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Introduction

Energy consumption reduction is a task of primary
importance in embedded signal processing systems: sensor
networks, mobile robots, wearable computers etc. [1].
Dynamic voltage scaling (DVS) is one of the most
effective energy reduction technology [2,3.,4,5,6]. Usually
there are no or few problems if DVS is used in soft real-
times system design or for task scheduling, where
deadlines can be missed if the Quality of Service is kept
[7,8,9]. It is different for hard real-time systems where is
necessary to provide that the task never miss its deadline
and the energy saving is maximized. The problems arise in
on-line systems where the task execution time is unknown
at the starting moment of the ordinary task. Therefore the
best energy reduction regime can not be selected. In
majority of investigations and publications this problem is
solved analyzing periodic task executions with off- line
determined execution times and determined priorities.

The author has proposed the method of on-line
minimization for the hard task energy consumption in [10].
This method named mini-max is a DVS modification. The
suitability investigation of this method for different single
task realization regimes was developed in [11]. In this
article the mini-max method suitability for multitask hard
real-time systems with earliest-deadlines first (EDF) and
rate-monotonic scheduling (RMS) was investigated and the
results are presented.

The mini-max method

By wusing the “mini-max” method deadline is
guaranteed for the task execution at the minimal power till
the critical time ¢,,, after which the execution is finished at
maximal clock frequency. It is special case of DVS where
three different frequencies: nominal f (clock time ),

Jmin (rcmax) and fiax (rcmax), are used. By compilation
or simulation the task worst case execution time (WCET)
is estimated.

The task on-line execution using the “mini-max”
method:
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- start at minimal f,;, frequency and minimal power
consumption £,

- test the current task step i, execution time ¢;,,, :

(1

<t the task execution is

liran < Temax (D ~ TeminVmax )/(Tcmax - 7) =1yt -

If (1) satisfied and ¢

wran

interrupted
Eci = Te maxFeminNi » 2)
else if ¢, =1, the task execution is continued until

deadline D at maximal frequency fi,,x and

E 3)

= TemixFeman (D —Lerit ) .

ci
Comparison off-line DVS and on-line mini-max

In hard real-time systems at the task starting time by
using the classical DVS it is impossible to determine the
best clock frequency for minimal power consumption and
hard deadline conditions. Only after the task execution
time estimation at compilation for every of task step the
right frequency und t; can determined.

If the 7.; > 7,.max the power consumption for i task

step is calculated using (2), else

E.; =1.,F;N;. “4)

The values 7.; and P,; can be calculated analytically
from P(f) or selected from table or graphical curve.

The gain from the mini-max method using energy
consumptions in % can be estimated by using two
characteristics 8.0 =(E.0 = Epm )100/ Eg and
S0 :(ECO—Em_m)IOO/ECO_ For the above example:
04 =15% and 6,5 =38% [8].

Multi task time driven system design methods

To estimate the possibility and the gain from the
mini-max method using for multi task hard real-time



driven system there were two popular time driven task
scheduling principles investigated earliest—deadlines first
(EDF) or rate-monotonic scheduling (RMS). The
conditions for n independent tasks with execution periods
T; = D; and constant realization times WCET; = C;
successful scheduling was proposed by Liu und Lyland
[12].

For RM scheduling, where the task with shortest 7;
has the highest priority, it is necessary to have utilization

factor U less than U(n):
C/Ty + Cy /Ty ++++C, /T, =U <U(n)=n (2”” —1), (5)

where Uln)= (2" ~1)=1 when n =1, Ufn) = 0.83 when
n =2, Um) = 0.78 when n =3, U(n) = 0.76 when n=4,
n—>U[m)—>mn2=0.693.

By using RM scheduling the highest priority tasks

usually frequently interrupt other tasks and remarkable
time can be consumed

and T, = 10ms; C; = Ims and T3 = 14ms; U = 0.745 was
selected for analyses. The characteristics are selected
according paper [13], where off-line DVS algorithm is
used. Results of mini-max EDF scheduling are presented
on Fig. 2 (scheduling for tasks with identical
characteristics using off-line DVS).

Multi task EDF with different execution times

The previous section was devoted on-line and off-line
DVS scheduling for WCET. Yet the main benefit from
mini-max or DVS scheduling can be achieved at different
execution time task scheduling. Using EDF algorithm for
both scheduling the U < I condition is necessary to satisfy.
The results of energy consumption estimation for both
scheduling at task execution time dynamic discrete
changes are presented in Table 1 and Fig. 3.

Table 1. The results of energy consumption estimation

For EDF scheduling, where the highest priority has tasks U E Eqos Ex
the task which execution time is close by deadline or T 3311 0.5 9;;1 98“9 1020
execution period T}, utilization factor U: P 1’ 1’ 1 0:30 13:5 13:5 54
C/T; +Cy/Ty +---+C,/T, =U <1. (6) 3 2,1,1 0.42 274 315 78
4 2,2,1 0.52 49.0 54.0 96
5 2,2,2 0.59 61.7 79.0 108
. . . .. . 6 3,2,1 0.65 74.3 80.4 120
z[;;tl task EDF with-on-line mini-max and off-line 7 3.2.3 0.80 93.0 1104 126
8 3,2,4 0.86 99.6 115.0 156
. . . 9 3.3,3 0.89 117.8 126.4 162
For multl tgsk hqrd dF:adllne regl time system.el}ergy 0 33.4 0.96 1303 150 4 174
consumption gain estimation by using on-line mini-max 13 0.99 5 T 20
and off-line DVS was performed. At first EDF' scheduling 1 3.4, - 129.0 0.0 1
was used and estimated. Example of three periodic tasks
(Fig. 1) with T; and C; (C; = 3ms and T; = 8ms; C, = 3ms
F Sl K >wn < =>| <
A <t;, > < t " ti3 s tz%g ths -
«— ., — | ‘ |
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Fig. 1.Time diagram for 3 task on-line EDF scheduling using mini-max
P t ti s |
|55 ti3 > 3
% t . t31 % é e %
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Fig. 2.Time diagram for 3 task off-line EDF scheduling using DVS. The energy consumption for the tree regimes: E,,.,, = 92.9uJ, Epys

=9¢Autand E = 103.5u]
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E

task with the smallest period 7} it is started again and no

180000 © lower priority tasks can be executed (Fig.4).
160000 O A To accommodate multi task RM for mini-max method
OF. atx. o, the scheduling can be modified: after the task ;j execution
140000 A E::\Ooﬂ'jﬁ)ne DVS Ao O in step i when deadline D;, it can not be initiated again in
120000 © B min-max o ©o° o spite of its priority p; and freshed data.
100000 I Using mini-max method and modified RM scheduling
o © A OO for the same example the energy consumption time a
8000 A A diagram is built (Fig. 5). This time diagram of energy
6000 o o consumption is similar to the EDF scheduling diagram and
é the level of energy consumption is the same size for both.
4000 o
A
2000 o
&
01 02 03 04 05 06 07 08 09 10 P _
Fig. 3. Energy consumption as function of utilization U for ¢ | ¢
nominal frequency, off-line DVS and on-line mini-max 1 31
Mini-max multi task RM scheduling
The problem of the mini-max for RM scheduling can 0 8 10 14 16
be analyzed by using the previous simple example (C; =  Fig. 4. The mini-max RM scheduling problem
3ms and 7;= 8ms; C, = 3ms and 7, = 10ms; C; = Ims and
T5= 14ms; U = 0.745) . After finishing the highest priority
P
S|« > e & ;
_________________ T | | 14
4 <tz > & 2 b3 < t%%g 1
ti i
||
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Fig. 5. Diagram for 3 task on-line modified RM scheduling using mini-max

Conclusions

The analytic investigation confirms that mini-max
method can be successfuly used for energy consumption
optimization in multi task systems:

1. For hard real-time multi task time driven EDF
scheduling mini-max method at U < / can be used on-
line;

2. The energy consumption is linear to utilization factor
U;

3. The energy consumption using mini-max is roughly
10% smaller than using off-line DVS;

4. The mini-max method can be used for modified multi

task RM scheduling and the benefits of energy

consumption are similar to EDF scheduling.

Further experimental investigations are necessary for
the method implementation.
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Applicability of mini-max method of scheduling for hard real-time multi task time driven EDF is investigated and the gain of its
usage is estimated. The Multi- task scheduling can be implemented on-line using mini-max method. The energy consumption is roughly
10 % smaller for mini-max method compared to DVS off-line method. Mini-max method can be successfully used for modified multi
task RM scheduling. Il1. 5, bibl. 13 (in English; summaries in English, Russian and Lithuanian).

A. baymc. Ucnoub3oBanue meroga Mini-Max st ONTUMU3ALUK YHEPronoTped/ieHns B MHOT032Ja4HbIX CHCTEMaxX pPeajibHOIo
BpeMeHH // DIeKTpOHHKA U diekTpoTexHuka. — Kaynac: Texnouorus, 2007. — Ne 5(77). — C. 61-64.

Hcenenyrorcs BOSMOXKHOCTH MCIIOIb30BAaHUS METOAA Mini-max Ui 3KOHOMUH HEProNnOoTPeOIeHUsT B MHOT03aJa4HbIX CHCTEMax
peanbHoro BpemeHH. OCHOBHOE BHHUMaHHE YJAEJIEHO CHCTeMaM peanbHOro BpemeHun ¢ EDF miaHupoBaHMEM C KPUTHYECKHIMHU
ycnoBusamHE. [Toka3aHo, 9TO METO mini-max OTKPBIBAET BO3MOXKHOCTB B PeXHMeE ,,0on-line” Ha 10 % MOHU3NUTH YHEPromOTpedICHHE IO
cpaBHeHuto ¢ DVS off-line. Metox mini-max He MOXeT OBITh HEITOCPEACTBEHHO MpUMEHEH ITpi RM mimaHnpoBaHWN MHOT0331a9HBIX
cucrteM. OIHaKO NPH HCIOJIB30BAaHUM IPEUIOKEHHOTO MoaupunupoBaHHoro RM Moryt ObiTh monydeHsl aHanormunele ¢ EDF
IUTAaHUPOBAHMEM pe3yibTatTel. M. 5, 6ubm. 13 (Ha aHrIHHCKOM s13bIKe; pedhepaThl Ha aHTIIHICKOM, PYCCKOM H JINTOBCKOM 3. ).

A. Baums. Minimakso metodo taikymas realaus laiko sistemy energijos suvartojimui minimizuoti // Elektronika ir
elektrotechnika. — Kaunas: Technologija, 2007. — Nr. 5(77). — P. 61-64.

Nagrin¢jamos minimakso metodo taikymo energijos suvartojimui minimizuoti realaus laiko daugelio uzduociy sistemose galimybés.
Daugiausia démesio skiriama realaus laiko sistemoms su EDF planavimu esant kritinéms salygoms. Parodyta, jog minimakso metodas
igalina realiu laiku iki 10 % sumazinti energijos suvartojimg palyginti su DVS metodu. Minimakso metodas negali biiti tiesiogiai
taikomas planuojant daugelio uzduociy RM sistemas. Taciau, taikant pasiilyta modifikuota RM, galima gauti tokius pat rezultatus kaip
ir planuojant EDF. 1. 5, bibl. 13 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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