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Abstract—In this article, we propose a new lifetime task op- Some initial efforts have been carried out for system level
timization techniques for real-time embedded processors consid- reliability analysis for SoCs (system-on-a-chip). RAMP]1

ering the electromigration-induced reliability. The new approach g the first architecture level tool for modeling the longate
is based on a recently proposed physics-based electromigration

(EM) model for more accurate EM assessment of a power PrOCESSOr reliability of microprocessors at the desigmeta
grid network at the chip level. We apply the dynamic voltage The follow-up work by the same authors proposed a dynamic
and frequency scaling (DVFS) (by selecting the performance reliability management (DRM) concept by dynamic voltage
states or p-states of the tasks to manage the power and thusand frequency scaling (DVFS) [18]. It showed that it was

the lifetime of the processor running different tasks over their i ;
periods. We consider both single-rate and multi-rate embedded not sufficient to just manage the temperature or power from

systems with preemption. To model the mean-time-to-failure the rel'a,b'l!ty perspective. For _re,al'_t'me embedded Smste,
(MTTF) of a task for a given p-state, response surface modeling Many existing works focus on minimizing energy consumption
applied. We then frame the reliability optimization problem as the while meeting all the deadlines for various real-time task
continuous constrained nonlinear optimization problem in which  models. Existing works include power management schemes,

the system EM-induced reliability is maximized subject to the \yhich exploits the available static and/or dynamic slack in
timing constraints, which is further solved by simulated annealing

method. Experimental results show that for low utilization the systems . (21, [5], [17.]._F0r. many-long term re_l,'"?‘b'“ty
systems, significant reliability improvement can be achieved with €ffects, reducing power will implicitly improve the relidity
even smaller power consumption than existing reliability-ignore of a processor. But the two objectives are still not the same.
scheduling method. The proposed can lead to near Pareto’s front Some reliability-aware power management works have been
trade-off between the power/energy and the lifetime compared proposed recently [16], [22] by using low power techniques
to the existing task scheduling method. -

such as DVFS. But most of those existing works focus on
the transient errors instead of long-term wearout failures
Recently a reliability-aware task allocation and schedyli
method multi-core embedded processors were proposed [7].
agés work .co.n_siders long-term failure mechanisms uging a
to the high failure rates in deep submicron and nanoscale gg_neral reliability models. !—!oweyer, such gengral models w

not be accurate for specific failure mechanisms. Also task

vices. The increase in failure rates is caused by high integr i d scheduling i i t knobs t th
levels and higher power densities, which leads to excessﬁ)éoca lon and scheduling IS not nest knobs 10 manage the
on-chip temperatures. The introduction of new materials; p ong-term wearout failures as they will not significantlyectye

. . . - L the temperatures of the chip as our study shows. Low power
cesses and devices, coupled with voltage scaling limitatio chnigues like DVFS is more desired.

and increasing power consumption will impose many ner this articl lifetime task optimizati
reliability challenges. The semiconductor industry fates N this article, we propose a new fitetime task optimization
%echnlques for real-time embedded processors considering

I. INTRODUCTION

Long-term reliability is becoming a limiting constraintrfo
high performance and embedded real-time system designs

challenges to maintaining reliability such as the contthu lectromiaration-induced reliability. Th .
increase in die size and number of transistors and the aunstac_© ectromigration-induced retiability. - 1he new aPFm?S .
ased on a recently proposed physics-based electronoigrati

scaling of transistors for performance [1]. Increasingsiator EM del f e EM t of i
density and thus power density is causing higher tempmtuﬁetveoTkoate th?ar (r:;]ci)geleavc:lur\;av: applgalstfwzszyneanm% 3&?&"5?;%
on chip, resulting in failure acceleration. Scaling to deral frequency scaling (DVFS) (by selecting the performanciesta

transistors increases failure rates by shrinking the tiesk of at f the tasks t th d thus the lif
dielectrics. This has led the International Technologydroap or p-states of Ine tasks 1o manage the power and thus Ine fife-

for Semiconductor (ITRS) to predict the onset of SigniﬂCar{z\r(gecgfrg;geprrgg?ﬁz?rglg?z;?eggr:f(;errneljlliif?astkeseor\rﬁ)retggémte
reliability problems in the future, and at a pace that has ngnth preemption. To model the mean-time-to-failure (MTTF)

been seen in the past [11]. Furthermore, for safety-ctitic . o
real-time embedded systems (such as satellite and sarves!l of a task for a given p-state, response surche modeling is
applied. We then frame the reliability optimization prables

systems) where reliability is as important as energy efficye . i ; e
il - the continuous constrained nonlinear optimization pnobla
reliability-aware energy management becomes a necessny.which the system EM-induced reliability is maximized sudbje

to the timing constraints, which is further solved by sinteth
This work is supported in part by NSF grant under No. CCF-B2&5 in ] .
part by Semiconductor Research Corporation(SRC) GrantruNde 2013- anneal_mg method. '_EXP‘?“me”ta! re_SUIt_S show that for low
TJ-2417 and in part by Academic Senate COR Fellowship. utilization systems, significant reliability improvemerdn be



achieved with even smaller power consumption than existingSince finite element method can'’t scale very well, a more
reliability-ignore scheduling method. The proposed caadle physics-based compact EM model has been proposed recently
to near Pareto’s front trade-off between the power/energy afor full-chip reliability analysis [8], [21], which is the dsis
the lifetime compared to the existing task scheduling meéthdor the proposed work. In this new EM model, the EM
. NEW PHYSICSBASED EM MODELING AND ANALYSIS development process consists of two phases - th_e nucleation
' phase and the growth phase. In the first nucleation phase, a
EM is a physical phenomenon of the migration of metalosed-form expression to compute the nucleation tite,J
atoms along a direction of applied electrical field. Atomgs given, which is a function of current density, temperafur
(either lattice atoms or defects/impurities) migrate towvthe the residual stress of the wire due to thermal and other
anode end of metal wire along the trajectory of conductingffects as well as other wire geometry and material parasiete
electrons. Over time, the lasting unidirectional eleetfibad Approximate value of void nucleation time,(,.) extracted
increases these stresses, as well as the stress gradiegt ai@m this solution, which is determined as an instant in time
the metal line. In some cases, usually when a line is long, thihen stress at the cathode end of the line reaches,
stress can reach a critical level, resulting in a void nu@ea corresponds well to an analytical formulation @f,. derived
a..t the cathode and/or hillock formation at the anode end fm the approximate solution of continuity equations for
line. evolution of vacancy and plated atom concentrations (see, f

A. Void dynamics: Nucleation and growth phases example [20]) in the confined 1D line

Development of such analytical formulation was proposed toue zT*e% e~ Fr(ores+ 554 7)
by Korhonen [12] Since the atomic flux divergence results in eZpl : @)
the volumetric strain, the derived one dimensional ditbasi In 10 J
like equation for the hydrostatic stress fietdz, t), takes the {O'Res +Zolj oo R}

form. [12J: wherer* = L ¢Eo/kT kT Here j is the current density]’ is
oo 0 do  eZpj Do ™ QB* J | .
— = |k ==+ (1) temperatures%B is the Boltzmann’s constantjs the segment
ot Ox O Q length, £y, and Ep are the activation energy of vacancy

Here, x = D,BQ/kT, where D, is the atomic diffusivity, formation and diffusion,f is the ratio of volumes occupied
and B is the bulk modulus§? is the atomic volumez is the by vacancy and lattice atora,.,.;; is the critical stress needed
electron chargeeZ is the effective charge of the migratingfor the failure precursor nucleation (void/hillockj . is the
atoms, p is the wire electrical resistivity. Solution of thisresidual stress of the metal segment from the cooling peoces

initial-boundary value problem is the infinite series [12]. ~ and other factors. o _
The second phase is the void size growth: voids are formed

at t,,. and grow att > t,,.. The wire resistance starts to
increase over the time in the growth phase. As a result, the
p/g network becomes a time-varying network and its voltage
drops will keep changing over the time [8].

Critical Stress

Stress (in 100Mpa)

Stress (in 100MPa)

B. EM assessment at power grid level

Because of the concern with the long-term average effects
of the current, in EM related work a DC model of the power
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grid is generally assumed [4]. As a result, we consider only

(b) the EM-induced kinetics of the power grid network resist&mc
Fig. 1. (a) EM-stress distribution change over time in a simplal wire. In our problgm formu'fmlon’ each mortal ere, W.hICh SUbﬁd
(b) EM-stress evaluation versus time. to the EM impact, will start to change its resistance value

upon achieving the nucleation time. As a result, we end up

Fig. 1(a) shows the EM-induced stress development forwath the power grid systems, which is a linear, time-varying
single metal wire over time from the finite element analysiand driven by the DC effective currents, which is modeled
for a given current density and temperature setting. Fig) 1(as G(t)v(t) = I.¢f, wWhere, G(t) a n x n time-varying
shows the stress evaluation over time. Each time unit hezenductance matrixf.; is the effective DC current source
is 107 seconds. During this process, tensile stress (positivector;v(t) is the corresponding vector of nodal voltages and
stress) will be developed at the cathode side (the left node)is the size unknown voltages. In our problem, the time scale
while compressive stress (negative stress) will be geedrais the EM time scale, which can be months or years.
at the anode side of the wire (right node). When the tensileln the new EM-induced reliability analysis algorithm fogp/
stress hits critical stress, void will be generated, whicbdlled networks, we compute the voltage drops of the grids at fixed
nucleation time. After this, the void will grow, which will EM time step. The resistance of one or more wires begins to
increase the resistance of the wires until the growth stops.change (increase) starting with their nucleation timese#cth
contrast, existing EM model only consider one of such twiime step, we collect new wires whose nucleation times were
processes modeled by Black’s equation. Also when the wireached, and compute the new resistance for existing wires
hits its MTTF, the wire is treated as open circuit, which wilin the growth phases and corresponding voltage drops of the
over-estimate EM-impacts in circuit reliability. whole grids. This process is repeated until the voltage difop



one or more nodes exceeds the critical voltage drops allowassume that for every activation the task uses the sameep-sta

(say 10% of Vvdd). We apply a fixed-priority scheduling method, in which higher
o priority tasks can preempt lower priority tasks, so the omfe
C. System level EM-reliability model tasks is obtained from the priority. This scheduling metisd

At the system level, the embedded system will run on diffewidely used and is supported by standards like OSEK [3].
ent tasks under different p-states. As a result, its tentpera  Task response time is an important metric to analyze timing
and current densities will change with time. However erigti in multi rate system. It represents the time duration from
EM models including the new physics-based model can ortlye activation of one task to its termination. In fixed-pitipr
take constant temperature. Previous study shows that wheéheduling, higher priority tasks can preempt lower ptjori
system MTTF or lifetime under different temperature can basks, so theesponse time of one task contains the time it

approximated by [15]: is preempted by higher priority tasks besides its execution
1 time. We user; to represent the response time of task
lifetime = - T (3) and it is expressed as (4) whehe(r;) denotes the task set
(Zkzl(Atkm))/T containing higher priority tasks than task The first term of

where MTT Fr;, is the actual MTTF under thé-th power ) reé)resents hthe executi'on time 0: rt}gs#and 'th.e seccl)(nd
and temperature settings faxt, period, assuming the chip t€rM denotes the preemption time of higher priority tasks.

works throughn different power and temperature settings and B T
T =3Y1_, Aty. EachMTTFpg will be computed based on ri = At + Z (Tk]At’“ (4)
the EM models discussed in the previous section. Tk €hp(7i)

1. NEW LIEETIME OPTIMIZATION METHOD The timir_wg constraints for multi-rate system is tha; the re-
) ] ) o o sponse time of any task should be no greater than its period:
In this section, we introduce lifetime optimization method; . r; < T;. Every task must finish its execution before its

for real-time embedded systems considering EM effects. Fext activation. In our real-time system model, we Rage
effectively manage the lifetime of the chips due to EMyonotonic scheduling, which is a common preemptive fixed-
effect, we still apply the dynamic voltage and frequenc%riority scheduling method. In [14], it is proved that Rate
scaling (DVFS), which is implemented by performance-stajonotonic is optimal with respect to feasibility among fixed
(p-state) selections for a processor [6]. We assume thatla t%r&i%ity single-processor schedulers. As an illustratianeal-
scheduling for an embedded system has been finished be system model for single and multi rate is shown in Fig. 2
the optimization. In this section, we first present the t&8e  \yhere task 2 has the highest priority due to its smallesbperi
task models considered in this work. and task 3 has been preempted two times by task 2 within
A. Real-time system models its response time. Further, we ueere utilization to measure

Most of embedded systems are real-time systems, where

tasks are activated periodically, so timing and deadliraukh Task2 | |y onepene
be carefully considered. We mainly consider two kinds of Task1 | [ T [[] Task Execution
models for real-time systems: (1) Single-rate model, where  tasks 1 S Task Preempted

all tasks in the system have the same activation period and ' (@ Single Rate

deadline, and (2) Multi-rate model, where each task can have  r, ﬂ Ml periocs

its own activation period and deadline. A task set is represk Task1l | = ]

as7 = {n,7,73,...,7,} Where all tasks in the system are Tasks Y ] N Y = |
independent of each other. All tasks are scheduled on aesing| (b) Multi Rate | Hyper Period

core processor. For single-rate system, every task hasathe s ‘

activation periodl’. For multi-rate system, every task has its Fig. 2. Single rate and multi rate task scheduling models

period and we usé’; to denote the period of task. In this
work, we consider the deadline of each task as its activatitfte percentage of total execution time in the processorchwhi
period, where every task must finish the execution befok@s significant impacts on the lifetime improvement we can
its next activation, or missing deadline may have detrimentyptain. The core utilization: is expressed as = 3. &
impacts on the whole system. !
In single rate system, every task has the same period an
deadline, so the worst case for timing is that one task h35@sk.
to wait for all the other tasks to finish execution. As lon I o . .
as the sum of all task execution times are no greater th nThe new lifetime optimization algorithm for real-time em-
deadlineTl’, the system is schedulable. We usg to represent eded systems
the execution time of each task, so the timing constraints fo In this section, we explain the new algorithm and its major
single-rate system is expressed)as At; < T. steps. The algorithm flow is shown in Algorithm 1. First, we
In multi rate system, the task scheduling is repeated at atart with a single or multi rate task set in either singlesrar
hyper period that is the LCM (least common multiple) omulti-rate models. The tasks have non-optimized initiatate,
all periods, so we need to consider the p-state selectionvibich has a pair of highest operating frequency and voltage.
tasks within a hyper period for multi-rate system. Thus, w&he temperature values from the profiled power and execution

whereAti is the execution time for taskandT; is the perilod



time can be measured by running HotSpot [13] with respect TABLE |

to every possib'e p_state Se'ection for each task_ A PRELIMINARY MEASUREMENT FOR PREEMPTIVE EFFECT ON LIFETIME
Once we have all the power and temperature information,

we compute the MTTF for each p-state for the task based on Non-preemption ~ Taskl Task2  Lifetime

the after-mentioned EM simulator discussed in the previous MTTE; 0.47 83 071

section. As a result, for each p-statgof a taski, the execu-
tion time A, is the the function of itS/TTF; = MTTF (p,)
under the p-statg;. We then build a continuous function of
Ay, (MTTF;) using the response surface method (RSM). We
may use up to 3rd order polynomials for our RSM method. The
function is important for the lifetime optimization as showW e whole optimization can be formulated in (5).
later. Then we solve a constrained nonlinear optimization

problem to find the best p-state for each task. 1

Max Lifetime(m) = - T -
(3 (At gy —H25) / Thyper

Preemption Taskl (Divided) Task2 Lifetime
MTTF; 0.47,0.47 84.3 0.71

Algorithm 1 EM-induced lifetime optimization algorithm Subject to:
Input: A task set with execution time, power, and available

ri=Ati+ > ’VL-‘ At < T

p-states kehp(i) ' P
Output: Optimize_d p-state selection for a task set . MTTF,, < MTTF;, < MTTF,.,
1: Compute scaling voltage and frequency for each task with (5)
every p-state wherem = [MTTF,, MTTF,,..., MTTF,]”, which is the
2: Compute a period or hyper period for single or multi rat¥ariable vector; is the task id,At; is the execution time for
system taski , n is the total number of taski/TT'F; is the segment
3: Compute scaled power and measured temperature for ehTF for taski r; is the response time of tagk/p(i) is the
task with every p-state task set containing the higher priority tasks than the aurre
4: With given power and temperatureMTTF; = taski.T; is the period of task, which is a deadlin€l}, .. is
MTTF(p;) can be calculated for each p-state the hyper period for all tasks. At the single rdig,,.. is equal

5: Calculate the task execution time and MTTF for each tad® 7;. Tiotal iS the total execution time of all task8/TT'F;
for every p-state. We then build continous function o the minimum bound of MTTF for taskand MTTF; ., is

Ay, (MTTEF;) for each task. the maximum bound of MTTF for task
6: Perform the MTTF optimization as shown in (5) with 3) Optimization solution: To solve the constrained non-
timing constraint to find best p-state for each task. linear optimization problem, the simulated annealing radth
7: Output each selected p-state for each task. is applied. We use the Matlab’s global optimization toolbox

which provides the simulated annealing function code based
on adaptive simulated annealing (ASA) [9]. The simulated
annealing begins with an initidl/ 7T F; obtained by a median

Task 2 M Task2 | [ [ ] Task Execution of MTTF;, and MTTF,, for each taski. The algorithm
Task1 [ Task1 [ ] Task Preempted allows a large number of moves to gradually improve MTTF.
The step length equals the current temperature, and thengnovi
(2) Non-preemption  (b) Preemption direction is uniformly random. The problem type is set as

bound constrained with a set of bounds, which a®/TTF; ;

and MTTF;, for each taski. The regression coefficients
in our RSM model can be parameterized by the variables

é TTF;) of our objective function and act as constants
ring the optimization. The temperature will be lowered by

05" at each iteration, wherk is annealing parameter, which

Fig. 3. Multi rate preemption

1) Multi rate preemption impacts on EM reliability: For a
multi rate system, one important problem is that preempti
can lead to interruption of a task execution. Fig. 3 sho
an example of the mechanism of preemption in which ta

1 has been preempted with task 2. Since each task has téhe same as the iteration number before the reannealing.

. N e ; .
power (thus temperature profile), does such re-ordered ta{I](e sto;;pmg hcnterlon IS ls.fet'tdO ’ 'vvhere.theh |terr;1)t'|0n.
execution will affects the EM-induced reliability? It tugrout stops when the average lifetime variation in the objective

that such task re-ordering or task preemption has margirﬁpcnon is smaller than this tolerance. The maximum number

: . o evaluation is set to 3000. Once a solutienis found, the
impacts on the EM-induced reliability. Table | show the tesu : S
for the MTTF of two executions: one for non-preemption anaorrespondlng p-staye; for eachMTTF; for each task is cal-

one for preemption. As we can see that the MTTFs for bo lated by finding the shortest-distance betw@éd'l'F; (p;)

cases are almost same. The reason is that the temperaturgngf computed/ TTF;.

the each task execution is mainly determined by its power, |y ExpeRIMENTAL RESULT AND DISCUSSIONS

its transient thermal effects between task transition ae n i

significant. Thus, the lifetime formulation in (3) remairteet A EXperimental setup

same for multi-rate system. The proposed new lifetime task optimization method has
2) MTTF optimization formulation: Now, we can formulate been implemented in Matlab and C++. We applied the recently

the MTTF optimization based on all the previous discussionsroposed physics-based EM model and analysis method for



TABLE Il

OPTIMIZATION METHOD EVALUATION FOR LOW/HIGH CORE UTILIZATION SINGLE RATE TASK

Non optimized

6 Tasks at 40% core utilization at single ratdlon optimized

6 Tasks at 80% core utilization at single rate

i (task id) 1 2 3 4 5 6 i (task id) 1 2 3 4 5 6
Py (p-state) 1 1 1 1 1 1 Py (p-state) 1 1 1 1 1 1
At;(ms) 3.70 582 243 510 0.92 1.99;(ms) 6.81 549 8.37 525 745 651
Period; (ms) 50 50 50 50 50 50 Period; (ms) 50 50 50 50 50 50
MTTF (year) 0.47 047 0.46 0.47 047 OMTTF; (year) 047 047 0.46 0.47 047 047
Energy (Wh) 0.112 0.17 0.07 0.15 0.02 O0.8mergy; (Wh) 020 0.16 0.25 0.15 0.22 0.19
Total Energy 0.59 Lifetime 1.19 Total Energy 1.19 Lifetime 0.59
Optimized Optimized
i (task id) 1 2 3 4 5 6 i (task id) 1 2 3 4 5 6
Py (p-state) 5 5 5 5 5 5 Py (p-state) 2 3 3 3 2 3
At; (ms) 6.32 9.93 4.15 8.69 157 3.49; (ms) 779 7.18 10.93 6.86 852 8.50
Period; (ms) 50 50 50 50 50 50 Period; (ms) 50 50 50 50 50 50
MTTF; (year) 448 447 48 447 50 A8MTTF; (year) 0.95 3.06 3.06 3.06 095 3.06
Energy; (Wh) 0.07 0.11 0.04 0.10 0.01 O0.@nergy; (Wh) 0.18 0.13 0.20 0.13 0.20 0.16
Total Energy 0.40 Lifetime 66.97 Total Energy 1.02 Lifetime 1.78

TABLE Il

OPTIMIZATION METHOD EVALUATION FOR LOW/HIGH CORE UTILIZATION MULTI RATE TASK

Non optimized 6 Tasks at 40% core utilization at multi rateNon optimized 6 Tasks at 80% core utilization at multi rate

task id 1 2 3 4 5 6 i (task id) 1 2 3 4 5 6

Py (p-state) 1 1 1 1 1 1 Py (p-state) 1 1 1 1 1 1
At; (ms) 6.93 4.02 4.19 191 1.64 3.08 (ms) 9.33 7.25 16.38 13.94 10.05 3.30
Period; (ms) 100 100 50 20 20 10®Period; (ms) 100 50 100 100 100 20
MTTF; (year) 0.47 0.47 0.46 0.47 047 O.MTTF (year) 0.47 0.47 0.46 0.47 0.47 0.47
Energy; (Wh) 020 0.12 0.25 0.28 0.24 0.@nergy (Wh) 0.27 0.43 0.49 0.41 0.30 0.49
Total Energy 1.20 Lifetime 1.18 Total Energy 2.42 Lifetime 0.58

Optimized 6 Tasks at 40% core utilization at multi rateOptimized 6 Tasks at 80% core utilization at multi rat

task id 1 2 3 4 5 6 i (task id) 1 2 3 4 5 6

Py (p-state) 5 5 5 5 5 5 Py (p-state) 3 4 3 1 2 2
At; (ms) 11.8 6.58 7.15 3.27 279 518 (ms) 12.18 10.82 21.39 13.94 1149 3.77
MTTF; (year) 447 448 4438 48.2 49 48MTTF (year) 3.06 15.2 3.06 0.47 0.95 0.95
Energy; (Wh) 0.14 0.08 0.17 0.19 0.16 0.@nergy (Wh) 0.23 0.32 0.40 0.41 0.27 0.45
Total Energy 0.82 Lifetime 68.02 Total Energy 2.10 Lifetime 1.36

our EM analysis [8]. Hotspot [13] is used for the temperatummethod finds the lowest-energy p-state solution for eadk tas
modeling.To generate task sets, we implement a random reshd total energy consumption decreases about 67% as each
time task generator based on the core utilization factor. WWask p-state is selected as 5, which is the lowest-engery®VF
use 6 tasks per one task set and 36 task set. For single fateeach task execution. With this optimization method, the
task sets, 50ms, 20ms, and 10ms are chosen for a singktime is improved to 66.97 year from 1.19 year. But for
rate period. For multi rate task sets, we use 50ms, 20nmégh utilization case, lifetime improvement will be limieas
and 10ms periods, but set to the same hyper period st®wn in the 80% utilization case. In this case, the mostef th
100ms. All benchmarks and Matlab environment are runnimgystates are moved to middle range (3 in this case). But still
on 4 core 3.0Ghz Xeon server with 16GB RAM runninghere is still 85% energy saving and 3X lifetime improvement
Linux. 5 p-stateg; = {(1.6Ghz, 1.484V),(1.4Ghz, 1.409V),achieved by the proposed lifetime optimization method.sThi
(1.22Ghz, 1.339V), (1.07Ghz, 1.272V), (930Mhz, 1.20BV)indicates the significant improvement can be made for both
are chosen from ACPI standard and Enhanced Intel Speedstaprgy and reliability from the simple task scheduling.
Technology [6], [10]. In addition to single rate task, we also show results in multi
. o o rate tasks summarized in Table Ill. Again, depending on the
B. Evaluation of proposed lifetime optimization core utilization, the energy and lifetime can be both impav
First, we evaluate our lifetime optimization method (seand the improvement can be noticeable or significant.
Section 1ll) by comparing its lifetime and energy with non- o L
optimized p-state tasks to the optimized p-state tasks. n COre utilization effects and trade-off on energy and lifetime
the evaluation of our lifetime optimization, we consideufo  As we can see, core utilization factor can have significant
different task sets (low and high core utilization, and &rand impacts on the final results. Figure 4 shows the core utibpat
multi rates) for comparison. Table Il summarize the residis versus energy and lifetime. The experiments are simulated
40% and 80% core utilization of single rate real-time tagis. with single rate tasks at 50ms, 20ms, and 10ms periods, and
we can see, for the low core utilization tasks, the optiniizat 3 random multi rate tasks at 100ms hyper period. In the low



core utilization, the system can run the task under higher pewer consumption than existing reliability-ignore schikt
state as the core utilization is the ratio of the task exeoutimethod. The proposed can lead to near Pareto’s front trade-
time and its period. In the higher utilization, energy savinoff between the power/energy and the lifetime compared to
and lifetime improvements decrease as the higher utitimatithe existing task scheduling method.

leads less number of p-state selection.
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