75 but with 1500000 integer op-
erations and 150 characters printed in graphics mode.

Results are shown in Table 1, which reports the mean ex-
ecution times (in milliseconds), each obtained on 10000
task activations.

speed
0.4545] 0.8181] 0.9090] 1.0000
71: Integer 2.796| 1554| 1.399| 1.271
T9: Float 2.752| 1.529| 1.376| 1.251
T3: Textl 2.309| 2.158| 2.097| 2.078
74: Text2 2.727| 1.794| 1.678| 1.582
75: Graphics|| 2.506| 1.839| 1.756| 1.687

Table 1. Task execution times as a function
of normalized speed.

Then, theg; value of each task was computed using

Equation (2) and measured values were compared against, ¢!

the theoretical values given by equation (1). Table 2 re-
ports theg value for each task and the computation time
error of the measured value with respect to the theoretical
one. It is worth observing that, even thoughchanges
from 0.0926 to 1 the relative error is less than 2%.

Figure 3 shows the measured values of the execution
times on the theoretical curves given by equation (1).

Notice that, using the simplified model of a fully
frequency-dependent task’(s) C—S“) the error
would be much higher. For example, the theoretical ex-
ecution time of tasks (Textl) running at the lowest fre-
guency would be 4572, while the real one is 2309 (98%
faster).

4.2 Experiments on the algorithm
In this experiment we tested the behavior of the DVS-
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Figure 3. Comparison between actual exe-
cution times and theoretical values.

speed levelss?, s;, s. and s, computed by the algo-

rithm as a function of load under the energy-aware and
the performance-oriented mode, respectively.
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Figure 4. Speed bounds computed by the
algorithm as a function of the load for the
energy-aware and the performance-oriented
mode.

As clear from the graphs, when the load is less than
Uq4, even the performance-oriented strategy is able to re-
duce energy consumption, by finding the minimum speed

elastic algorithm as a function of the workload. The load that can guarantee all the tasks at their minimum periods.
was generated using the same set of tasks described ion the other hand, the energy-aware strategy allows a re-
Section 4.1, and varied by scaling the execution times duction in terms of energy consumption up to an overload
to increase the maximum utilizatiod§, 4. (Smaz)) from of about 70% (i.e., load = 1.7), when the maximum over-
0.45 to 1.8. All elastic coefficients have been set to 1 for load that the classical elastic algorithm can manage is 80%
simplicity, and the desired utilization was setifp = 0.9 (i.e., load = 1.8), for the specific task set.

to take overheads into account. Figure 4 illustrates the A significantimprovement achieved with the integrated



speed

¢ 04545 | 08181 | 0090 [ 1.000

71 Integer 1.0000( 2.797 0.04%| 1.554

0 1.383 1.16%| 1.271

T9: Float 1.0000| 2.752 0 1.529

0 1.376 0 1.251

T3: Textl 0.0926 || 2.309 0 2.121 1.74%, 2.097 0 2.078

T4: Text2 0.6031 | 2.727 0 1.794

0 1.677 0 1.582

75: Graphics|| 0.4045| 2.506 0 1.838 0.05%| 1.755 0.06%| 1.687

Table 2. ¢ values and estimation errors.

algorithm can be seen in Figure 4 65,04 (Smaz) = 1.1.

In fact, without elastic scheduling, the task set would not
be feasible with all tasks running at their nominal peri-
ods (I’»in), and the use of a pure energy-aware algorithm
with discrete speeds and maximum periods would waste
processor utilization, penalizing performance (since tasks
would run at the lowest possible rate). In fact, for this [3]
value of U,z (Smas), the utilization factor with maxi-

mum periods is 0.62, which is a lot less than the desired
valueU, = 0.9. Using the proposed approach, the de- [4]
sired utilization can be reached with a normalized speed

s = 0.8181, and tasks can run with shorter periods com-

puted by the elastic algorithm, so improving the applica- [5]
tion performance.
5 Conclusions (6]

In this paper we presented an integrated approach that [7]
combines DVS techniques with elastic scheduling to im-
prove control performance of embedded systems run-
ning on architectures with a limited number of operating (8]
modes. The task execution time model was enhanced to
consider some real architecture characteristics, such the [g]
access to peripherals, whose execution is not scalable with
the clock frequency.

Experimental results on an AMD Athlon64 3000+ with
four operating modes showed the validity of the proposed
execution model, and illustrated the advantage of the inte-
grated approach when the objective is to maximize system
performance or minimize energy consumption. [11]

As a future work, we plan to integrate the proposed
methodology with a reclaiming mechanism that will be
able to take advantage of early completions to further re-
duce the processor speed. We also plan to apply our ap-
proach to prolong the battery lifetime of a team of mobile
robot systems that need to achieve a common goal under
stringent performance constraints.

[10]
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