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ABSTRACT

Today’s multiprocessor system-on-a-chip (MPSoC) products typically have
multiple execution modes, and for each mode, all the products utilize the
same task allocation and schedule strategy determined at design stage.
As these products experience different usages by customers, such unified
solution can at best be optimized for a hypothetical common case. It is
hence likely that the product is not reliable or energy-efficient from par-
ticular customers’ point of view. To tackle this problem, we propose a
novel customer-aware task allocation and scheduling technique, wherein
we generate an initial task schedule for each execution mode at design
stage and then perform online adjustment at regular intervals for life-
time reliability improvement and/or energy reduction according to the
specific usage strategy of individual products. Experimental results on
several hypothetical MPSoCs with various task graphs demonstrate the
effectiveness of the proposed personalized solution.

1. INTRODUCTION

When designing complex embedded systems, it is increasingly pop-
ular to take a pre-designed multiprocessor system-on-a-chip (MPSoC)
platform (e.g., ARM PrimeXsys platform [1]) and map applications onto
it. A critical step in the platform-based embedded system design flow is
the so-called task allocation and scheduling (TAS) process, which deter-
mines the task mappings to processing elements (PEs) and their execution
sequences to meet design specifications. Among the various optimization
objectives during the TAS process, energy consumption is one of the pri-
mary concerns, especially for handheld embedded systems. Based on the
widely-used dynamic voltage frequency scaling (DVFS) techniques [10],
there is a rich literature on energy-efficient task allocation and scheduling
techniques (e.g., [12]). Meanwhile, due to the ever-increasing tempera-
ture and power density of integrated circuits (ICs), the lifetime reliability
of MPSoC products caused by wearout effects has also become a serious
concern [2, 13, 17]. To tackle this problem, some recent work (e.g., [8])
proposed to explicitly take lifetime reliability into consideration during
the TAS process.

Electronic products (e.g., smart phones) are seldom designed exclu-
sively for one or a few specific customers. In most cases, a great vol-
ume of products are manufactured according to an identical design and
shipped to different customers. The products, since bought by end users,
however, start to experience different life stories. For instance, some
users might mainly use their smart phones for making calls, while some
others use it for music play most of the time. In other words, customers
may have significant different usage strategies for the same system. We
refer to this phenomenon as the usage strategy deviation of the product.
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The allocation and scheduling of tasks on embedded systems at design
stage, albeit carefully conducted, at best can be optimized for a hypo-
thetical common case. It is very likely that the obtained TAS solution is
not energy-efficient or reliable from particular customers’ point of view,
due to the fact that their usage strategy deviates significantly from the
“common case”. By lifting the implicit assumption of applying the uni-
fied task schedules on all products, a personalized TAS solution for each
individualf product can be more energy-efficient and/or reliable.

Motivated by the above, we propose to design the product in such
manner that it has the capability of extracting its own usage strategy and
adjusting the task schedules at runtime when necessary. The customer-
aware task schedules for multi-mode MPSoC embedded systems are con-
structed as follows. First, we generate an initial TAS solution for each
execution mode such that the expected energy consumption is minimized
under a given lifetime reliability constraint. Sequentially, we conduct on-
line adjustment for each particular survival chip at regular interval based
on its past usage strategy to guarantee its lifetime reliability and/or reduce
its energy consumption. The performance overhead for online adjustment
is negligible because the aging effect of IC products is typically in range
of years and hence the adjustment interval can be set in the range of days
or months. To have more flexibility during online adjustment, however,
certain tasks may need to be mapped onto different types of PEs, which
requires more design effort and storage space. This is taken into consider-
ation in our solution as a constraint. Experimental results on hypothetical
MPSoC products with various task graphs show that the proposed solu-
tion is able to significantly increase their lifetime reliability and is also
helpful for energy reduction.

The remainder of this paper is organized as follows. Section 2 reviews
related work and formulates the problem investigated in this paper. Sec-
tion 3 presents the proposed simulated annealing (SA) based TAS tech-
nique used at design stage. Then, the reliability model for online adjust-
ment and the corresponding online adjustment technique are introduced
in Section 4. Experimental results are presented in Section 5. Finally,
Section 6 concludes this paper.

2. PRELIMINARIES
2.1 Related Work and Motivation

Due to the ever-increasing adverse impact of relentless technology
scaling on IC lifetime reliability, it is essential to take circuit aging effects
into consideration during the task allocation and scheduling process. [8]
first addressed this problem by generating a unique task schedule with
maximum lifetime reliability for a single-mode embedded system. Later,
the same authors extended their work in [7] for multi-mode MPSoCs,
considering to minimize energy consumption under a given lifetime reli-
ability constraint. The problem is solved in two phases: a set of possible
task schedules are generated for each execution mode, and then a multi-
mode combination algorithm is used to select a schedule from each set
for global optimization.

In the above works, TAS solutions are generated at design stage and a
unified task schedule for each execution mode is constructed for all the
products. As discussed earlier, in the presence of customers’ usage strat-
egy deviation, the task schedules can be optimized at best with respect to
a usage strategy distribution fy(y), obtained via market research or cus-



Figure 1: Task Graphs in the Example.
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Figure 2: Impact of Usage Strategy Deviation.

tomer survey. In other words, setting energy savings as the optimization
objective, we can construct task schedules to minimize the expected en-
ergy consumption of all products and guarantee that the expected lifetime
reliability of all products is no less than a predefined threshold. The re-
sulting unified schedule, however, may not perform well from particular
customers’ point of view.

To take an example, let us consider a simple MPSoC product with three
execution modes and two processor cores. The task graphs are generated
by TGFF [3] and shown in Fig. 1. The usage strategy distribution is set
to y; ~ N(0.5,0.5%), y, ~ N(0.5,0.5%), and y3 = 1 — y| — y, provided
all variables are in the range between 0 and 1. We apply the TAS solution
obtained from [7], which tries to minimize the expected energy consump-
tion over usage strategy distribution under constraints onto a volume of
products with the same design. The measurements of 10,000 sample
products are plotted in Fig. 2. As shown in this figure, because of the
usage strategy deviation, although the reliability threshold is set to 47%,
the reliability of sample products ranges from 35% to 65%. In particular,
around half of products (the marks below red line) are not reliable as ex-
pected, while the remaining have too much reliability margin that can be
used to reduce energy.

The above observation motivates the proposed customer-aware task
allocation and scheduling technique in this paper.

2.2 Problem Formulation

To achieve the objective of this work, we need to generate an initial
TAS solution at design-stage and then conduct online adjustment after
the product is deployed to the market. Consequently, we partition the
problem into two phases and formulate them separately in this section.

Problem 1 [Design Stage]: Given

e ¢ execution modes. A directed acyclic task graph gk = (‘Tk, X )
for mode k, wherein each node in 7% = {‘c{< 1<i< nk} represents
a task in gk, and E* is the set of directed arcs which represent
precedence constraints. Each task graph gk has a deadline d*;

e The joint probability density function' that the system is in various
modes fy(y), where y; represents the probability that the system
is in execution mode k;

o A platform-based MPSoC embedded system that consists of a set
of processors P = {P; : 1 < j < m}, belonging to ¥ categories;

o Execution time table {c;;: 1 <k <g,1<i< nk,1< j<m},
where ¢y ; ; is the execution time of task Ié‘ on processor P;. If a
task cannot be executed by a certain processor, the corresponding
Ci,j 1s set to infinity;

o Power consumption table {py; ;: 1 <k<g,1<i< nk1<j< m},
where py ; ; is the power consumption of 1:5-‘ on processor Pj;

IThe mode execution probabilities can be estimated as in [7, 16].

e The target service life 77, and the corresponding reliability require-
ment N%;

To determine a periodical task schedule for each execution mode such
that the expected energy consumption over all products is minimized un-
der the performance constraints that all tasks are finished before dead-
lines and the reliability constraint that the expected reliability at the target
service life is no less than n%.

With the initial task schedules generated at the design stage, for a par-
ticular MPSoC product, its task schedule can be online adjusted at regular
intervals. The problem to be solved at the end of the 1™ interval is for-
mulated as

Problem 2 [Online Adjustment]: Given all parameters as specified
in Problem 1, and

e Interval length #;;
e Usage strategy y, of the /M interval for 1 < £ < u;
o task mapping flexibility constraints;

To determine a periodical task schedule for each execution mode such
that the energy consumption of this particular product is minimized under
the performance and reliability requirement. It is worth to note that the
lifetime reliability of the MPSoC products is a statistical value and the
reliability constraint here is set as same as that in Problem 1, i.e., the
percentage of products that survive until the target service life is no less
than N%.

3. DESIGN-STAGE TASK ALLOCATION AND
SCHEDULING

We propose to handle Problem 1 with a simulated annealing-based
algorithm. Since it is impossible to generate task schedules for each indi-
vidual chip, the optimization objective is the expected energy consump-
tion over all the products.

3.1 Solution Representation and Moves

An effective solution representation together with the corresponding
moves is very important for any SA-based technique. To the best of our
knowledge, all existing techniques (e.g., [14]) do not have a 1-to-1 cor-
respondence between the representation and the task schedule. Consider
the one proposed in [8], wherein a schedule is represented as (scheduling
order sequence; resource assignment sequence) together with three kinds
of moves. While it has been proved that all possible task schedules are
reachable starting from an arbitrary initial valid one [8], this representa-
tion suffers from redundancy problem. To clarify, we consider the task
graph shown in Fig. 3(a). Based on the solution representation (1, 2, 3, 4,
5, 6; P, P, P,, P3, P, P3), which means task 1 is scheduled on P; first,
following by task 2, 3, 4, 5, and 6, on Py, P>, P3, P1, and P3 respectively,
we can reconstruct the unique task schedule, demonstrated in Fig. 3(b).
However, some solutions, such as (1, 3, 2, 4, 5, 6; Py, P, P>, P3, P|, P3)
and (1,4, 3, 2,5, 6; Py, P, P», P3, P1, P3), correspond to the same sched-
ule. In other words, some moves cannot lead to new schedules, which
can result in significantly adverse impact on the efficiency of searching
process.

The above motivates us to propose a novel solution representation,
which has 1-1 correspondence property between task schedules and so-
lution representations. Given a solution representation, if swapping any
two tasks in a subsequence of the scheduling order sequence does not
change the schedule, the tasks in the subsequence are referred to as in-
terchangeable. In other words, swapping the order of these tasks in the
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(a) Task Graph
Figure 3: An Example of Solution Representation.
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scheduling order sequence cannot result in a new schedule. In our exam-
ple, given the solution (1, 2, 3, 4, 5, 6; P1, P, P», P3, P|, P3), tasks 2, 3,
and 4 form such a subsequence. In addition, tasks 4 and 5 form another
one. The task allocation and scheduling for the MPSoC is therefore rep-
resented as (scheduling order sequence; resource assignment sequence),
and the interchangeable tasks are marked with square bracket. In addi-
tion, in case that two adjacent tasks in the scheduling order sequence are
interchangeable, we always keep the one with smaller index in the front.
For example, the schedule shown in Fig. 3(b) is represented as (1, [2, 3,
[4], 51, 6; P1, Py, P>, P3, Pi, P3). Clearly, a solution representation is
regarded as a valid one if (i). the scheduling order sequence conforms
to the partial order designated by the task graph and (ii). if two adjacent
tasks are interchangeable, the one with smaller index is kept in the front.

Before the definition of the moves, we need to introduce a few con-
cepts. With the above representation, we define zones in the scheduling
order sequence. The tasks in the scheduling order sequence are swept
from left to right. A new zone appears when we reach a task that does
not belong to any subsequence or we reach a new subsequence, and ends
when we move to the next task in the first case or the subsequence termi-
nates in the second case. An example is demonstrated in Fig. 4, where
four zones are identified. The tasks are labeled with the zone indexes.
Note that, in case that a task belongs to two zones, we always label it
with the smaller index. In our example, task 4 belongs to two zones and
is labeled as a task in zone 2. To change the scheduling order sequence,
we can randomly pick up a task and refer to it as source task. Given the
source task is in zone i, if there exists a task just precedent to zone i in the
scheduling order sequence, it is referred to as the sink task with respect
to the source. For example, suppose task 3 is selected as the source, it
belongs to zone 2 and hence its sink is task 1. Given the source task 4,
although it belongs to two zones, it is referred to as a task in zone 2 and
therefore its sink is task 1. Similarly, the source task 5 corresponds to the
sink task 3.

Now we are ready to introduce the moves that guarantee the complete-
ness of searching process. Two kinds of moves are defined:

e MI1: Pick up a task in the scheduling order sequence as the source
and insert it in the front of its sink, if there is no precedence con-
straint between the source and sink tasks.

e M2: Change the resource assignment of a task.

To move to a neighbor solution, we start with the original solution and
randomly apply a move defined above. Sequentially, we need to con-
duct a post-processing step to identify the interchangeable subsequences.
This is easily achievable because two adjacent tasks in the scheduling or-
der sequence are interchangeable if and only if (i). there is no precedence
constraint between them and (ii). they are assigned onto different proces-
sor cores. In addition, we move the tasks with small indexes forward as
much as possible. The proof of completeness and 1-1 correspondence are
ignored in this paper due to space limitation.

To reconstruct the schedule with a given solution representation, we
assign the tasks according to the scheduling order sequence iteratively.
Every time the /" task in the scheduling order sequence whose index is j
is picked up and its core assignment is identified by the j element in the
resource binding sequence. We simply set its starting time as the earliest
available time.

3.2 Cost Function

Since the objective is to minimize the expected energy consumption
under the performance and reliability constraints, the cost function used
in our SA-based technique consists of three terms, each for an objective
or a constraint.

Cost = Ey[Energy] +u - 1[3i,k : &F > d] +u- 1R (1) <m%] (1)

where Ey indicates the expectation over usage strategy distribution Y, u
is a significantly large number, and the indicator function I[A] equals to 1

if event A is true while O otherwise. Thus, the large cost u is the penalty
of violating constraints.

In case that no DVFES technique is enabled, the computation of energy
consumption in an execution mode k is a trivial problem. We can simply
sum up the energy consumption of all tasks, namely,

nk m

Energy, = > > i — j]-crij- Prij @
i=1j=1

Thus, given the usage strategy y, the energy consumption of a system
can be expressed as

l_>]] Ckii,j* Pkii,j Yk 3)

u M=
u Ms

q
Energy = 2

Nevertheless, it is difficult to compute the expected energy consump-
tion Ey [Energy| according to its closed-form expression, i.e.,

Ey [Energy] = / / Energy - fy(y)dy )

In this work, we propose to discretize the range of y; (i.e., [0,1]) into
partitions of u equal intervals. As a consequence, since the state space
of y is g-dimensional, there are u4 partitions in total. We compute the
energy consumption with respect to a sample usage strategy with Eq. (3)
for each partition and sequentially approximate the expected value with
the weighted sum.

Given the task schedule, the second term in Eq. (1) can be determined
by comparing the finish time e{-‘ and deadline d{‘ of tasks and it is inde-
pendent of usage strategy.

We then move to discuss the third term. We assume the reliability
function of a processor core follows Weibull distribution [8], where the
shape parameter [ reflects the structural property of processor core while
the scale parameter 0 indicates the rate of suffering from aging effect
and hence depends on operational temperature, supply voltage, and fre-
quency.

R(0) =exp (~ (5)°) )

Let Q(sk) be the aging rate? of the processor in execution mode & [8],
induced by the task schedule s¥. With the similar argument in [6], we can
express the expected aging rate as

q
= Q) ©)
k=1
and approximate the reliability function as
m
1L
R(1) = exp(— S (LB 7
() =exo (= X (5i)") ™

Similar to the expected energy consumption, R**(z,) is a function of
usage strategy. We therefore use the approximated value obtained by
discretization for cost evaluation.

3.3 Impact of DVFS

For DVFS-enabled MPSoC products, we need to revise our cost func-
tion. Let us define the voltage scaling parameter p as a value within the
range [0, 1], where p = 1 implies the processor is working under maxi-
mum supply voltage. The scaled supply voltage is therefore pVyq.

Without DVFS, the power dissipation of a processor core can be de-
scribed by the following equation [11]

P = Pon + Paynamic + Pleakage
= Pon+Cett- Vg + (Vaa - Tubn + |Vos| - ) ®)

where, Pop is the inherent power cost for keeping the processor on,
which can be assumed as a constant value [11]; Pyynamic represents the
dynamic power consumption, which is quadratic dependent on supply
voltage Vyq and proportional to operating frequency f and the effective
switching capacitance Ceff; Pleakage indicates the leakage power dissipa-
tion due to subthreshold leakage current /g, and reverse bias junction

2This value indicates the rate of a processor core suffering from aging effect.
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current [j. Vps is the body bias voltage. Iyypy is a voltage-dependent pa-
rameter, given by

Isuon = K) oV &)

where, K and K; are constant fitting parameters. [; can be approxi-
mated as a constant value, as pointed out in [15].

The operational frequency of a processor core is bounded by its slow-
est path, whose delay can be expressed in terms of supply voltage Vyq,
threshold voltage Vy,, and logic depth of the critical path Ly [15],

T= _ Laks (10
(Vad — Vin)*

where, K is a material-related constant. K3 is a constant related to
process technology. Given the voltage scaling parameter p, substituting
the scaled supply voltage pVyq into Eq. (10) yields the scaling operating
frequency, which is inversely proportional to circuit delay, as

1 Vad — Vin)®
f(P):ii (p (iliidK3th)

an
The power consumption of a task (that is, Eq. (8)) with voltage scaling
parameter p is then redefined as

p(p) = Cetr-P* Vg~ £(p) +PVaa- Ki e P - |Vo| - [+ Pon (12)

It can be also normalized by calculating the effective switching ca-
pacitance Cegr with the condition that p(p)|p=1 = p. The material and
technology-related parameters in this model (e.g., K) are set according
to [15] with 70nm technology.

Since DVEFS provides benefits to both energy saving and reliability en-
hancement, for a given task schedule we reduce its p as much as possible.
To be specific, we extend the execution time of a task to ¢ - d¥ /makespan,
where makespan is the time interval that all periodical tasks need to fin-
ish their execution once. By the normalization that ¢(p)|p=1 = c, the
execution time with DVFS can be expressed as

(Vaa —Vn)*

clp) = (13)
(°) (PVaa — Vin)®
We combine this equation with the following one to compute p.
c-d*
=— 14
<(p) makespan a9

These parameters p(p) and ¢(p) are substituted into the cost function
presented in Section 3.2.

4. ONLINE ADJUSTMENT

Given an MPSoC product, its usage strategy becomes available at run-
time, which enables us to online adjust the task schedules. Since the
aging effect of IC product is a slow process (in the range of years), we
propose to perform the task schedule adjustment at regular intervals and
each interval can be in range of days or months. From this aspect, the on-
line adjustment can be regarded as a special task of the embedded system
and executed regularly.

Since the online adjustment targets a specific MPSoC product, we need
to calculate the energy consumption and reliability with respect to its us-
age strategy rather than the expected values over all products. While a
lifetime reliability model for MPSoC embedded system has been pro-
posed in [8], it is not readily applicable for online lifetime reliability
evaluation. This is because, it cannot describe the design-stage reliability
requirement given a certain product survives until time ¢ without any in-
formation on other products. With the information of task schedules and
usage strategy in the past u intervals, we are interested in the conditional

in-degree out-degree task # on
label task # edge # mean%std mean/g;td longest path
Ga 6 7 1.17/0.75 1.17/0.98 4
Gp 7 8 1.14/0.69 1.1470.90 4
Ge 3 2 0.67/0.58 | 0.67/1.15 2
Ga 31 40 1.29/0.81 1.29/1.17 10
Ge 69 100 1.45/0.99 1.45/1.17 13
Gy 152 233 1.53/0.79 1.53/0.74 28

Table 1: Description of Task Graphs.

label processor- cores
type | quantity B
Tl Vi,V2 1,2 2’1.5
B |vivavs | L4 25215

Table 2: Description of MPSoCs.
reliability at the target service life ¢ for the online decision making. Nat-

urally, #7 > u-t;, because no adjustment is required after the target service
life.

Given the product has been utilized for u intervals, the estimation of
the reliability at time #7, depends on not only the past history but also the
prediction for the future. Since the usage strategy for the entire service
life is not available during usage, we need to infer the future usage strat-
egy (denoted by y) from the traced values. We suggest a forgetful scheme
to highlight the recent usage preference: y is initialized as y; at the end
of the first interval. Since then, at the end of interval / it is updated to
(1—o)-y¢+ oy, where o is a small number. In other words, y has the
form

y=(—a)yut(1-0) oyu1+-+a'y (15)

In addition, we assume the newly-generated schedules s is always used
in the rest of service life. Denoting by s, the task schedules in the /!
interval, we represent the reliability requirement for online adjustment as

R™(tr;y,8]y1,815 - 3 Yu,S8u) =M% (16)

Although we conduct the u™ online adjustment for the products that
survive at time u -#; only, the above requirement is consistent with the
reliability constraint specified in Problem 1. To clarify, we denote by
R™5(u-t7]y1,815 - ;¥u,Su) the probability of a product surviving at time
u-t7. Given N products with identical usage strategy and task schedules
where N is a sufficient large number, the quantity of faulty products at
time u-t7 is given by N - (1 — R™*(u - t7|y1,81; - ;¥u,Su)), as shown in
Fig. 5. Thus, to meet the reliability requirement R%*(z;.) > 1%, the con-
ditional reliability of a product at the target service life given its survival
at time u - #; should be no less than the ratio between good chips at the
target service life and that at the end of u intervals, i.e.,

N -n%

Ro(tr|lu-t1) > - (7
C( | ) N-RW(u~t1\y1,sl;”~;ymsu)
By definition, the conditional reliability is given by
R IL3Y,S|¥Y1,815" 5 Yu, S
Re(tplu-t1) = ”( Y.sly . .yu 3 (18)
RS (u-t7]y1,813+ 3 YusSu)

Substituting Eq. (18) into Eq. (17) results in the reliability requirement
for online adjustment, namely, Eq. (16).

With the above definition, we then move to the analytical modeling of
the quantity R™*(¢1;y,S|y1,815 - ;¥u,Su) in the following.

We use subscript to indicate the intervals and rewrite Eq. (6) as

q
Q(s1) = Y, Q(sh) i (19)
k=1
The reliability at the end of the first interval is then given by
154 B
R(t7|y1,81) =exp(— (20)
(t1]y1,51) = exp L )

By the continuity of reliability function, we obtain the reliability at
time u - f7, namely,

RGweilyrsiiiyis) =exp (— (X o)) @D
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Figure 6: Description of Usage Strategies.

By the similar argument, we can estimate the reliability at the target
service life by

u

154 B
+[:Z] Q(S(Z)) ) (22)

L —u-ty
Q(s)

Ry, [y1,815+ 3 YurSu) = exp (— (
where, Q(s) is the future aging rate, induced by task schedules s.
Without redundant cores, the entire system functions if all processor
cores are functioning. To differentiate the embedded cores, we use the
subscript to represent the core index. For example, R;(t) is the reliability
function of core j, and Q;(s,) is the expected aging rate of processor P;
in the /1 interval. The system reliability is therefore given by
m
R (tr:y,8|y1,81:+ 1 Yussu) = exp (— D (
j=1

tL—u-ty U 154
Qj(s) & Qj(se)

)ﬁj)

(23)

Finally, we obtain the new cost function for online adjustment as,
Cost = Ey[Energy] +u-1[3i,k: ek > d*]

- X[R™ (113 y,8]y1,815 -+ 5 Yu, Su) > %] 24
and we can then resort to the similar technique presented in Section
3.1 to solve Problem 2.

5. EXPERIMENTAL RESULTS
5.1 Experimental Setup

To demonstrate the effectiveness of the proposed technique, we setup
our experiments as follows. The task graphs are generated by TGFF [3],
whose attributes are described in Table 1. These task graphs are sched-
uled on hypothetic MPSoCs with features shown in Table 2. The power
consumption values are randomly generated while the range is set ac-
cording to IBM PowerPC 750CL [9]. Although the proposed analytical
model is applicable for any failure mechanisms or their combinations,
because of the lack of public data on the relative weights of different fail-
ure mechanisms, we consider a widely-used electromigration model [5]
in our experiments.

In addition, we assume most variables y; in the joint probability den-
sity functions that used to describe the usage strategies follow truncated
Gaussian distribution, as shown in Fig. 6. In Fig. 6(a), y; ~ N(0.5,0.5?)
and y, ~ N(O.S,O.Sz). The conditional domain is set to D = {0 <y; <
LO<y, <1,0<y 4y, <1} and y3 = 1 —y; —y,. In Fig. 6(b),
the probabilities of the product being in execution modes follow y, ~
N(0.25,0.5%) and y3 ~ N(0.75,0.5%), and y; = 1 —y, —y3. In addi-
tion, we assume two usage strategies for the MPSoCs with two execu-
tion modes: (). Uf: yi ~ N(0.5,0.5%) and y» = 1 —y; and (ii). Uy
y2 ~N(0.25,0.5%) and y; = 1 — y,, provided 0 < y; < land 0 < y; < 1.
For each case of our experiments, 1,000 sample products are generated,
whose usage strategies are independent identically distributed samples of

f(y)-

5.2 Results and Discussion

We first evaluate the effectiveness of the proposed method, given every
task can be allocated onto any processor core. As shown in Table 3, we
compare the solutions obtained by using the proposed design-stage and
online strategies. In this table, Ey [Energy] (Column 2) is the estimation
value and available at design stage, indicating the expected value of en-
ergy consumption of all products. Column 3-5 are obtained by applying
the initial TAS solution on sample products. To be specific, Ciit and Cijt

(Column 3 and 4) represent the sets of sample products that cannot meet
reliability requirements and those that can, respectively. The expected en-
ergy consumption over the products that meet reliability requirement with
initial solutions is denoted by ECaMnn [Energy] (see Column 5). Columns 6-
9 are obtained by applying online adjustment on the sample products. In
particular, for the products that meet reliability constraints with initial
solution, we evaluate their average energy by applying online adjustment
and demonstrate the results in Column 8. We also report the expected en-
ergy consumption of the products that meet reliability requirements with
online adjustment in Column 9.

As shown in this table, the online adjustment significantly enhances the
lifetime reliability of sample products. The percentage of products that
meet reliability requirement with online adjustment is much higher than
that with initial solution. For example, in case of { G, Gy, G:}, P1, Ui,
only 45.5% chips are able to meet the reliability requirement that the
probability of surviving until the target service life is no less than 40%
by applying the initial solution. With online adjustment, by contrast, this
value is improved to 98.8% (see Line 3). In average, the proposed online
adjustment can lead to 30% more products meeting reliability require-
ments.

Moreover, the energy consumption of the reliable chips with initial
solution (i.e., the chips in set C}\'}it) can be reduced by using the online
adjustment. To take a closer observation, we plot the measurements of
all sample products in terms of energy consumption and lifetime reliabil-
ity on Fig. 7, for the case { Gu, Gy, Gc}, P1, Ur. As demonstrated in this
figure, with respect to the chips in set CE“ the proposed online adjust-
ment essentially trades reliability margin for energy reduction. As for the
chips in set Ci?t, we achieve reliability enhancement by sacrificing some
energy. As a result, the expected energy consumption of the products
that meet reliability requirements with online adjustment (Column 9) is
higher than the design stage estimation (Column 2).

We are also interested in the task allocation and scheduling problems
within which some tasks must be allocated on a certain type of processor
cores (i.e., task mapping flexibility constraints). In the experiments, we
vary the percentage of tasks with such constraints and randomly select a
set of tasks. The experimental results for the case { G4, Gp, Gc}, P11, Ut
are depicted in Table 4.

The benefit provided by the proposed online adjustment gradually re-
duces when more tasks have the task mapping constraints. But still we
achieve some reliability enhancement and energy saving. Consider the
case that 75% tasks have mapping constraints (see the last line). The
percentage of products that meet reliability requirement increases from
45.5% to 70.8%, and the improvement is as high as 25.3%. This is be-
cause, even if most tasks are allocated onto appointed core type, there
still exists some flexibility induced by the cores assignment and schedul-
ing order. Based on this observation, we can prepare codes for the tasks
that significantly affect the lifetime reliability on various cores only while
fixing the core assignment of the remaining tasks.

Finally, since both design-stage task allocation and scheduling and on-
line adjustment are simulated annealing-based techniques, the execution
time highly depends on its parameters. In our experiments, we set ini-
tial temperature, cooling rate, and end temperature to be 100, 0.8, end
10(— 3), respectively. The number of random moves at each temperature
is 1000. With this setup, initial solution or task schedule adjustment for a
chip requests a few seconds of execution time on a 2.13GHz Intel CPU.

6. CONCLUSION

Because of the usage strategy deviation of modern multi-mode em-
bedded systems, a unified task schedule for every execution mode gener-
ated at design-stage may not be reliable or energy-efficient for individual
products. In this paper, we propose a novel customer-aware task allo-
cation and scheduling technique to tackle this problem, wherein initial
schedules are generated at design stage and each product is optimized
separately with online adjustment at regular intervals for lifetime reli-
ability and/or energy-efficiency improvement according to the specific
usage strategy of individual products. Experimental results on several
hypothetical MPSoCs with various task graphs show that the proposed
solution is able to significantly increase the lifetime reliability of MPSoC
products and is also helpful for energy reduction.



label initial solution online adjustment ACy (%)
Ey [Energy| | CN" (%) C,‘{F (%) ECE" [Energy] || C* (%) | Cyf (%) EC}i‘;i( [Energy| EC}\’}' [Energy|
{Ga, Go, G}, P1, Uy 16.8221 54.5 45.5 16.3751 1.2 98.8 16.0905 17.6617 53.3
{Ga, Gv, G}, Pr, Un 17.4577 61.6 384 16.8657 4.1 95.9 16.4147 18.5707 57.5
{Ga, Gv},P1, U} 22.1729 60.3 39.7 22.4243 28.3 71.7 22.2263 22.5648 32.0
{Ga, Gv},P1, Uy, 222991 325 67.5 22.5677 21.1 78.8 22.3834 225153 11.3
{Ga, Gv, Ga},Pr, Uy 19.5647 45.9 54.1 20.0546 144 85.6 19.3790 19.8103 31.5
{Ga: Gv, Ga}.Pi, Un 18.4024 474 52.6 18.4549 1.3 98.7 18.4124 18.6625 46.1
{Ga, Ge, Gr},'Pr, Us 20.9612 20.9 79.1 21.2033 0 100 21.0301 209117 20.9
{Ga, Ge, G}, P>, Un 20.7217 15.3 84.7 20.8443 0 100 20.5244 20.5135 15.3

C}{,‘“: sample products that cannot meet reliability constraint with initial solution;

C}j‘,": sample products that meet reliability constraint with initial solution;

Cy': sample products that cannot meet reliability constraint with online adjustment; Cj;': sample products that meet reliability constraint with online adjustment;

E

init
M

[Energy]|: expected energy consumption of sample products that meet reliability constraint with initial solution;

Eq{,}‘ [Energy]: expected energy consumption of sample products that meet reliability constraint with online adjustment;

Table 3: Effectiveness of The Proposed Technique.
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Figure 7: Comparison of Initial Solution and Online Adjustment in Product Measurements.

initial solution online adjustment ACy (%)
Ey[Energy] | Ci" (%) | i (%) ECX')" [Energy] || tasks w. const (%) | C3* (%) | Csf (%) EC,‘{,‘“ [Energy| Econ [Energy] M
0 1.2 98.8 16.0905 17.6617 533
25 16.9 83.1 16.1755 16.9475 37.6
16.8221 43 453 16.3751 50 25.8 74.2 16.1815 16.6902 28.7
75 29.2 70.8 16.3702 16.7894 253

Table 4: Effectiveness of The Proposed Strategy with Mapping Constraints.
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