Overhead-Conscious Voltage Selection for Dynamic and Leakage
Energy Reduction of Time-Constrained Systems

Abstract to our work, the techniques mentioned abmeaglectthe energy and
Dynamic voltage scaling and adaptive body biasing have been showntime overheads imposed by voltage transitions. Noticeable exceptions
reduce dynamic and leakage power consumption effectively. In this pare [8, 14, 18], yet their algorithms ignore leakage power dissipation and
per, we optimally solve the combined supply voltage and body bias seléody biasing, and further they do not guarantee optimality. In this work,
tion problem for multi-processor systems with imposed time constrainige consider simultaneous supply voltage selection and body biasing, in
explicitly taking into account the transition overheads implied by changarder to minimize dynamic as well as leakage energy. In particular, we
ing voltage levels. Both energy and time overheads are considered. Weestigate four different notions of the combined dynamic voltage scal-
investigate the continuous voltage scaling as well as its discrete couimg and adaptive body biasing problem—considering continuous and dis-
terpart, and we prove NP-hardness in the discrete case. Furthermormrete voltage selection with and without transition overheads. The pre-
the continuous voltage scaling problem is formulated and solved usirsgnted work makes the following contributions:
nonlinear programming with polynomial time complexity, while for the (a) We consider both supply voltage and body bias voltage selection at
discrete problem we use mixed integer linear programming. Extensive  the system-level, where several tasks with dependencies execute a
experiments, conducted on several benchmarks and a real-life example, time-constrained application on a multiprocessor system.
are used to validate the approaches. (b) Four different voltage selection schemes are formulated as non-
1 Introduction linear programming (NLP) and mixed integer linear programming

T tem-level hes that all Joerf trade-off (MILP) problems which can be solved optimally. The formulations
Wwo system-level approaches that allow an energy/performance trade-olt - g,.o equally applicable to single and multi-processor systems.

during run-time of the application are dynamic voltage scaling (DVS) . . . .
[9, 13, 16] and adaptive body biasing (ABB) [10, 13]. While DVS aims (c) We prove that discrete voltage selection with and without the con-
to reduce the dynamic power consumption by scaling down operational ~ Sidération of transition overheads in terms of energy and time
frequency and circuit supply voltagéy, ABB is effective in reducing is NP-hard, while the continuous voltage selection cases can be
the leakage power by scaling down frequency and increasing the thresh- solved optimally in polyn.or_nlal t'me' o .
old voltageV, through body biasing. Up to date, most research effort§0 the authors’ knowledge, this is the first work describing how adaptive
at the system-level were devoted to DVS, since the dynamic power coffdy biasing and its combination with dynamic voltage scaling can be
ponenthad beerdominating. Nonetheless, the trend in deep-submicropolved at the system-level for a time-constrained application. We also
CMOS technology to reduce the supply voltage levels and consequer{i’@"eV? to report for the first time optimal voltage scheduling techniques,
the threshold voltages (in order to maintain peak performance) is resufi¢luding the consideration of transition overheads in energy and delay.
ing in the fact that a substantial portion of the overall power dissipation The remainder of this paper is organized as follows: Preliminaries
will be due to leakage currents [3, 10]. This makes the adaptive bod§gdarding system specification as well as power and delay models are
biasing approach and its combination with dynamic voltage scaling iiven in Section 2. This is followed by a motivational example in Sec-
dispensable for energy-efficient designs in the foreseeable future. ~ tion 3. The four investigated voltage selection problems are formulated

\oltage selection approaches can be broadly classified into on-lifikSection 4. Continuous and discrete voltage selection problems are dis-
and off-line techniques. In the following, we restrict ourselves to thgussed in Sections 5 and 6, respectively. Experimental results are given
off-line techniques since the presented approaches fall into this categdfySection 7, and conclusions are drawn in Section 8.
where the scaled supply voltages are calculated before design time gnd Preliminaries
then applied at run-time according to the pre-calculated voltage sched . e

There has been a considerable amount of work on dynamic volta 1 Architectural Model and System Specification
scaling. Yao et al. [16] proposed the first DVS approach for single prdn this paper we consider embedded systems which are realized as het-
cessors systems which can dynamically change the supply voltage overageneous distributed architectures. Such architectures consist of sev-
continuous range. Ishihara and Yasuura [9] modeled the discrete voltaggal different processing elements (PEs), such as programmable micro-
selection problem using an integer linear programming (ILP) formulgsrocessors, ASIPs, FPGAs, and ASICs, some of which feature DVS and
tion. Kwon and Kim [11] proposed a linear programming (LP) solutioPABB capability. These computational components communicate via an
for the discrete voltage selection problem with uniform and non-uniforrmfrastructure of communication links (CLs), like buses and point-to-
switched capacitance. Although this gives the impression that this prabeint connections. A directed grajin(?, L) represents this architec-
lem can be solved optimally in polynomial time, we will show in thisture, in which nodest € 2 denote PEs and edges correspond to CLs. An
paper that the discrete voltage selection problem is indeed NP-hard aegample architecture is shown in Fig. 1(a). The functionality of data-
hence, no optimal solution can be found in polynomial time, for examplow intensive applications, such as voice processing and multimedia,
using LP. Dynamic voltage scaling has also been successfully applieddan be captured by task grapBg(‘Z, C). Nodest € 7 in these directed
heterogeneous distributed systems, in which numerous processing eleyclic graphs represent computational tasks, while eggesS indicate
ments interact via a communication infrastructure, mostly using heuridata dependencies between these tasks (communications). Tasks require
tics [7, 12, 19]. Zhang et al. [17] approached continuous supply voltagefinite number of clock cycleNC to be executed, depending on the PE
selection in distributed systems using an ILP formulation. They solveid which they are mapped. Further, tasks are annotated with deadlines
the discrete version through an approximation. that have to be met during application run-time. If two dependent tasks

While the approaches mentioned above scale supply voliggenly  are assigned to different PEs, andrg, with x # y, then the communica-
and neglect leakage power consumption, Kim and Roy [10] propos¢ion takes place over a CL, involving a certain amount of communication
an adaptive body biasing approach, in their work referred to as dynantime and power.
Vih scaling, for active leakage power reduction. They demonstrate that We assume that the task graph is mapped and scheduled onto the tar-
the efficiency of ABB will become, with advancing CMOS technology,get architecture, i.e., it is known where and in which order tasks and
comparable to DVS. Duarte et al. [6] analyze the effectiveness of suppgmmunications take place. Fig. 1(a) shows an example task graph that
and threshold voltage selection, and show that simultaneous adjustimas been mapped onto an architecture and Fig. 1(b) depicts a possible
both voltages provides the highest savings. Martin et al. [13] presentegecution order. On top of the precedence relations given by data de-
an approach for combined dynamic voltage scaling and adaptive bopggndencies between tasks, we introduce additional precedence relations
biasing. At this point we should emphasize that, as opposed to thase R, generated as result of scheduling tasks mapped to the same PE
three approaches, we investigate in this paper how to select voltagesdod communications mapped on the same CL. In Fig. 1(c) the dependen-
a set of tasks, possibly with dependencies, which are executed on mutiies X are represented as dotted edges. We define the set of all edges
processor systems under real-time constraints. Furthermore, as oppaaed = CU R. Further, we define the sé&*® C E of edges, as follows:
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2.2 Power and Delay Models — |t
Digital CMOS circuitry has two major sources of power dissipation: (a) = |my  m, |m, ms oL my m,
dynamic powePyyn, which is dissipated whenever active computations O M 0 iy 020 gy
are carried out (switching of logic states), and (b) leakage p&ugk T ) T (5]

which is consumed whenever the circuit is powered, even if no compu- (c) after reordering, without overheads (d) after reordering, with overheads

tations are performed. The dynamic power is expressed by [4, 13],

den:Ceff‘f‘ydzd . 1
whereCery, f, andVgg denote the effective charged capacitance, operg 3 Mathematical Programming
tional frequency, and circuit supply voltage, respectively. Although, until ] ) ] )
recently, the dynamic power dissipation had been dominating, the trelythis subsection we briefly outline some useful mathematical program-
to reduce the overall circuit supply voltage and consequently threshdiing issues, which are relevant for the rest of the paper. Mathemati-
voltage is rising concerns about the leakage currents—for near futu#dl programming offers methods for solving problems of minimizing or
technology & 70nm) it is expected that leakage will account for moreMaximizing an objective functiorfi(x,,...,xn), with respect to a set of

Figure 2. Influence of transition overheads

than 50% of the total power. The leakage power is given by [13], m constraintsy; (xy, .., Xn) < ¢j (j = 1,...,m) and bounds for tha vari-
KeVes | KsVo ables (b; < x <ub;, i =1,....n). If both the objective functiorf and
Rleak = Lg-Vad- Kz - €7 - €77+ [Vipg| - Ly (2)  the constraintg; are linear functions, the problem is called linear pro-

whereVys is the body bias voltage arlgl, represents the body junction gramming (LP). Further, if some of the variables are restricted to the
leakage current. The fitting parametéts, K, and Ks denote circuit  integer domain, the problem is called mixed integer linear programming
technology dependent constants agdeflects the number of gates. For (MILP). If either f or gj are nonlinear functions, we have a nonlinear
clarity reasons we maintain the same indices as used in [13], where apgogramming (NLP) problem. If both andg; are convex functions and
actual values for these constants are given. the variables are ranged over a continuous domain, the problem is called

Nevertheless, scaling the supply and the body bias voltage, in orddnvex nonlinear programming (convex NLP). Solving MILP problems
to reduces the power consumption, has a side effect on the circuit delags proved to be NP-compléteFor LP as well as for convex NLP effi-
d[4, 13]: de LaK Vdd 3) cient algorithms with polynomial complexity are available [15].
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wherea reflects the velocity saturgt(ijgn imt;h))osed by the used technology Motivational Example

(congmotn valutesizl =0 % 2), It_d '?hth?hbg'ﬁ O:Zpthllfﬁ 1S a[;:wcundqle- To demonstrate the influence of the transition overheads in terms of en-
t)heen Sﬁn focglgn ’eaanr?é‘ theen(tj)gds b?as :/eosltzf e V%ea?r?r.esheoﬁgnvc;lr:g Oerér y and delay, consider the following motivational example. For clarity
ex resgg()j/ as [13?] y g€, 9€Basons we restrict ourselves here to a single processor system that of-
P ’ fers three voltage modesy = (1.8V,—-0.3V), mp = (1.5V,—-0.45V),
Vth = Vih1 — K1 -Vad — Kz Vbs (4)  andmg = (1.2v,-0.8V), wherem; = (Vyq,;Vbs,). The rail and sub-
whereVing, K1, andK; are fitting constants for a given technology. Ac-strate capacitance are given @s= 10uF andCs = 40uF. The pro-
cording to Eq. (3) and Eq. (4), the operational frequency for a certaitessor needs to execute two consecutive téskandty) with a dead-

supply voltage and body bias voltage is derived as [13], line of 0.225ms Fig. 2(a) shows a possible voltage schedule. As we
((1+Ky) Vg + Kz - Vs — Ven1)® can observe, each of the two tasks is executed in two different modes:
f=1/d= dd 2" Ybs ™ Tthi (5) taskTy executes first in modey, and then in moden;, while taskt,
Ké - Ld - Vad is initially executed in modeng and then in moden,. The total en-

Another important issue, which often is overlooked in voltage scakrgy consumption of this schedule is the sum of the energy dissipa-
ing approaches, is the consideration of transition overheads, i.e., edidn in each modeE = 9+ 15+ 4.5+ 7.5 = 36uJ. However, if this
time the processor’s supply voltage and body bias voltage are alteredltage schedule is applied toreal voltage-scalable processor, the re-
the change requires a certain amount of extra energy and time. Theséting schedule will be influenced by transition overheads, as shown
energyey ; and delaydy j overheads, when switching froWyg, to Vg, in Fig. 2(b). Here the processor requires a finite time to adapt to the

and fromVpg, t0 Vi, are given by [13], new execution mode. During this adaption no computations can be per-
2 2 formed [1, 2], i.e., the task execution is delayed, which, in turn, in-
&kj = Cr - [Vad —Vad; [“ +Cs [Vbs, — Vbs | (6)  creases the schedule length such that the imposed deadline is violated.
8k.j = maxPvda- [V, — Vg, | Pvbs® [Vbs, — Vbs ) (7) Moreover, transitions do not only require time, they also cause an ad-

ditional energy dissipation. For instance, in the given schedule, the
first transition overhea®; from modem, andm requires an energy
of 10uF - (1.8V — 1.5V)? + 40uF - (0.3V — 0.45V)? = 1.8uJ, based on

g. (6). Similarly, the energy overheads for transiti@ysand O3 can

whereC; denotes power rail capacitance, aythe total substrate and
well capacitance. Since transition times Ygg andVis are different, the
two constantgy qq and pyps are used to calculate both time overhead

independently. Considering that supply and body bias voltage can calculated as 181 and 58uJ, respectively. The overall energy

s_caled in _paraIIeI, the transition overhead depends on the maximum dissipation of the realistic schedule shown in Fig. 2(b) accumulates to
time required to reach the new voltage levels. 36+ 1.8+ 13.6+5.8=57.2u)

Voltage scaling is only rewarding if the energy saved through op-
timized voltages is not outdone by the transition overheads in energy.
Furthermore, it is obvious that disregarding transition time overhead cgp,¢
seriously affect the schedulablity of real time systems.

For some subclasses, e.g. convex objectives with linear constraints, there
t polynomial algorithms that solve the MILP formulation.
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g| or gy 0% it ] : 2210 soow2 | Consider a set of tasks with precedence constrdints{t;} which have
<l oo O8W EREN ,4W§§ been mapped and scheduled on a set of variable voltage processors. For
1.850] o each task; its deadlinedl;, its number of clock cycles to be executed
sof W f — s 1 NG and the switched capacitanGgs; are given. Each processor can
34900 69501 -(}gw 0521} vary its supply voltag®yq and body bias voltag¥}s within certain con-
%0 0o or s o2 o oy o ‘o oo or o 02 os ox o  tinuous ranges (for the continuous problem), or, within a set of discrete
. time (ns) _ fime (ms)—yoltages pairsn; = {(Vqq,, Vbs,)} (for the discrete problem). The power
(&) Vgq scaling only (o) Simultaneous Vgq and Vs scaling dissipations (Ieakag(e, c(ijzynasrﬁ)i%:) and the cycle time (processor speed) de-
Figure 3. Influence of Vs scaling pend on the selected voltage pair (mode). Tasks are executed cycle by

cycle, and each cycle can potentially execute at a different voltage pair,
i.e., at a different speed. Our goal is to find voltage pair assignments for
) o ) ~each task such that the individual task deadlines are met and the total en-
~ Letus consider a second possibility of ordering the modes, as givendfgy consumption is minimal. Furthermore, whenever the processor has
Fig. 2(c). Compared to the schedule in Fig. 2(a), the mode activation Qg alter the settings fovgq and/orVis, a transition overhead in terms of
derin Fig. 2(c) has been swapped for both tasks. As long as the transitigifergy and time is required (see Egs. (6) and (7)).
overheads are neglected, the energy consumption of the two schedules isor reasons of clarity we introduce the following four distinctive
identical. However, applying the second activation order to a real procgsroblems which will be considered in this paper: (a) Continuous volt-
sor would result in the schedule shown in Fig. 2(d). We can observe thgge scaling with no consideration of transition overheads (CNOH), (b)
this schedule exhibits only two mode transitio@s @ndOs) withinthe  continuous voltage scaling with consideration of transition overheads
tasks (intra switches), while the switch between the two t&kéinter  (COH), (c) discrete voltage scaling with no consideration of transition

switch) has been eliminated. The overall energy consumption has begjerheads (DNOH), and (d) discrete voltage scaling with consideration
reduced toE = 43.6lJ, a reduction by 23.8% compared to the schedof transition overheads (DOH).

ule given in Fig. 2(b). Further, the elimination of transiti®a reduces . . )
the overall schedule length, such that the imposed deadline is satisfied. Optimal Continuous Voltage Selection

With this motivational example we have demonstrated the effects th|at his section we consider that supolv and body bias voltade of the pro-
transition overheads can have on the energy consumption and the tim Hei Pply y 9 P

behavior and the impact of taking them into consideration when elabé] sors in the system can be selected within a certain continuous range.
I

rating the voltage schedule. However, the approaches presented in %flrst formulate the problem neglecting the transition overheads (Sec-

paper do not only achieve energy efficiency by considering transiticgri]On 5.1, CNOH) and then extend this formulation to include the over-

overheads, but further take into account the simultaneous scaling of %ads in ene.rgy and delay (Section 52: COH)_'
supply voltage/yq and body bias voltagé,s. To illustrate the advantage 5.1 Continuous Voltage Selection without Overheads

of this simultaneous scaling over supply voltage scaling only, considgye can model the continuous voltage scaling problem excluding the con-
the following example. sideration of transition overheads (the CNOH problem), using the fol-

. . lowing nonlinear problem formulation.
Fig. 3 shows two optimal voltage schedules for the same set of three 9 P

tasks, executing in two possible voltage modes. While the first scheddyéinimize
relies onVyq scaling only, the second schedule corresponds to the simu 7|
taneous scaling 8fyq andVi,s. Please note that the figures depict the dy- (N Cotr V20 4 Lo(Ka-Van - eKaVad . gKsVos 4 11 Ve [) -t )
namic and the leakage power dissipation over time, unlike Fig. 2 whicp&, G Cef Vg, +Lo(Ks -V - Vs ) -t

showedVyq and Vs over time. Further, for the simplicity we neglect Edyn, Eleak,

transition overheads in this example. Further, we consider processor pa- (8)
rameters that correspond to CMOS technology’Onm) which leads to  subject to (Ke-Ld-Vaq)

aleakage power consumption close to 50% of the total power consumed. te = NG - 6 =d" ¥dd. 9)
Let us consider the first schedule in which the tasks are executed either ((1+ K1) -Vad, + K2 - Vog — Viny )®

atVyqr = 1.8V, or Vyqe = 1.5V. In accordance, the system dissipates
either a high amount of dynamic and leakage power, or a low amount,

as observable from the figure. We have indicated the individual energy Dittc = D vkl e . (10)
consumed in each of the active modes, separating between dynamic and Dk+t < dl V1ikthathave adeadline (11)
leakage energy. Correspondingly the total leakage energy and the to- Dk > O (12)

tal dynamic energy of the schedule in Fig. 3(a) are given bpgg

and 1617uJ, respectively. This results in a total energy consumption of Vddmin < Vdd < Vddnax 8N Vbsy, < Vdde < Vbsa (13)
29.73ud. The variables that need to be optimized in this formulation are the task

execution timesy, the task start timeBy as well as the voltagegyq,

Consider now the schedule given in Fig. 3(b), where tasks are exandV,g . The whole formulation can be explained as follows. The total
cuted at two different voltage settings fdfg andVps (. = (1.8V,0V)  energy consumption, which is the combination of dynamic and leakage
andm, = (1.5V,-0.4V)). There are to main differences to observeenergy, has to be minimized, as in Eq.48)The minimization has to
Firstly, the leakage power consumption during mages considerably comply to the following relations and constraints. The task execution
smaller than the leakage power consumptions given in the scheduletihe has to be equivalent to the number of clock cycles of the task mul-
Fig. 3(a); this is due to the fact that, reduces the leakage through atiplied by the circuit delay for a particulafyg, andVig, setting, as ex-
body bias voltage of-0.4V (see Eq. (2)). Secondly, the high voltagepressed by Eq. (9). Given the execution time of the tasks, it becomes
modeny is active for more time; which can be explained by the faCEossibIe to express the precedence constraints between tasks (Eq. (10)),
that scalingVps during modemy requires the reduction of the opera-j e, a taskr) can only start its execution after all its predecessor tasks
tional frequency (see Eq. (5)), hence to meet the system deadline highhave finished their executiol( +t,). Predecessors of tagk are
performance modey has to compensate for this delay. Neverthelessy| tasksty for which there exists an edgé,|) € . Similarly, tasks
the total leakage and dynamic energies results.028& and 1800w,  with deadlines have to be completdi(+ ti) before their deadlinegly
respectively. Although here the dynamic energy was increased frogfe exceeded (Eq. (11)). Task start times have to be positive (Eq. (12))
16.17uJ to 180uJ, compared to the first schedule, the leakage was re-
duced from 13%6pJ to 8.02uJ. The overall energy dissipation becomes  2please note thaibsandmaxoperations cannot be used directly in mathemat-
then 2602uJ, a reduction by 12.5%. This small illustrative examplescal programming, yet there exist standard techniques to overcome this limitation
shows the advantage of simultanedgg andV,g scaling compared to by equivalent formulations [20].
Vgq scaling only.




and the imposed voltage ranges should be respected (Eg. (13)). It should Via €1 ¢ & €1 ¢ O
be noted that the objective (Eqg. (8)) as well as the task execution time V| o, —d ] 1012070 B 0[15] 5]

i ; 1 T m; m, m; m; m,m;
(Eqg. (9)) are convex functions. Hence, the problem falls into the class 2 e T e Tt
of general convex nonlinear optimization problems. As outlined in Sec- mp my | M3 mp o) T;sks and clozck
tion 2.3, such problems can be solved in polynomial time. For clarity (a) Schedule ! cycles in modes
reasons, in this paper, we did not include communication issues into the 1 ) 3 1 5
constraints and objective function. Nevertheless, they can be included in ~— 1T -1 1 —T
a straightforward way, by modeling communication links as non-scalable [0[2000T1]0]0]9]o[0HoJo][4]o]0]1]0]15[0]
processors and communications as tasks mapped to such processors [19]. ™1 ™2 M3 ™ fch m3 My My My My My M3 My ?2 n3 my my my
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5.2 Continuous Voltage Selection with Overheads (c) Division of task into subtasks and modes

In this section we modify the previous formulation in order to take transi- Figure 4. Discrete mode models

tion overheads into account (COH problem). The following formulatio

highlights the modifications de%,vbsm), which determines the operational frequeriigythe normal-

ized dynamic powePqynom,, and the leakage power dissipatiBa,.

Minimize |T| The frequency and the leakage power are given by Eqgs. (5) and (2),
z (Edyn + Eieak) + z &k, (14) respectively. The normalized dynamic power is given Rayiom, =
k=1 (kJ)eE" fm~VdZd“. Accordingly, the dynamic power of a tagk operating in
subject to Dk +tk+8;j <Dj V(kj)eE (15) modemis computed aeff, - Pinom,. Based to these definitions, the

MILP problem is formulated as:
O j = max(pvdd- [Vad, —Vdd;|: Pvbs' [Vbs, — Vbs; |) (16) Minim?ze -

As we can see, the objective function Eq. (14) now additionally accounts

for the transition overheads in terms of energy. The energy overheads

can be calculated according to Eq. (6) for all consecutive taglesd

z (Ceffk . Pdnor‘r}n 'tkﬁm"' Heak11 'tk,m> (17)
k=1mem

Tj on the same processcE( is defined in Section 2.1). However, scal- subject to <

ing voltages does not only require energy but it introduces delay over- Dk+m€thk*m < dk (18)
heads as well. These overheads might delay the start times of subse-

quent tasks. Therefore, we introduce an additional constraint similar to D+ > tkm =< D V(kl)eE (19)

Eqg. (10), which states that a task can only start after the execution meM

of its predecessary (Dk + tx) on the same processor and after the new

voltage mode is reachedy(j). This constraint is given in Eq. (15). The Gm=tm fm and 3 am=NG oameN  (20)
delay penaltie$y j are introduced as a set of new variables and are con- meM

strained subject to Eq. (16). Similar to the formulation of the CNOH Dk>0 and tgm>0 (21)
problem, the COH model is a convex nonlinear problem, i.e., it can bene total energy consumption, expressed by Eq. (17), is given by two
solved in polynomial time. sums. The inner sum indicates the energy dissipated by an individual

. . . task tx, depending on the timg , spent in each modm. While the
6 Optlmal Discrete VOltage Selection outer sum adds up the energy of all tasks. Unlike the continuous voltage
In the previous section, we have shown how continuous voltage sc&kaling case, we do not obtain the voltagg andVys directly, but rather
ing can be solved optimally in polynomial time. Voltage scaling wasve find out how much time to spend in each of the modes. Therefore,
performed for bothyq andVps. Furthermore, the consideration of tran-task execution timg , and the number of clock cycleg y, spent within
sition overheads was introduced into the model. These approaches gdgnode become the variables in the MILP formulation. Of course, the
vide a theoretical lower bound on the possible energy savings. In realityymber of clock cycles has to be an integer and hegggs restricted to
however, processors are restricted to a discrete séjpandVys volt-  the integer domain. We exemplify this model graphically in Figures 4(a)
age pairs. In this section we investigate the discrete voltage selectiand 4(b). The first figure shows the schedule of two tasks executing
problem without and with the consideration of overheads. We will alséach at two different voltage settings (two modes out of three possible
analyze the complexity of the discrete voltage selection problem. modes). Task; executes for 20 clock cycles in mode; and for 10

. clock cycles inmy, while taskt, runs for 5 clock cycles inmz and 15
6.1 Problem Complexity clock cycles inmp. The same is captured in Fig. 4(b) in what we call
Theorem 1 The discrete voltage scaling problem is NP-hard. a mode model. The modes that are not active during a task’s runtime

Proof 1 We proof by restriction. The discrete time-cost tradeoff (DTCTEO"“Ve the dcorlrefspondin_lg_jhtime anﬂ numbf_r Oft.dOCk fC%/CIeS.O (_nmyje
problem is known to be NP-hard [5]. By restricting the discrete dynami rtThl andm f?r: T%) € OV(ter_a exehcu 1on 'm? 0 al?k( r'ls g{g/ebn
voltage scaling (DDVS) problem to contain only tasks that require aft> the sum ot the imes spent In eac MOHRlay tem)- It should be

execution of one clock cycle, it becomes identical to the DTCT problertﬁ‘?ted that the_ model_in Fig. 4(b) does not capture the order in which
Hence. DTCTe DDVS which leads to the conclusion DD¥SNP. W _modes are activated, it solely expresses how many clock cycles are spent
' in each mode. Eq. (18) ensures that all the deadlines are met and Eq. (19)

For space reasons, we refer the interested reader to [20], where an meintains the correct execution order given by the precedence relations.
haustive proof is given. Note, that the problem is NP-hard, even if wEhe relation between execution time and number of clock cycles as well
restrict it to supply voltage scaling (without adaptive body biasing) ands the requirement to execute all clock cycles of a task are expressed in
even if transition overheads are neglected. It should be noted that thig. (20). Additionally, task start timd3y and task execution times have
finding renders the conclusion of [Plimpossible, which states that the to be equal or larger than zero, as given in Eq. (21).

discrete voltage scaling problem (considered in [11] without body bia%.S Discrete Voltage Selection with Overheads

ing and overheads) can be solved optimally in polynomial time. i . . o .

. . . We now proceed with the incorporation of transition overheads in the
6.2 Discrete Voltage Selection without Overheads MILP formulation given in Section 6.2. Obviously, the order in which
In the following we will give a mixed integer linear programming the modes are activated has an influence on the transition overheads, as
(MILP) formulation for the discrete voltage selection problem with-We have already demonstrated in Section 3. Nevertheless, the formula-
out overheads (DNOH). We consider that processors can run in diffdion in Section 6.2 omits information regarding the activation order of

ent modesn € M. Each modem is characterized by a voltage pair modes. For instance, from the Fig. 4(b), we cannot tell if for tesk
modenmy or mp is active first. We introduce the following extensions

3The flaw in [11] lies in the fact that the number of clock cycles spent in aneeded in order to take both delay and energy overheads into account.
mode is not restricted to be integer. Givenmoperational modes, the execution of a single tgstan be sub-




divided intom subtasksl,i = 1,...,m. Each subtask is executed inone7  EXperimental Results

and only one of then modes. Subtasks are further subdivided imto \we have conducted a set of experiments using numerous generated
slices, each corresponding to a mode. This resultsiim slices for  penchmarks as well as a real-life GSM voice codec example, in order
each task. Fig. 4(c) depicts this model, showing that taskins firstin o demonstrate the applicability of the presented approaches. The au-
modenmy, then in modemy, and thatr, runs firstin modens, then inmy.  tomatically generated benchmarks consist of 75 task graphs containing
This ordering is captured by the subtasks: the first subtask@fecutes  petween 10 and 150 tasks, which are mapped and scheduled onto archi-
20 clock cycles in moden, the second subtask executes one clock Cyectures composed of 1 to 3 processors. The technology dependent pa-
cle inmy and the remaining 9 cycles are executed by the last subtaskgimeters of these processors were considered to correspond to a CMOS
modemy; T2 executes in its first subtask 4 clock cycles in made 1 faprication in 7@m, for which the leakage power represents approxi-
clock cycle is executed during the second subtask in nmgeand the  mately 50% of the total power consumed. For experimental purpose the
last subtask executes 15 clock cycles in the mogleNote, that there is  amount of deadline slack in each benchmark was varied over a range 0
no overhead between subsequent subtassks that are running in the sgs®os, using a 10% increment, resulting in 750 performed evaluations,
mode. For instance, the two subtasksandt run both in moden and  carried out with the aim to achieve representative average values.
hence there is no switch. In the following, we give the modified MILP  The first set of experiments was conducted in order to demonstrate
formulation: the achievable energy savings when comparing the claggicselec-

tion with simultaneou¥yq andVys selection. Fig. 5(a) shows the out-

comes for the continuous voltage selection with and without the consid-

Minimize eration of transition overheads. The continuous voltage ranges were set
7| to 0.6V < Vyg < 1.8V and—1V < VW5 < 0. The figure shows the per-
P -t + -t ) centage of total energy consum_ed_ (relative to th_e baseline ener_gy) as a
kzlseMmezM <Ce”k tnom s+ Fleak, “thsm function of the available slack within the application. As a baseline we

consider the energy consumption at the nominal (highest) voltadygdor

N ) andVye. Itis easy to observe the advantage of the combined voltage se-
J“kzl Z 2 Z (bk-r&"l 'EP'71> (22) lection scheme over the classical voltage selection, with a difference of
=lseMied jeM up to 40%. These observations hold with and without the consideration
of overheads. Regarding the overhead influence on the overall energy

I7]

subjectto =3 > O bxsij-DR (23)  consumption, we can see from the figure that the savings are around
seMieM jeM 1% for the combined scheme and 2% for the classical voltage selection.
_ o ) . These moderate amounts of additional savings have a straightforward ex-
O = _ > Z b, DR j - where(k,l) € £ (24) planation: Within the continuous scheme (which from a practical point
ieatjen of view is unrealistic), the voltage differences between tasks are likely to
Dy + z z tism+ Ok < dl (25) be small, i.e., large overheads are avoided (see Eq. (6) and Eq. (7)).
seM meM We have further evaluated the discrete voltage selection scheme.

Here the processors could switch between three different voltage set-
tings(1.8,0), (1.5,—0.4), and(1.2,—0.6) for the combined scheme, and
) . . 1.8, 15, and 12 for the classicaVyq selection. The results are given in
Cesi =tksi-fi kinl...nsinl..miinl..mceN (27) Fjg5(b). Asinthe continuous case, we can observe a difference between
Z z cksi =NG kinl,..,n (28) the classical supply voltage selection and the more efficient combined
GG selection scheme. For low amounts of slack (around 10%), the savings
for the combined selection are significantly lower than in the continuous
case. The reason for this is that, due to the small slack available, the pro-
In order to capture the energy overheads in the objective functigiessors have to run in the highest voltage mode, which does not reduce
(Eq. (22), we introduce the boolean variablgg;; ;. In addition, we leakage power. Further, we can see that with increasing slack, the over-
introduce an energy penalty matrix EP, which contains the energy ovell energy approaches the theoretical minimum given by the continuous
heads for all possible mode transitions, iER j denotes the energy case, since more time is spent in the energy-efficient medét is inter-
overhead necessary to change form mode j. These energy over- esting to observe the influence of the transition overheads, in particular
heads are precomputed based on the available modes (voltage pairs)\hen not much system slack is available. In this situation the unneces-
Eq. (6). The overall energy overhead is given by all intratask and irsary switching between voltages to exploit the "small” amounts of slack
tertask transitions. The intratask and intertask delay overheads, giverciuses an increased energy overhead. Consider, for instance, the case
Eq. (23) and (24), are calculated based on a delay penalty nirix where the combine¥lyy andVjg selection has been optimized with and
which, similar to the energy penalty matrix, can be precomputed basadgthout overheads. Between 10% to 40% of slack, the consideration of
on the available modes and Eq. (7). For a tgsnd for each of its sub- transition overheads results in improved solutions with up to 12% higher
taskst}, except the last one, the varialtlgs; j = 1 if modei of subtask ~ savings. Of course, with increasing slack the number of tasks executed at
1§ and modej of Ti+1 are both activeg=1,...m—1,i,j = 1,...,m). the lowest voltage setting increases, and hence the number of transitions
These are used in order to capture the intratask overheads, as in Eq. (?Sgecreased. As a result, the influence of the transition overheads re-
For intertask overheads, we are interested in the last mode ofigaskdUces: ltshould be noted that the reported results for the discrete scheme
and the first mode of the subsequent taskrunning on the same pro- have been evaluated using graphs with at most 80 tasks (without over-
cessor). Therefordy m, j = 1 if the modei of the last subtaskl and ~ "€ad, DNOH) and 30 tasks (with overhead, DOH), since the required
o N . . ._optimization times become intractable, as a result of the NP-hardness
th_e modej of first subtask; are both active. For the example given iNGof the problem (Section 6.1). To overcome this problem we have ad-
Fig. 4(c),br121, b1211, D1313, b2133, o232 are all 1 and the rest yiiqn4)1y investigated a voltage selection heuristic. This heuristic uses
are 0. Deadlines and precedence relations, taking the delay Overheﬂ'fisvoltage schedules derived from the continuous selection (COH). For
into account, have to be respected according to Eq. (25) and (26). Helg, selected continuous task voltage, the two surrounding discrete volt-
Yscar Ymeat lsm represents the total execution time of a tagkbased - 53¢ pairs are chosen (similar to the classical approach proposed in [9]).
on the number of cycles in each of the subtasks and modes. Eq. (46} ger to minimize overheads, we perform a simple reordering of mode
and (28) are a reformulation of Eq. (20), which expresses the relation hgsi ations. The results of this simple heuristic follows the discrete volt-
tween the execution time and the number of clock cycles and the requitgs selection without overheads, as shown in Fig 5(b). However, due to

ment to execute all clock cycles of a task. Due to space limits, we refﬁ relativelv reduced polvnomial time complexity. it can be apolied to
the reader to [20], where more details regarding this MILP formulatio[}jlrge instar):ces of the Fp))ro{alem. piexity, PP

are given. In particular, we have omitted here details on the computation |, oder to further investigate the influence of transition overheads,

of theb variables as well as the constraints that make sure that one ad have carried out an additional set of experiments in which the amount
only one mode must be used by a subtask.

D+ z z tysm+0k+0p11 <D V(kI) € E, (pll)eE® (26)
seM meM
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Figure 5. Optimization Results

of processors’ overheads in energy and delay were varied by adjusticigssicalMyg scheme. Furthermore, it was shown that the consideration
the values foC;, Cs, pvqq, @andpyps In accordance, we use the discreteof transition overheads has a profound impact on the overall achievable
voltage selection with consideration of overheads. The results are givenergy savings.
in Fig 5(c). As expected, the energy dissipation increases for highgr .
values of the overhead determining parameters. For instance, while”a COHClUSIOI’IS ) ) )
“hypothetical” processor which requires no transition overheads can rehergy reduction techniques, such as dynamic voltage scaling and adap-
duce the energy consumption by 58% if 40% of slack is available, e body biasing can be effectively exploited at the system-level. In
realistic processor witll; = 20uF, Cs = 80UF, pygq = 200us/V, and this paper, we hav_e |nvest|gateq different notions of the combined dy-
Pvbs = 200us/V achieves only 42%. This highlights the importance tdlamic voltage_scallng and adaptlve b_ody blasmg_ problem at the system-
carefully consider the influence of transition overheads. level. These _|ncl_ude the consideration of transition overheads as well
In addition to the above given benchmark results, we have conduct@d the discretization of the supply and threshold voltage levels. It was
experiments on a real-life GSM voice codec application, in order to vaflemonstrated that nonlinear programming and mixed integer linear pro-
idate the real-world applicability of the presented techniques. Detai@§@mming formulations can be used to solve these problems. Further,
regarding this application can be found in [19]. The GSM codec corihe NP-hardness of the discrete voltage scaling case was shown. Several
sists of 87 tasks and is considered to run on an architecture compo&é&dierated benchmark examples as well as a real-life voice codec exam-
of 3 processing elements with two voltage modgs8V, —0.1V) and ple were used to show the applicability of the introduced approaches.
(1.0v,—0.6)). At the highest voltage mode, the application reveals
deadline slack close to 10%. Switching overheads are charau:terized?ﬁﬁferenceS
Cr = 1yF, Cs = 4yF, pygq = 10us/V, andoyps = 10us/V. Since the }313 Intel® XScald™ CQM&A Developer’'s Manual, December 2000.

processing elements can only run at these discrete voltages, we restr ';"(;’é’(i)e'f"g:? A:.hlor,‘\‘ ) 45530’3550&'\/'0"6' 6 CPGA Data Sheet, November
the following discussion to discrete voltage selection. Tab. 1 shows theg] § Borkar. Dasign Challenges of Technology ScalifgEE Mirco, pages

resulting energy consumptions in terms of dynag,, leakageEeax, 23-29, July 1999. .
overheack, and totalEs energy (Columns 2-5). Each line represents [4] A. P. Chandrakasan and R. W. Broderséow Power Digital CMOS De-

sign Kluwer Academic Publisher, 1995. . )
[Approach [ Eayn [ Eeax | € [ Es [ Reduc. %] [5] P."De, E. Dunne, J. Ghosh, and C. Wells. Complexity of the Discrete
Nominal 1342 0931] no 2273 — 'I4'i5m2e)-g:8§t ;I;'(r)%de,v(IJff przolbglazrp for Project Network®perations Research
:302—-506, Marc P . :

DVDDNOH 1.276 | 0.892| 0.051 | 2.219 2.34 [6] D. Buarte, N. Vijaykrishnan, M. Irwin, H. Kim, and G. McFarland. Impact

DVDDOH 1.277] 0.892 | 0.005 | 2.174 4.38 of Scaling on The Effectiveness of Dynamic Power ReductionPrioc.

DNOH 1.292 | 0.625| 0.168 | 2.085 9.91 ICCD, Sept. 2002.

DOH 1.294 | 0.626 | 0.010 | 1.931 15.18 [7] F. Gruian and K. Kuchcinski. LEneS: Task Scheduling for Low-Energy

Heuristic 1324 | 0617 | 0.112 | 2.053 9.67 Systems Using Variable Supply Voltage Processorrait. ASP-DAC'01

P - - Fa es 449-455, Jan 2001. . . .

Table 1. Optimization results for voice codec algorithm [8] I. Hong, G. Qu, M. Potkonjak, and M. B. Srivastava. Synthesis Techniques

a different voltage selection approach. Line 2 (Nominal) is used as a for Low-Power Hard Real-Time Systems on Variable Voltage Processors.

; ; ; In Proc. Real-Time Systems Symposilig98.
baseline and corresponds to an execution at the nominal voltages. Thg T |shihara and H. VAU, V())/Itapge Scheduling Problem for Dynamically

lines 3 and 4 give the results for the classivgy selection, without Variable Voltage Processors. Rroc. Int. Symp. Low Power Electronics
(DVDDNOH) and with (DVDDOH) the consideration of overheads. As and Design (II<SLPED’98)3age_s 197-202, 1998. _

we can see, the consideration of overheads achieves higher energy sa##{j C. Kim and K. Roy. Dynamic Vth Scaling Scheme for Active Leakage
(4.38%) than the overhead neglecting optimization (2.34%). Although PS)XV_I‘?IEORZEdUC“O“-léf';’&D,\js'grl‘{ ZAE)lggmatlon and Test in Europe Conf.
the dynamic energy is slightly increased when considering the overheagy $N Kwos %ﬂggﬁﬁ(im. Opﬂr'nala\r,&tage Allocation Techniques for Dynam-
the total energy is minimized due to the reduction of transition overheads. ~ jcally variable Voltage Processors. Rioc. IEEE DAC'03 pages 125-130,
The results given in lines 5 and 6 correspond to the combiQgdand June 2003.

Vps Selection schemes. Again we distinguish between overheads negleid®] J. Luo and N. Jha. Power-profile Driven Variable Voltage Scaling for Het-
ing (DNOH) and overhead considering (DOH) approaches. If the over- ~ €rogeneous Distributed Real-time Embedded System®rdo. VLSI'03
heads are neglected, the.energy consumption can be redyced by 9-9[31%1' %c.)f\]ﬂseirtin, K. Flautner, T. Mudge, and D. Blaauw. Combined Dynamic Volt-
yet taking the overheads into account results in an reduction of 15.18%, * age Scaling and Adaptive Body Biasing for Lower Power Microprocessors
solely achieved by decreasing the transition overheads. Compared to  ynder Dynamic Workloads. IRroc. ICCAD-02 pages 721-725, 2002.
the classical voltage selection scheme (4.38% savings), the combingd] B.Mochocki, X. Hu, and G. Quan. A Realistic Variable Voltage Scheduling
selection achieved a further reduction of 10.8%. These experiments un- gﬂooodzel for Real-Time Applications. IfProc. ICCAD-02 pages 726-731,
derline hO\.N.the consideration of transition overh_eads helps in _aCh'eV'U?S] Y. Nesterov and A. Nemirovskiilnterior-Point Polynomial Algorithms in
energy-efficient voltage schedules. For comparison, the last line Shows" conyex ProgrammingStudies in Applied Mathematics, 1994.

the results of the heuristic approach. Although the result does not mat{t6] F. Yao, A. Demers, and S. Shenker. A Scheduling Model for Reduced CPU
the optimal one given in line 6, it should be noted that such heuristi@n EngﬁgyJEEE FOCS 1995

- . . ; Y. Zhang, X. Hu, and D. Chen. Task Scheduling and Voltage Selection for
techniques are needed when dealing with problems of larger complexi Energy Minimization. InProc. IEEE DAG'02 June 2002.

(increased number of voltage modes and tasks). In the GSM applicas] Y. Zhang, X. Hu, and D. Chen. Energy Minimization of Real-time Tasks
tion, although the number of tasks is realistically large, we considered  on Variable Voltage Processors with Transition Energy OverheaBrdo.
only two voltage modes. Therefore the optimal solutions could be ob-9 ASI,it-DdAfC'Otﬁ,p%ges,GS—m, 2003.

H : omitted Tor pblind review.
tained for the DOH problem. Overall, the (_:onducted experiments havysdi Technical Report. omitted for blind review. ftp://...
demonstrated the advantages of the combined voltage selection over the



