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Abstract

Modern cyber-physical systems assume a complex and dynaraiaction between the real world and the computing system
in real-time. One of the challenges of future systems is tiregb the separation of modal control design from the depbmyg
of executable code. In such systems it would Hédlilt, if not impossible, to analyzefisline all the possible combinations of
processor loads. For this reason, it is worthwhile attengptid define new flexible architectures that enable compusyistems to
adapt to potential changes in the environment.

Separating design from code deployment could have a signtfimpact on the overall performance and real-time coimssra
of a system. Task migration approaches may contribute tinerredistribution and reallocation of the workload — degiag on
each situation. In this context, we will consider a dynanmigieenment where an embedded and networked system operittes
support for task migration and processor frequency scalivg will assume that the system knows where and when tasks are
allocated. To guarantee that the temporal requirementeafytstem are accomplished, we will perform a feasibiliglgsis when
tasks are changed. A new processor speed (frequency 9dalalgo computed to reduce energy consumption.

We present a novel algorithm to analyse task admission ayaepsor frequency assignment. Additionally, we perforvess
simulations to evaluate the comparative performance optbposed approach. This evaluation is made in terms of groeng-
sumption, task rejection ratios, and real computing cddts.results of simulations show that from the cost, exeaytredictability,
and task acceptance points of view, the proposed algoritbstlynoutperforms other constant voltage scaling algorgh
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dynamic voltage scaling, task migration, real-time schiadupower consumption, feasibility analysis.
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environment in a dynamic manner. This paper explores methods that can be used in task migra-
From the point of view of embedded control systems, it istion when combined with techniques of energy management.
well known that the integration of controller design andltea These methods can maximize overall energy savings; fateilit
time scheduling is necessary (Cervin, 2003). However, thishermal chip management by moving tasks away from the hot
approach is not enough in dynamic environments with limitedorocessing unit; balance the workload or concentratiomcedlp
computing resources. Therefore, additional mechanisrmst mulel processing elements; decrease communication amosg tho
be included in the design to optimize the use of resources arntdsks that are particularly energsfieient on wireless sensor
provide adaptation to the changing environmental conaitio networks (WSN) systems (Yi et al., 2009; Yuan & Wang, 2008;
Likewise, specific quality of services (QoS) levels mustbarg  Kumar & Manimaran, 2007); and help guarantee the fulfillment
anteed to ensure correct system operation. These QoS levalfreal-time system constraints.
maintain a suitable control performance and a temporal pre- Several power-aware techniques have been widely addressed
dictibility in the control system. in real-time literature (Piao et al., 2009; Tavares et &0&
In this context, changes in the system operation mode, ofydin et al., 2006; Pillai & Shin, 2001). These papers haee di
in the environment, may force the disabling of some cordrsll cussed dynamic voltage scaling (DVS) of the processor, also
and the enabling of others. In addition, controller swiaghi known as dynamic voltage and frequency scaling. This ap-
mechanisms must be added in both local and distributed formgroach exploits the convex, and normally quadratic retestiop
resulting in workload changes for the embedded and netwlorkebetween CPU energy consumption and voltage. Additionally,
units (Emberson & Bate, 2007; Real & Crespo, 2004). Thishese techniques have been extended to reduce the energy con
can have a significant impact on the overall performance andumed during memory cycles (Cho & Chang, 2006; Liang et al.,
real-time constraints of the system. For this reason, task a 2008) and network energy consumption (Yi et al., 2009; Kumar
component migration approaches (Briao et al., 2007) may coret al., 2008).
tribute to on-line redistribution and reallocation of wiré&d — Let's consider a dynamic environment where an embedded
according to each situation. and networked system operates with the support of task migra
An example of this kind of architecture is proposed in Simartion and processor frequency scaling. Assuming that thiesys
et al. (2008), which is developed in the context of a distebu  knows where and when it must allocate tasks (Briao et al.7200
real-time control system and from the perspective of cdntroEmberson & Bate, 2007), we must perform feasibility analy-
kernel middleware (Crespo et al., 2006; Albertos et al.,6300 ses when each task arrives and departs. This guarantees that
The proposal includes features such as control basis,atemtr the temporal requirements of the system will be accomptishe
switching, and code delegation. From the point of view ofduring the task allocation phase. Additionally, a new psace
CPS, these approaches partially bridge the abstractiofLgap sor speed (frequency scaling) should be also computed to en-
2006). able the system to adapt itself to the new computational work
In summary, cyber-physical systems should be able to ddead and so reduce energy consumption. Although some au-
liver new levels of performance anéfieiency thanks to sophis- thors have carried out these two phases (feasibility aiscdysl
ticated control computing co-design. Control systems meafrequency scaling computation) separately (AIEnawy & Aydi
that we must change our understanding of computing systen005), these analyses are strongly related and in someaases
and accept that cyber-physical systems actively engadeindt  be performed together.
real world and real-time restrictions — and so expend real en  This work mainly focuses on proposal for a new algo-

ergy. rithm to be used on-line during theask allocation and pro-



cessor speed assignment phases. The algorithm uses fixed pri- sor frequency that never changes, or obtain variable freque
ority scheduling schemes with deadlines less than, or équal cies that are statically decided before execution. An examp
the period of the tasks when the dynamic processor workloadsf the former is Pillai & Shin (2001) in which the authors de-
are being handled. rive the minimum speed for a schedulable task set under EDF
and propose an approximated method under RM. In Saewong &
1.1. Related work Rajkumar (2003) an algorithm that chooses a single frequenc
Few works cover task migration in the context of embed-or 5 fixed priority scheduling scheme is proposed. In Bini
ded and networked systems. Moreover, most algorithms arg; 5. (2005) the authors present a method for approximating
aimed at multiprocessor systems with soft real-time camsts 5y speed level with two given discrete values that are heitc
(Yazdi et al., 2008; Emberson & Bate, 2007; Anderson et al.q5 3 pulse width modulation signal in order to obtain the av-
2005). Some papers have addressed both task migration aBF’age value. For the latter, in Mejia-Alvarez et al. (20Gdid
energy consumption minimization (Briao et al., 2007; Che”'Saewong & Rajkumar (2003), the authors propose an approach
2005). Briao et al. (2007) analyze the impact of task migrati \yhereby each task is assigned fiefient frequency. Several au-
and justify its use because it compensates for the perfarenan thors have published works that find the optimal voltage dehe
and energy costs involved in the system. ule for recurrent tasks — examples for periodic tasks irelud
Several heuristics has been proposed for task allocat@n pr | j, & Mok (2003), Yun & Kim (2003); and examples for peri-
lems with deadlines equal to the periods (Mejia-Alvarezlgt a ogic and aperiodic tasks include Zhong et al. (2007), Soordi
2004, Chen, 2007) when earliest-deadline-first (EDF) sehed g, Lipari (2006). Furthermore, speed function and the charac
ing is in use. AlEnawy & Aydin (2005) use algorithms for allo- terization of the points in time at which speed changes occur
cating real-time tasks by applying rate monotonic (RM) sthe 55 peen presented in Liu & Mok (2003) and Gaujal & Navet
ing. In their article, a comparison of some admission cdntr0(2007)' However, a drawback in the works with statically es-
algorithms is presented in function of complexity, fea#i  taplished variable frequencies can appear if a task aittivi
and energy consumption parameters. However, only tasks Witigst or delayed. The drawback is that the entire frequeney as

deadlines that are equal to the period are analyzed. Moreov&ignment will be &ected, and this leads to missed deadlines.

aspects such as predictibility of execution, behaviowatesl to Some authors, such as Piao et al. (2009), have proposed dy-
the arrival of tasks, and the real computing cost of the algopamic algorithms working in combination with static metsod
rithms are not taken into account. These algorithms can be divided into inter-task and irasdt

Atthe CPU-level, DVS techniques can be classifiestac  methods. In the inter-task algorithms, the processor #agy
or dynamic Static algorithms for hard real-time systems usejs getermined task-by-task, whereas intra-task algosthmay
parameters such as period or minimum inter-arrival timel, an agjyst the frequency within the boundaries of a given task. |
assume that each task executes its worst-case executien tifgjm et al. (2002), a performance comparison of several dy-
when selecting the processor frequency, and that this is stanamic techniques is presented. In Pillai & Shin (2001), tire a
cally decided before execution. Dynamic algorithms arebdas hors propose dynamic algorithms for the EDF and RM sched-
on the reclamation of additional slack resulting from theyea jers. Saewong & Rajkumar (2003), Quan (2004), and Leung
completions of tasks. These are then used to further rettece t(2005) propose a simple dynamic scheme for fixed priorities.
processor frequency and save more energy. These algorithm&din et al. (2004) presents a generic dynamic reclaimigg-al
are applied at run-time. rithm, as well as an adaptive and speculative speed adjostme

By using static algorithms we can obtain a single procesmechanism. Dynamic frequency changes for periodic and ape-
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riodic tasks are discussed in Piao et al. (2009). uing arrival of tasks is analyzed. These terms will be exygdi
The use of elastic scheduling to improve DVS managemernlater, particularly the real computing cost of algorithn@ur

has been proposed in Marinoni & Buttazzo (2007) and in Zhuwalgorithms are based on DVS static algorithms and search for

et al. (2004). Xia (2008) proposes energy management basethgle processor frequency while using a fixed priority sithe

on a feedback control scheduling methodology. The processing scheme.

DVS analysis has been extended by other authors to reduce en- This paper is organized as follows. Section 2 describes the

ergy consumption in the memory (Cho & Chang, 2006; Liangtask model, processor model, and the evaluation of computa-

et al., 2008) and network levels (Yi et al., 2009; Kumar et al. tional costs. In Section 3 we introduce energy minimization

2008). and the task acceptability problem in a dynamic environment
However, some of the works mentioned above are based onith variable loads. In Section 4 an overview of a schedldabi

an analysis of the hyper period. This approach can result iity method-based feasibility region is presented. In $ech

hard computing and is unsuitable for execution in run-time d  the adaptation of several existing feasibility tests fanpating

ing task migration. Some other works consider only deadlinethe processor scaling factor is shown. Additionally, irsthéc-

equal to periods and although this can be considered in spé&en aproposed A approach is presented. Section 7 presents

cific cases, it can result in hard simplifications being aggpln  the results of the simulations used to evaluate the perfocma

embedded control systems. Additionally, some studies apve of several approaches when computingdtfactor. And finally,

plied heuristics (Jejurikar & Gupta, 2004; Mejia-Alvardzaé,  Section 8 states our conclusions and future work.

2002) to obtain solutions that are sometimes far from ogdtima

2. System Model
1.2. Contributions and paper organization

L . 2.1. Task model
Global energy consumption in the system can contribute to

the load balance criteriain the code deployment phase cTihis In this paper we use a periodic task model. et= {ry,

terion can be combined with others such as schedulabitity-c 72" 7o} denote a task set ofreal-time preemptible tasks run-

munication delays, control application correctness, datiils ~ MN9 0N & uniprocessor system. Each tagki, Di, Gi) is char-

ity to determine the dynamic code movement and on-line |Oa@cterized by a periot;, a relative deadlin®;, and a worst-case

balancing in a system. However, we focus on the problem 0fzxecution timeC;. We assume critical instants of activations

task allocation, and more precisely on the feasibility gsial for each task. Tasks are scheduled by a fixed priority sched-

algorithms performed at task arrival or departure, as welha uler (RM or DM) and ordered from highest to lowest priority,

energy management meaning that; has the highest priority ang, has the lowest

In this paper, we present novel algorithm that perform feaPrionty.

sibility analyses and compute new processor frequenciesiwh We consider that only real-time tasks are executed in the

set tasks arrive arior depart. Through extensive simulations, CPU, this point being a simplification for the analysis rathe

we evaluate the performance of this algorithm against atker than a restriction.

isting feasibility tests that have been adapted to comhae t 29 Processor model
minimum processor frequency. This minimum frequency is
) ) N The power consumptiorf) per CPU cycle is proportional
computed in terms of energy consumption, acceptabiliip rat
) N ) o to C..V3,.f, whereC_ is the average load capacityyq is the
and real computing costs. In addition, predictability ie txe- ] )
supply voltage of the processor, aridis the operating fre-
cution and behaviour of the algorithms in relation to thetoon
quency of the processor. The maximum operating frequency



is a direct consequence of the supply voltage givenf by be the equivalent t€ scaled by a factor /iy and not #ect the
Kw whereK is a constant specific for a given technol- period nor the task deadlines. Wheis equal to 0, the proces-
ogy, Vth s the threshold voltage, and is the velocity satu- sor is in turn-¢f mode, and whew is 1, the processor runs at
ration index where I o < 2 (Saewong & Rajkumar, 2003; maximum clock frequency.

Pouwelse et al., 2001). However, the exact form of the power
. . 2.3. Evaluation of costs

and frequency relation specifically depends on the processo

hardware, and can be expressed in terms of CPU speed as a 10 compare dferent proposals, some authors such as Bini
second or third degree polinomial function (Li & Ding, 2001; & Buttazzo (2004) and Bini et al. (2003) have proposed the
Aydin et al., 2004; Zhong et al., 2007; Marinoni & Buttazzo, US€ of schedulability complexity tests based on the number o
2007). In this article, the curve of functioP (see Figure 1) Steps and iterations. However, if these comparisons are mad
was obtained for the relationship between power and speed dfPm the viewpoint of computational cycles, the resultsidou
the Intel XScale processor (Zhong et al., 2007), while tgkin be strongly altered. For example, the cost of 100 loop sums is

of algorithms to calculate a suitabédpha (o) on embedded
Curve of power consumption by cycle of CPU
FE SOOI U

e . e systems should be evaluated by the number of machine cycles
e b required for each mathematical operation: especiallyira-I

o E i g executions. In most embedded systems, it is well known that

: division operations have a higher computational cost thharo

03 ot 5 R operations. The routines of integer division using the N&wt

En - Normalized power consumption

S o VE Raphson approach can last between 20 and 100 cycles (Sloss

o o1 oz o o 95 5 o7 as o5 1 et al., 2004), depending on the implementation and range of

Normalized frequency

input operands. Therefore, these aspects will be considere
Figure 1: Normalized reference model of power consumptio€BU cycle as the evaluation of algorithms

used in this paper.

3. Scaling Frequency and Energy Consumption with Dy-
For the analysis of the behaviour of several DVS (dynamic  omic L oads

voltage scaling) algorithms we assume that the processbr vo

age can be changed continuously, and therefore, also the fre Energy consumption has been defined as an integral over

quency. Considering the fact that most commercially albéela the timet of £

processors only provide a limited number of voltage levals, t

searchers have proposed algorithms to map continuougyeolta ESy.0 = fo PR T (D)t

levels to discrete levels (Bini et al., 2005).We therefopendt whereS, identifies the type of scheduling, andixy can

explore the &ect of a limited number of processor frequencies.be FP or DP for fixed and dynamic priority scheduling respec-
However, thanks to advances in power-supply electronids antively. ® is the power consumed by the CPU cycle and this
CPU design, (Duan & Khatri, 2006), systems are increasinglylepends on the CPU frequency function. The clock frequency
able to operate using a wider voltage spectrum. (F) is composed as a function of timeand7 task sets for each
We also assume that the operating frequency will be adtime instantt. Figure 2 shows an example of the scaling of

justed by a normalized scaling fact@i(0 < « < 1), whichwill  processor frequency as a function of time and task set. #n thi



figure, two diferent task sets are represented over time. Obvidue to inclusions and expulsions of tasks. Therefore7the
ously, the profile frequency scaling facte(t) should change set will be defined as:

just when the processor changes the task set. This is because N
X+

. . =T+ T = TE =T+ AT
eacha is calculated for a given task set.

where the size df ;1 iISN = n+m-—p. 7] is the task set that

Frequency scaling factor in function to the task sets

migrates to the processor, afig is the task set that migrates

T T

from the processor, whefg: C Tx.
The energy consumption function when assuming the mo-
bility of componentes at instants of tiniewill be given by:

E(Sy.ta) = ft LT + ..+ ft e EC T (1)

X

Frequency scaling factor

fta
.o+ P(F(t, Txk))dt

ek

whereF(t, 7%) is the function of processor speed obtained from

0 26 46 E;O 2;0 10|00 12I00 14I00 16I00 18I00 ) ) .
Time the task sefy during a time period.

Figure 2: Example of the scaling of processor frequaeneg a function of time . . . .
4. An Overview of a Schedulability-Analysis Based Feasi-

and task set.
bility Region

The switching between task sets is represented in Figure 2 In this article the schedulability analysis and static mini
as a dashed elipse. The resultant task set is not known in aghum solutions tar are addressed from the perspective of an
vance because these are dynamically defined according o codnalysis in C-space. In this space, the task computatiogstim
delegate (J.L.Posadas et al., 2008; Emberson & Bate, 20074}; are considered as variable parameters, whereas the periods
Nevertheless, existing mode change protocols for rea-fiys-  and the deadlines are fixed parameters. Consequently, we ob-
tems (Real & Crespo, 2004) can be adjusted and applied to th&in a constraint on th€; variables, which is a function of all
movement of real-time components. These change the task setandD;.
demand by: The analysis is reduced to verify if a point is inside a region
I_delimited by coordinate€;. This region is known a&, and

e repeating the schedulability analysis for the whole rea

time system was originally proposed in Lehoczky et al. (1989).

The formal formulation of the feasibility regioR,, was

* recalculating the function(t) for scaling the frequency derived from Lehoczky et al. (1989) and conveniently demon-

of the processor. strated in Bini & Buttazzo (2004) with the following theorem

These analyses can be performed together. One importaﬂ1eorem 1. (Theorem 2 in Binie- Buttazzo (2004)). When

aspect to consider in task migration is the computationsi co ) . .
P g P deadlines Pare equal to periods T the regionR,, of a schedu-

involved in recalculating these parameters. This is bexthis —
lable task set is given by:

calculation may mean ancreasein the energy consumption

and also anncrease in the time to perform the incorporation

or rejection of tasks. Rn(T41, ..., Tn, D1, ..., Dn)lp=1, = {(Cy, ...,Cr) € RY :
After a migration of components rasultant task set7x.1) LTt
) o maxmin ’V—“Cj <t} (2)
will be understood as a modification of the current task B¢} ( i=l.ntes 43 Tj
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whereS; = (KT} : j=1...i.k = 1...[EJ}.

[#le . [#]
The elements aff; conceptually represent the arrival times [2]c [Z]Ci
of tasks with a priority higher than before deadline®; and e
D of taskt;, and assuming; = 0. This subset of values is [#le - [#]e
calledrate monotonic scheduling points In Bini & Buttazzo From this expression, it is possible to determine for which

(2004), this theorem is formulated through logical opersito  repeated valuesq gives redundant values afy as the result.
represent the maxj and min ). Therefore,S' can be redefined as:

For a better understanding and characterization in terms of
complexity and implementation costs of this approach, we wi S =G8i/sa#0nlsy

apply the following notation for a matrix representatiorEgua-

tion 2. The element sef; is represented by the matrix: RegionR, (equation 2) can be expressed as:
Si =Sy ... [Z) ) Rn(T1, ... Tn, D1, ..., Dn)lpi=t; =
wheresy is equal to the product: {(Cp,., Co) R : iﬂ?ﬁ(min Mi(SD) < S7) @)
T S S12 ... S
Tl v ' whereM;(S;) is defined in Equation 6. RegidR, is delimited
2 ' S1 S22 ... S
Sa = ®1 2 3 ... H—kJ] = by planes which define the space where the pdtsiust be
T located. However, for analysis of large task sets, the nuimibe
K S1 0 . 0

equations to be checked is huge and equals the sum of the num-
The column numbers in each row of the masixare deter-  per of elements in alB; (such as shown in Equation 4). This
mined by the derence between period taskgX)), thus sev- prevents a practical on-line application of Theorem 1. Nev-

eral elements from the matrix could be 0, and as a resultgthe sertheless, such as is demonstrated in Bini & Buttazzo (2004)

S can be defined aSf = Si / sa # 0. solving Equation 7 results in many equations that are useles
The total number of elements &f is determined by: so the idea is to reduce the number of equations by eliminat-
i . .
) . T ing the redundant elements#. This approach has led to the
Size(S;) = Z {T—'J 4) . :
Ll formulation of the following theorem:
Moreover, Equation 2 can be expressed again as: o )
Theorem 2. (Theorem 3 in Biné Buttazzo (2004)). The region
maxmin Mi(Si) < S (5)  of the schedulable task sef, such as defined by 2, is given
whereM;(S) is: by:
Mi(Si) = (ma) 6) Rn(T1, ..y Tn, D1, ..., Dp) = {(C1, .., Cp) € R"
' S :
{mili =Z{?ij | sa€S -1y
i— J i A _ .
= iTl?%(te;EI(’]Di)cl + ; {TJC' <t} (8)

wheremy is a matrix with the same dimension as the matrix  where®;(t) is defined by the following expression:

Sq. This will result in a matrix sum:

Po(t) = {t} ©)
= [ % 1
Mz ) Mz Pit) = Pia (| £ | Ti) U L)
mai=|' ™ T +.+
[#]c [#]c,



The total number of elements $§_1(t) is determined by: 5.1. LL approach

i Theorem 3. The computing of the frequency scaling factor
H X _ n-1
Sizei-) = nz_; 2 (10) a using the well-known approximate schedulability test of Li

Note that the dference between this theorem and Theoreml'('lelan (Shaetal., 2004) (LL) is given by:

2 is only the presence of th&_;(t) set, instead o8;. P;_1(t) " Uy

S 13
is aPi_1(t) € S;, and this strongly reduces the number of equa- *x n(2¥n - 1) - Up, (13)
tions to be evaluated. As a consequence, the time needed §1€ré U is the sum of the whole utilization of the part of the
establish whether a set task is inside the redgqris limited. task set that depends on the processor frequengyslthe uti-

Following the same expression as Equation 5, a periodigzaﬂon of the part of the task set that is independent of the
task set is feasibly schedulable using Theorem 2 if and dnly i PFOC€SSOL.

After amigration of componentshe new scaling factor LL

maxmin Mi(Pi-1) < P, (11) oL, is defined as:
wherep; , = Pi_1 /pItp. " (U?X(tx) + AU(fo(txﬂ))a’x y
(O n(zl/n _ 1) _ Um(tx) _ AUm(tx+1) ( )
5. Computing the Processor Scaling Factor whereAU is the diference of utilization between task in-

clusion and expulsion. Andy is the frequency scaling factor

In this section, we state — as based on the test describ%d N o
efore the migration of components. However, it is well+kmo

above and other schedulability tests — that it is possibt®to- . :
y P that the LL test is a dticient but unnecessary test, and so the

pute the frequency scaling facterfor task sets wittD=T and . LL . L
scaling factore-- may not be the minimura that minimizes

D<T. Futhermore, we establish that if this same computing ap- . .
- puting penergy consumption. This test could be used only for a task se

proach can be used for analyzing the schedulability of pléio With D=T.

task sets.
Not all execution cycles are scaled for the processor speee2. HB approach

because some operations deal with memory, or oti@de-  Theorem 4. The frequency scaling factor based on the approxi-

vices, whose access time may be fixed (Bini et al., 2005). Howmate hyperbolic bound (Bini et al. (2003)) test can be comgut

ever, access to memory can also be performediardnt speeds as:

(Marvell, 2008), and so we should use two scaling factors y® = maxan) (15)

scale the processor; apdo scale the system bus. To simplify wherea,, represent the n possible values that can be assigned to

the analysis, we assurpeas a fixed parameter equal to 1, suchalpha, and which are the result of solving the roots of thedpro

that the worst-case execution tirGecan be expressed as a pa- yct of all the n utilizations plus or(eﬂi”:l (g—f +UM+ 1) -2= O)

rameter split in two: a paramet€f which is dependent on the of the task set on the computer system.

processor frequency; and a fixed param€t®which is not.

To obtain the scaling factor aftenaigration of components

ThereforeC;i can be expressed as the execution time at th|et is necessary to solve the product by deduaing from the

maximun frequency of the processor with respect to the fre-

equation:
quency scaling factar plus a constant execution time:
: U.mx.ax
c/ n fo ne ( ' +UMm+ 1)
P = _ m U x « X ]—1 Ax+1 I
Cl a +CI (12) 2: l_l[ I . +U|rn+1]. Ufax
i=1 @x+1 (Ei(]l?( ‘;YH;{YX + Ulm + 1)



whereinc andexpare respectively the number of tasks in- 5.5. Approach based on the schedulability regi®rahdS ap-

cluded and expelled to and from the curren(ty)) task setay proaches)

is the frequency scaling factor before the migration of comp  Taking into account the above regarding the representation
nents. In the same way as the LL approach, the HB approacl ihe feasibility condition as a region in the C-space, #asy
cannot be used for task sets whereD to think thatC; can be tuned so that its values are in the feasi-

bility region. In Bini et al. (2006) this topic is addressedrh
5.3. LLM approach ) o )
the perspective of sensitivity analysis.

As an extension of LL test, an utilization bound test for For our purpose, in Equation 11 and using Equationd2,

tasks with pre-period deadlines has been used Racu et@b)20 becomes the design variable and a constant parameter. dlhe sc

and some changes were made to find an approximate value fo

a. We termed this the LLM test.

Ing factore is the interesting component that results in the fol-

lowing theorem:

Theorem 5. The frequency scaling factor based on an APPIOX"rheorem 6. The static scaling factor of the clock frequency

imate utilization bounds test is given by: that minimizes CPU energy consumption while preventingexlis

£ deadlines when given a task §etis defined by:
LLM _ i .
S ey (o)
where f and " are respectively: afi(T) = maxmin M7 (#i-1) (7)
f/m f f i i i i
com _ . /m C /m where R_; are the scheduling points defined by Equation 9.
: ;H kZH This expression can also be used with the scheduling pojnts S
p €

where H consists of a set of higher priority tasks that preempt

S = in M*(S; 1
taskr; only once before its deadline at,fand H, consists of a @in(7) iTl.E.l.)rfmm (i) (18)
set of higher priority tasks that may often preempt tasiefore where M (S;) is given by:
the deadllné atph | [Ti] Cf
U(p. A)) is: M;(S) = Z | sES

o [x]er

P(2A)Y" - 1)+1-A; 05<A <1

U(p,A) = sq is defined in Equation 3. Cand C" are defined in Equation
Aj 0<A; <05
12.
whereA; and p are: Let the scaling factor be normalized betwe®r o < 1,
D the computer system is feasibly schedulabbnd only if « is
Ti less than or equal to 1, otherwise, the processor is unable to
5.4. RTA approach schedule the task set even though it is running at full speed.

As is well known, the response time analysis (RTA) (Shapgoor. Based on definitions in Equations 5 and 12, and follow-
et al., 2004) recurrent approach is an exact test, which we cang several changes to simplify the analysis, we have:

change to find an exact value ferthat minimizes energy con- .
maxmin M;(S;) < S;
sumption. It is based on Saewong & Rajkumar (2003) and we =10
. . . i
can obtain a static and exact solution to compute the frezyuen _mlaxmin {%}Cj <50/ ES
1=1L.n J

scaling factor for task sets with=EX and D<T. =1



i cf S i . This A set is af:
rpaxminz {?. Slicn|cs s ses (Pi—1 € Si). The new point set we calfl;. ThisA; set is aA;
I = R cPi_,andadA C S,
. ] .
rnlaxmin 2 [%} i < Sq — maxmin 2 {3} cr The frequency scaling factor that uses the new set of schedul
I=1..n < i (04 =Ll.n - i
A =l ing points is defined by the following theorem:
deducingx from the expression, we have: Theorem 7. The minimum scaling factor of the processor fre-

quency that minimizes the energy consumption and guamntee
maxmin M (Si) < @ £ min . L . .
i=1.n no missed deadline given a task getis defined as:

where the modified matrid (M) will be:

ah (T) = ir_nla)émin M (A;) (20)
M{'(Si) = {mi (19) o
where M is defined in Equation 19, but applied to the points
T | i setA. This points sefA; is equal to:
/{mf&}i=z % / sa€Sf |
j=1 - —‘]Cf.“
. [Tj . Ai(Di) = {D; U schedAi(D;)} (21)

These expressions can be expanded to the pBints
where sched(D;) is the characteristic matrix in the compu-

6. Proposed approach A tation of the points#;. schedA(D;) is the following matrix

expression:
To bound the schedulability region for periodic fixed prior-

r—
eyl 1)
[
—
=
—

N

ity systems the analysis in the C-space is mainly based on the |LT:

BT, ---[%JT;
J

point setS; or #; (theorem 1 and 2). The number of mathemat- H% %JTl HT—, leJ Tj1
ical operations and the accuracy of this analysis is detexthi M%J % %J T2
by the structure and the number of scheduling points. | ..
In Section 4, two expressions for calculating the schedula- _ { M%J %J %J TT',kli Ti*k_

bility region were described (Equations 7 and 11). These re-
gions are delimited by two fferent point sets& and®P;_1), Yjeld,...,i—-1]AVke]O,...,i - 2] (22)
which differ in size: Siz€S;) >> Siz€®;_1) (equations 4 and

Where the dimension of this matrix is given(by 1)x(i — 1).

10). The size of point se$ can be much greater than the size o .
Taking into account that the scaling factor has been normal-

of . However, both approaches are equally precise, and both .
r PP qualy p t|zed betwee® < « < 1, the whole system will be schedulable

are sifficient and necessary tests. L . .
y if a is less than or equal to 1. W is greater than 1, there is
6.1. Reduced approach using the schedulability region a low probability that the system can be really schedulatte,

, ) o the contrary, ife is less than or equal to 1, the system is always
In this section we propose a reduction in the number of

scheduling points required to compute the schedulabiéty r schedulable.

gion. The objective of this simplification is to substarifiab-  proor. Schedulability region analysis (Bini & Buttazzo, 2004;
duce the computational cost of the DVS algorithm, but at thg ehoczky et al., 1989) is mainly based on a worst-case work-
same time, preserve the accuracy of the schedulabilitysisal  joad analysis of the task set. Using the concept of workltre,

The reduction in these scheduling points will be based ochedulability condition of a particular taskcan be expressed

points®;_;, which in turn are a reduction in the point s8t by:

10



Using the equation in 23 for a whole task set, we obtain Equa-
Ci +Wi_1(Dy) < Oy (23) tions2 and 8.

The processor demand in the intervalt|Ois defined by Having established the principle of the schedulabilitysag

S [Lw C,. To be a feasible schedule, the workloadtirD] and feasibility conditions, we focus on proof of the reduset
1= T; ) '

should be smaller than the length of the interval, therefore - T0 obtain the reduced point sétbased on the poini8, we

propose to extract a characteristic function of the pditts, in

VYt € [0,D;] Wi(Di) — Wi(t) < (D —t . . . .
€[0.Di] WD) -Wi() = (Bi -1 order to obtain the most important points that enable namgw

The latter equation can also be expressed as follows: and delineating the area where the poiffs; are located at
i
t
vt e [0,Di] Wi(Dj) < ; {T—chj +(Oi-t  (29)

the time. This characteristic function is defined by means of

matrix expression, which is given in Equation 22. Thedeis

Moreover, we define a termi(D;) as the last instant in given by:

[0, Di] during which the processor is idle:

, - A(Di) = {Di U schedA(D;)}
¢i(Di) = maxt € [0,D;] At¢ active tasks in instant$

From this expression we can induce that the processor is :n,m,,{
\

always busy in i, Di], and thus the workload of thiehighest / J Pisi(1)
priority tasks during such interval i®{ — ¢;i(D;)). The defini- @ @ @
tion of ¢ is needed because it can be useful for simplifying the
computation ofV;(D;). Hence, Figure 3: The seP;_1(D;j) can be obtained from the sgi;
i
Wi(Di) = Z {%?l)w Cj + (Di - (D) (25) From the setA(D;), we can obtain additional point subsets

=1 . . .
However, using this expression we move from the complexxhat in total constitute the s&_; (see Figure 3). The number of

ity of the workload estimation itself (using continuousantal elements oPi-1(Di) and A(Dy) are determinated respectively

[0,D1]) to the complexity of thes(D;) search. Nevertheless, by the equations 10 and 28. In Figure 4, the points of the sets

a set of possible values gf(D;) can be restricted. With this Pi_1 andA; are compared for a specific set of 15 periodic tasks.

aim, an initial set of possible values can be comprised fer th NOtice that the regions of point concentratin; are delimited

deadline of task and the arrival times of tasks with a priority by the points obtained from the characteristic mafiix

higher thanr; beforeD;. This is because the last instant of time

T
Points Pi-1

in which the processor can be idlg; matches exactly with

the arrival times of the tasks. This set is defined by the poin

setS; described in Section 4, such tha(t) € Si(t). This set - ®

of possible values 08; can be further reduced by the set of ' ' Points ’

values proposed in Equation 9, such thgt) € Pi(t). From 'm

the evaluation of the schedulability points in ExpressidntBe

minimum value corresponds to the workloiaaind is the same Figure 4: Comparison of the poirg3_; with the pointsA;

whent = ¢;(D) (Bini & Buttazzo, 2004), that is:

By definition the setA uses fewer points thaf for the esti-

i
. t
Wi(Di) = tesi(D'i')fL'Qi?l(Di)Z {T_, Ci+(Di-t  (26)

=t mation of the values af;(D;), therefore two things can happen:

11



1. The exact value af(D;) is within the values obtained in

the calculation ofA;(D;). _mlaxmin M (A < @ = amin
1I=1..n
2. There is a dference between the exact valpéD;) and where,
the values obtained by means4f(D;). M () = (M) /
In the first case, we get an exact result Y(D;) and so i [Ti] ij
. J *
the schedulability conditions exposed will be accurategted. /A = ,Z_;‘ a { a]Cm [aed
- T

Moreover, we could also compute the frequency scaling facto ) ) . ]
We can obtain a maximum error in the computatioreof

using the setA; wheng;(D;) ¢ Ai(D;), i.e. when theA;(D;)
In the second case, let the smallest worklgéaorrespond ] )
approach finds an approximate valyg)(equal to:

a within a margin of error O.

with the evaluation at = ¢;(D;), and assuming thag(D;) is

not included in the pointsd;(D;), thenW; whent € {A;(D;)} is errorﬂzi(rof(Di)w 1 _FDi(Di)} 1 )Cj (29)
¢ Ti [¢/(Di) Ti |«i(Di)

always fulfilled that: =1

0i(Di) ¢ (D) = WH(D;)=P) > Wi(D;)=4©) (27) 7. Experimental EvaluationwhenD=Tand D <T

This proves that the result of calculating the frequencjrsca ~ We have performed extensive simulations of the algorithm
ing factor using sefA is always valid. Using the sefi we will ~ proposed. @ approach) and the other algorithms descrilsed (
obtain ana™ equal or greater than the exact value. HoweverRTA LLM, HBandLL approaches) to experimentally evaluate
we will never obtain a value below the exact scaling factbisT ~the performance of the dynamic code delegation for task sets
guarantees a result thatsgficient, although in some cases not WithD =T andD <T.

necessary We propose three group of randomtasks: A, B and C. Group

Based on the analysis of the schedulability region, we haveA consists of tasks with short periods, group B consistssksa
with middle periods, and group C consists of tasks with large

iTl.E.l.)rfmm Mi(A) < A periods. Each task group consists of 20 tasks. The range of

periods for the task groups are shown in Table 1.

I
maxmin ’7$“Cj <a/aedA

=1.. .
= =111 Group | Lower Bound | Upper Bound
Gral(S A | 200Qus 4000Q:s
maxmin —||—=+C'|<a/aeH
i=1..n = Til|l @ B 4000Ls 60000Q:s
. i i C 60000L:s 400000(s
. a j . a| m
maxmin — | — <a- maxmin —|C:
i=1..n Ti| a i=1..n T; )

=1 =1 Table 1: Range of periods for task groups A, B and C.

wherea is the element set that forms the s&t (see Equation

21) and#A;: Three types of arrival of tasks at the processdt (LI2 and
A ={a}/ae A Alae A, LI3) have also been simulated. Hdi the highest priority tasks

arrive first, forLI2 the medium priority tasks arrive first, and for

The total number of elements gt; is determined by:
LI3 the least priority tasks arrive first. The simulation cetssi

i
Size(®) =i + Z n(n2— 1) (28)  of sets of 20 tasks.
n=1 Task groups A, B, and C are combined with arrival types
Deducing the factow from {mi;, we have: LI1, LI2 andLI3, and this results in nine flierent sets of tasks.

12



equal to 0%. The LL approach has a dispersed rejection ratio

. . - . 0
P e e @ i that increases with utilization and which stretches fromt0%
0 about 35%. The HB approach has a slightly lower rejection per
B @ @ @ - :
g centage than LL. Wheb < T, the rejection ratio for the LLM
Cc .
® e e O/U approach is increased to about 70%.
L1 L2 LIS
Rejection ratio versus computational cost (D=T)
Figure 5: Test sets for analysing approaches for computiegtaling factor. ‘Papproach i

08 > A approach

O RTA approach
HB approach
O LL approach []

0.5

These, in turn, will be evaluated on five discrete utilizasd
(0.3-0.5-0.7-0.8-0.95).

Each test is characterized by an acceptance Ad&ipcom-

04

0.3

putational cosICR, and energy consumptideR (see Figure

Percentage of rejection (0 to 1)

AWOO.0..0..0

5). The results of these simulations will be presented oeethr o1

=

components of reference: o Bt

3 a 5 6
10 10 10 10 10 10

e Thecostof each algorithm will be counted in accordance Computational cost(log)

with the number and type of operations. Each operation
Figure 6: Rejection ratio versus computational cost whefT.INote that the

is characterized with a predetermined number of machine _
percentage of over-consumption has been plotted betwerd 0.6.

cycles based on the ARM architecture (Sloss et al., 2004).

e The component oénergy over-consumptide one less

Rejection ratio versus computational cost (D<T)

than the energy consumption with respect to the con- 0 P Approach
. . . . > A Approach
sumption achieved with an exact algorithm. ok i O RTA Approach| |
e o O LLM Approach
e Therejection ratiorefers to one less than the number of .é“ ®
accepted task sefs,; with respect to those accepted by a 5% e
) . Socl @
necessary and ficient algorithn7,: 1 — (7 pt/7p)- £%
E 0.1 o
These components were chosen so that a greater magnitude S
or : $ [T (0 EED
on the axes can be understood as a worse behaviour for an al- - - - - 7 "
. . Computational cost (log)
gorithm. In the tests, the worst result will be plotted fockea
task group and type of arrival. The calculationeotising the Figure 7: Rejection ratio versus computational cost whefl.D

S approach was not used due to the high computational cost

involved. From the perspective of cost, although the methods of LLM,

L . . LL, and HB show the largest rejection percent th |
7.1. Rejection ratio versus computational cost » and sho € largest rejection percentages, they aiso

i i ) have lower costs. In both casd3,= T andD < T, the com-
Figures 6 and 7 show the simulation results of the percent-

. . . ) i putational cost of using the RTA approach is dispersed ard un
age of rejected tasks in comparison with the computatioetl ¢

) . predictable, and their costs are sometimes among the highes
of calculating algorithms.

all the methods, exceeded only by tReapproach. The cost is
In the figures, we can see that all approaches for the calcu- e PP

. _— _ sometimes less than the propos@épproach.
lation of a, except for LLM, LL, and HB, have a rejection ratio

13



Over consumption percentage versus computational cost (D=T) Over consumption percentage versus computational cost (D<T)
T T - -

0.6 Papproach |
X A approach

O RTA approach
T HBapproach ||
O LL approach

g
@
T

P Approach

%§E > A Approach
% O RTA Approach
QG

bl
o
T

O LLM Approach

o
kS

- -HHHHEE

bd
w
T

o

o
T

Percentage of over consumption (0 to 1)

Percentage of over consumption (0 to 1)
°
@

or i L ialalis M @)

2 3 4 S 6 7 8
of @( (3 0 [T 4 10 10 10 10 10 10

Computational cost (log)

o
1)
=
B

3 4 5 6 7 8

10 10
Computational Cost(log) . . .
Figure 9: Over-consumption percentage versus compuaitum;t when XT

Figure 8: Over-consumption percentage versus compugtemst when BT.
tain an over-consumption equal to 0 using Hi@pproach. For

The A approach has a middle cost and a rejection ratio oPOth casesp = T andD < T, the approache® and RTA
zero forD = T and forD < T. Furthermore, the proposed show an over-consumption equal to 0, but with higher cogls an

method has predictable costs, and their computationalisost diSPersion respectively.

almost 20 times less than the cost of fRepproach. Notice L i ,
7.3. Rejection ratio versus over-consumption percentage
that the gap in the magnitude of the cost between the proposed

Figures 10 and 11 show the percentage of rejected tasks in
approach and th2 approach increases with the arrival of tasks. g P ¢ )

comparison with energy over-consumption percentages.nWhe

7.2. Over-consumption percentage versus computatiorstl co

Rejection ratio versus over consumption percentage
T

P approach

Figures 8 and 9 show the energy over-consumption in func- o8 X A approach

O RTA approach

tion of the computational cost for the worst case. The over- s e amonen ]

O LL approach

consumptions are due to deviations in the calculation of the

scaled factorr compared with the calculation using an exact

Percentage of rejection (0 to 1)

Q
method. Notice that deviations in alpha lead to quadratér-ov 0z @ﬁ‘ o
+ 00 HO
consumption — depending on the polynomial expression #at d 01
o
scribes CPU power consumption. B o -@molo 1

In Figure 8 we can observe that LL has a small computa- T T T
Per'centage 6f over-cdnsumptidn (0to 1), !

tional cost, but an energy over-consumption close to 45%. HB
has an over-consumption S"ghtly lower than LL. WHerx T, Figure 10: Rejection ratio versus energy over-consumppiercentage when
the LLM approach shows an over-consumption for the worsb=T.

case of around 60% to 70%.

Moreover, we obtain an intermediate computational cosD = T, the LL and HB approaches are dispersed at the intersec-
when using the reduced approagh WhenD = T, the pro- tion of the areas of between 20% and 45% of over-consumption
posed method has a higher concentration of points around thghd the area of between 0% and 35% of rejection ratio. The
0% for the worst case, and with some values of over-consamptincrease in the percentage in these approaches is deterhyine

above 0, and which do not exceed 2.5%. Wier T, we ob-  the utilization and the number of tasks. THeapproach has no

14



Rejection ratio versus over consumption perecentage (D<T)

is smaller when compared #@ andRT Aalgorithms, and their

P Approach
0.6
* A Approach evolution with respect to the number of arrivals of tasksais f
o5l O RTA Approach
2 © LLM Approach more mufled thar®® andRTA
20.4’ -
=
g O O Group A (D<T,
Tos o) [e) | 1 s = A1|\ﬂﬂnﬁﬁﬂwuﬂr§mﬂﬂ -7
° 0000 ® ©
o Q b 0.
& 308 o
& 01 5 808 §°'6
g g
0 £33 D ﬁ 04 Eo,q
) P approach 3
0 0.1 0.2 03 04 05 06 Eoz ~= A approach %02 *Zi’;gzzz: ]
Percentage of over consumption (0 to 1) w = RTAapproach| g I RTA Approach
| HB approach 5 ©-LLM Approach
& LL approach
0 . : 0 . .
0 5 10 15 20 0 5 10 15 20
Figure 11: Rejection ratio versus energy over-consumpgpiercentage when Nurmber of tasks Nurmber of tasks

Group B (D=T) Group B (D<T)

= 1\\53amcancsaanamncsa
i

D<T. 1

0.6

ing porcentage

points on the axis of the rejection ratio. On the axis of over-

consumption, 5% of the plotted points {@rare between 1.2%

P approach
—= A approach
-5 RTA approach
HB approach
5 LL approach

0 5 10 15 20

Energy savi

Energy saving percentage (0 to 1)
=)
o

and 2.5%. The other points are at 0%. The other approache

P Approach
~ A Approach
~=-RTA Approach
~=~LLM Approach

5 10 15 20

=)

have an over-consumption and a rejection ratio equal to 0. Number of tasks ° Number of tasks
p ) q

Group C (D=T) Group C (D<T)
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WhenD < T, the LLM approach is dispersed at the inter- ' \\ "

[

4
@
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2
© 0.6
a
>

en

)
b

and the area of between 0% and 70% of the rejection ratio. Th

0.4

o
IS

A, P and RTA approaches have an over-consumption and a re ——
< Hhseh
~——HB approach £ RTA Approach
-5~ LL approach © LLM Approach

o 5 10 15 20 5 10 15 20
Number of tasks Number of tasks

Energy savi
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P Approach

o

jection ratio equal to 0.

ing
Energy saving percentage (0 to 1)

o
o°

7.4. Other simulations

Figure 12 shows separately the evolution of the energy Savé%gure 12: Evolution of the energy saved with respect to &ving with a exact

. . . . . . algorithm in function to the arrival of tasks. Utilizationjeal to 95%
with respect to the saving achieved with an exact algorithm i

function of the arrival of tasks for each task group (A,B, and

C) and their respective arrivals (LL1, LL2 and LL3). It shows

a utilization of 95% for the complete tasks set widh= T and

D<T. 8. Conclusions

Figure 13 shows the evolution of the computational cost of In this paper a new algorithni approach) for computing

the proposed algorithm when compared with the other statigne processor frequency scaling factor under fixed pririty

algorithms with respect to the arrival of new tasks for theigh signment withD = T andD < T is proposed. This algorithm

test set wherD = T. The figure shows the variability of the s o tormed with a reduced computational cost and minisnize

cost for the RTA approach, which varies depending on the taSE:PU energy consumption while guaranteeing no missed dead-

setand increases with the number tasks arriving. lines. Therefore, it can be used as on-line acceptancertest i

Figure 13 also shows the evolution of thapproach, whose systems with dynamic workload.

costincreases depending on the number of tasks in the dtder2 ;g extensive simulations, we have evaluated the bebavio

wheren is the number of tasks. The cost of our static algonthmof several existing feasibility tests that have been adhpte
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i Computational costz:onewi}h respecttothearriyqlpft:asks‘ Alg. Cost Rejection | Over-cons.| D/T

. CostRTA | costP | . ratio ratio
S Very high None None

Il P High None None
T Unpredictible | None None D<T
é T RTA Middle-High
Sl At Low-Middle None Very low
% L LLM Low Very High | VeryHigh | D<T
Lg) HB Low High High D=T

LL Very Low High High | D=T

SootiE Table 2: Comparison of approaches to compute a constanieiney scaling

CostLL
S S A factora. (": proposed approaci).

l:lumbe‘rn of tas‘lis
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