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ABSTRACT
With the ever-increasing transistor variability in CMOS technol-
ogy, it is essential to integrate variation-aware performance anal-
ysis into the task allocation and scheduling process to improve its
performance yield when building today’s multiprocessor system-on-
a-chip (MPSoC). Existing solutions assume that the execution times
of tasks performed on different processors are statistically indepen-
dent, which ignores the spatial correlation characteristics for sys-
tematic variation. In addition, a unified task schedule is constructed
at design stage and applied to all products with various variation
effects, which restricts the maximum performance yield that can be
achieved for MPSoC products. To tackle the above problems, in this
paper, we present a novel quasi-static scheduling algorithm. Based
on a more accurate performance yield estimation method, a set of
variation-aware schedules is synthesized off-line and, at run time,
the scheduler will select the right one based on the actual variation
for each chip, such that the timing constraint can be satisfied when-
ever possible. Experimental results demonstrate the effectiveness.

Categories and Subject Descriptors
C.3 [Special-Purpose and Application-Based Systems]: Real-Time
and Embedded Systems

General Terms
Algorithm, Design.

Keywords
Process Variation, Performance Yield, Task Scheduling

1. INTRODUCTION
Because of aggressive technology scaling, today’s embedded com-

puting systems are able to integrate multiple microprocessors and
various hardware accelerators on a single silicon die, known as MP-
SoC. When building embedded applications, designers first partition
them into hardware and software tasks. Then, task allocation and
scheduling are carefully performed to effectively utilize the avail-
able processing elements (PEs) while satisfying various design con-
straints (e.g., timing constraints for real-time tasks).

At the same time, the relentless scaling of CMOS technology has
also brought with ever-increasing variability in transistor parame-
ters such as channel length, gate-oxide thickness and threshold volt-
age [4, 18]. While there have been extensive works in the litera-
ture to mitigate process variation effects at the logic level (e.g., sta-
tistical timing analysis and optimization [2]) and algorithmic level
(e.g., variation-aware high-level synthesis [21]), we are not able to
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hide the variability at the system level any more. For embedded
computing systems, designers are facing MPSoCs containing pro-
cessors with variable frequencies across identically designed cores
and across different identically designed chips.

In view of the above, variation-aware performance analysis needs
to be integrated into the system-level task allocation and scheduling
process for efficiently designing MPSoCs. Wang et al. [20] first
addressed this problem by introducing the concept of performance
yield for MPSoC designs, defined as the probability of the assigned
schedule meeting timing constraints of the system. Statistical task
graph analysis is then utilized in their task allocation and schedul-
ing algorithm to maximize performance yield. Later, Singhal and
Bozorgzadeh [17] proposed a non-probabilistic approach to reduce
computational complexity in [20]. Recently, Chon and Kim [6] pre-
sented a new task allocation and scheduling method that takes the
impact of resource sharing into consideration.

All the above works assume that task execution time follows Gaus-
sian distribution and the execution times of tasks performed on dif-
ferent processor cores are statistically independent of each other
(denoted as s-independent). However, a notable feature of within-
die process variations is that they often exhibit themselves as spatially-
correlated systematic variations, where devices close to each other
have a higher probability of observing a similar variation level than
devices that are far apart [14]. Because of this effect, identically de-
signed processor cores that are nearby tend to have similar charac-
teristics while variance is more severe among distant cores. Without
considering the above systematic variation effects, the performance
yield calculated in prior work is not accurate. Besides, without the
s-independence assumption between the task execution times, most
properties of Gaussian distribution cannot be applied directly to an-
alyze the multivariate normal distribution. Consequently, closed-
form statistical analysis becomes extremely difficult, if not impos-
sible. To tackle the above problem, we rely on Monte Carlo simu-
lation to estimate the performance yield for various task allocation
and schedule solutions, and we show that a reasonable amount of
test cases is sufficient to achieve high confidence for the accuracy.

In addition, prior work develops a unified schedule for all chips at
design stage to maximize performance yield. Clearly, the effective-
ness of such static solution decreases with the ever-increasing vari-
ation effects. We present a novel quasi-static scheduling strategy,
wherein a set of variation-aware schedules is synthesized off-line
and, at run time, the scheduler will select the right one based on the
actual variation for each chip, such that the timing constraint can be
satisfied whenever possible. Experimental results on various task
graphs mapped onto hypothetical MPSoCs show that the proposed
solution is able to dramatically improve the performance yield.

The remainder of this paper is organized as follows. Section 2
reviews related prior work and formulates the problem tackled in
this paper. Section 3 presents the proposed quasi-static performance
yield-driven task allocation and scheduling algorithm. Experimen-
tal results on various hypothetical platforms are presented in Section
4. Finally, Section 5 concludes this paper.
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2. PRIOR WORK AND MOTIVATION

2.1 Related Work
While there is a rich literature on task allocation and schedul-

ing solutions for embedded system designs [5, 12], only a few ex-
plicitly take process variation effects into consideration. [20] intro-
duced a new metric called performance yield to indicate the prob-
ability of MPSoC products meeting timing constraints given a cer-
tain task schedule, and proposed to enhance it by using statistical
task graph analysis. The computation of two atomic functions, sum
and max, is presented for the statistical timing analysis. The former
one relies on the property of Gaussian distribution, while the lat-
ter one uses moment matching technique. Later, to avoid the time-
consuming computations on distribution functions, [17] presented a
non-probabilistic approach. It made a good attempt to handle the
cases that the latency of processors follow an arbitrary distribution
in the problem formulation, and reached theoretical conclusions for
some simplistic scenarios. However, the proposed task allocation
and scheduling technique was again based on the assumption of
Gaussian delay distribution. Recently, [6] examined the impact of
resource sharing on statistical static timing analysis and introduced
an analytical framework to take this issue into account.

All the above works assume that the execution times of tasks fol-
low Gaussian distribution. Yet it has been demonstrated that model-
ing the threshold voltage Vth and effective channel length Le f f with
Gaussian distribution fits the empirical data well [15]. Then, ac-
cording to the following processor frequency model [9], the execu-
tion time of a task induced by process variation can be approximated
with Gaussian distribution in some instances at best.

f ∝
(Vdd −Vth)α

Le f f Vdd
(1)

where, Vdd is the supply voltage while α is a material-dependent
constant.

More importantly, prior works assume that the execution times of
multiple tasks (on different processor cores, at least) are s-independent
of each other. This assumption, however, ignores the spatial correla-
tion characteristic of systematic variation, which is modeled by the
following spherical function for its good agreement with empirical
data [15].

ρ(r) =

{
1− 3r

2φ + 1
2

(
r
φ

)3
r ≤ φ

0 r > φ
(2)

where, φ is the distance pass which the correlation becomes zero,
and r is the distance between two elements on the chip. ρ ∈ [0,1] is
therefore a measure indicating their spatial correlation. The higher
the correlation is, the closer ρ is to one. When two processors are
correlated with each other in terms of threshold voltage Vth and ef-
fective channel length Le f f because of systematic process variation,
their frequency values tend to have similar offsets [9, 15]. The
jointly probability density function of two frequency values given
ρ = 0.8 is illustrated in Fig. 1(a). For comparison, we also plot
the jointly probability density function of two processors whose
frequency values are totally uncorrelated (i.e., s-independent, or
ρ = 0), as shown in Fig. 1(b). To get a clearer understanding, we
use Kendall Tau rank correlation coefficient, which is defined as
the probability of concordance of MPSoC pairs1 minus that of dis-
concordance, to demonstrate the co-dependence of two processors
fabricated on the same silicon die, as shown in Fig. 2.

With correlation, the statistical properties of s-independent Gaus-
sian distributions serving as the basis of statistical task graph analy-
1Consider two observations of MPSoCs whose operational frequency of
processors are < fMPSoC1,P1 , fMPSoC1,P2 > and < fMPSoC2 ,P1 , fMPSoC2,P2 >
respectively. If ( fMPSoC1,P1 − fMPSoC2,P1 ) and ( fMPSoC1,P2 − fMPSoC2,P2 )
have the same sign, this pair is called concordant; while otherwise discon-
cordant.

(a) Strong Correlation (ρ = 0.8) (b) No Correlation (ρ = 0)

Figure 1: Influence of Systematic Variation on Frequency Map.
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Figure 2: Kendall’s Tau.

sis in prior work are not applicable. For example, consider two ran-
dom variables X1 ∼ N (30,32) and X2 ∼ N (40,42). Given strong
correlation ρ = 0.8, the summation X1 + X2 does not follow the
Gaussian distribution N (70,52), as predicted with the mutually s-
independent assumption. The appreciable difference in the summa-
tion distribution is depicted in Fig. 3.

From the above, we can conclude that the performance yield cal-
culation in prior work is not accurate enough, especially considering
that the spatially-correlated systematic variation effects are increas-
ingly significant with technology scaling [13, 16]. In addition, prior
work tried to construct a unified task schedule for all chips at design
stage. Such static solution ignored the unique processor frequency
map for each MPSoC chip, which is available after manufacturing
test. This inflexibility significantly constrains the maximum perfor-
mance yield that designers can achieve.

The above limitations of prior works motivate the proposed per-
formance yield-driven task allocation and scheduling solution in this
paper.

2.2 Problem Formulation
The problem studied in this work is formulated as: Given

• A directed acyclic task graph G = (T ,E), wherein each node
in T = {τi : i = 1, · · · ,n} represents a task in G , and E is the
set of directed arcs which represent precedence constraints.
Each task τi has a deadline di;

• A platform-based MPSoC embedded system and its floorplan.
The platform consists of a set of processors P = {Pj : j =
1, · · · ,m}, belonging to V categories;

• Task cycle count table {ci, j : 1≤ i≤ n,1≤ j≤m}, where ci, j
represents the task cycle count of task τi on processor Pj;
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Figure 3: Influence of Correlation on Sum Operation.
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• Parameters in process variation model: threshold voltage vari-
ation σVth and range φ;

To determine periodical task schedules such that the percentage
of MPSoC products meeting performance constraints is maximized.

3. QUASI-STATIC TASK ALLOCATION
AND SCHEDULING ALGORITHM

As discussed earlier, deriving a unified schedule for all MPSoC
chips restricts the maximum performance yield that we can achieve
and its effectiveness decreases with the ever-increasing variation ef-
fects. A straightforward thought to maximize performance yield is
then to generate a specific task schedule for each individual chip.
This extreme solution, however, is not quite practical because of the
associated overhead of applying task allocation and scheduling al-
gorithms on-chip and the additional design effort to prepare code
and data of tasks for all kinds of processors to enable flexible task
allocation. We therefore propose a quasi-static solution, wherein
we prepare a set of task schedules at design stage, and at run time,
the scheduler selects the right one based on the actual variation for
each chip. To be specific, we first generate an initial task schedule
with simulated annealing-based technique, taking stochastic prop-
erties of MPSoC frequency map into account (Section 3.1). Then,
we use data clustering technique to derive additional task schedules
to further improve MPSoC performance yield (Section 3.2).

3.1 Initial Task Scheduling

3.1.1 Simulated Annealing Procedure
In this section, we resort to a modified simulated annealing tech-

nique to find a task schedule such that the performance yield is
maximized. When compared with the classic procedure of sim-
ulated annealing, the differences stay particularly in the function
YIELD ESTIMATION and MEET ACCEPTANCE CONDITION in the flow
shown in Fig. 4. The task schedule obtained with this method plays
an important role in the quasi-static scheduling process, denoted by
initial task schedule (or Sinit ).

The task schedule S is described with two sequences: (schedul-
ing order sequence, resource binding sequence) [10]. For example,
given the task graph shown in Fig. 5 is allocated onto an MPSoC
with two processors, a feasible schedule is (τ1, τ3, τ2, τ4, τ5; P1, P2,
P1, P1, P2), meaning that task τ1 is scheduled first, followed by task
τ3, τ2, τ4, and τ5. Task τ1, τ3, τ4 are allocated onto processor P1,
while τ2 and τ5 on processor P2. To generate a new schedule, we
reuse the two types of random moves defined in [10] that are capable
to search complete solution space: (i). swap two adjacent elements
in scheduling order sequence if they do not have any precedence
constraints; (ii). change an element in resource binding sequence.

Function INITIAL TASK SCHEDULING

1 Build an initial solution S and initialize T as Tinit

2 Ỹold ← YIELD ESTIMATION (S)
3 While T > Tend
4 For the iteration i from 1 to I
5 S′ ← RANDOM MOVE (S)
6 Ỹnew ← YIELD ESTIMATION (S′)
7 If MEET ACCEPTANCE CONDITION (Ỹold , Ỹnew)
8 S← S′

9 Ỹold ← Ỹnew
10 T ← T ×Rcooling

Figure 4: Main Flow of Initial Task Scheduling.

Figure 5: An Example of Task Graph.

3.1.2 Yield Estimation and Error Analysis
To find the task schedule with maximum performance yield, ev-

ery time a new schedule is constructed, we need to estimate the
performance yield obtained by applying this schedule on MPSoC
chips. Clearly, given the process variation model and MPSoC floor-
plan, performance yield Y is a function of task schedule S. How-
ever, since the s-independence assumption between the execution
times of tasks do not hold (due to the spatial correlations for pro-
cessor cores), it is extremely difficult, if not impossible to derive a
closed-form expression for Y because most properties of Gaussian
distribution cannot be applied directly to analyze the multivariate
normal distribution. We therefore estimate the performance yield
with Monte Carlo simulation, wherein the variation effects of the
sample chips are generated according to process variation model.
The objective function Y (S) is then approximated by the sample av-
erage

Y (S)≈ 1
N

N

∑
i=1

x(ωi,S) (3)

where, ω1, · · · ,ωN are independent identically distributed sam-
ples of MPSoC frequency map, called test chips. x(ωi,S) is a binary
value, representing whether test chip with frequency map ωi is able
to meet performance constraints, provided the task schedule S. For
the ease of discussion, we hereafter use xi to represent x(ωi,S) and
Y to represent Y (S).

For effective performance yield estimation, we are interested in
the efficiency of Monte Carlo simulation, that is, how many test
chips do we need to consider in order to achieve a certain accu-
racy? To answer this question, we perform theoretical analysis in
the following.

Consider the test chip set we mentioned before. Without loss of
generality, we assume M out of them meet performance constraints,
where M ≤ N. By Eq. (3), the performance yield Y is approximated
by

Ỹ =
1
N

N

∑
i=1

xi =
M
N

(4)

Although we cannot tell Ỹ must lie in a certain range around Y ,
we know with a desired confidence level Ỹ stays in the confidence
interval. To be specific, provided the variation of performance yield
σ2 is finite, we apply the central-limit theorem and have

Pr{|Ỹ −Y |< βσ√
N
} ≈Φ(β)−Φ(−β) (5)

where, βσ/
√

N is the half length of confidence interval, denoted
by ξ in the rest of this paper.

(
Φ(β)−Φ(−β)

)
is the confidence

level of the event that the approximated performance yield Ỹ is in
(Y −ξ,Y +ξ). Φ(x) represents the cumulative distribution function
of normal distribution.

The variance σ2 in Eq. (5) cannot be derived from multivariate
normal distribution directly, but could be approximated with the
sample data [11], namely

σ̃2 =
N

N−1

( 1
N

N

∑
i=1

x2
i − Ỹ 2) =

N
N−1

(M
N
− M2

N2

)
(6)

Thus, we have

ξ≈ β

√
M

N(N−1)
− M2

N2(N−1)
(7)

which implies that the length of the confidence interval depends
on both test chip quantity N and M, provided a certain confidence
level. For instance, if 1,000 test chips are generated for performance
yield estimation and confidence level is set to 95%, the confidence
interval half length is in the range between 0 and 0.031. The confi-
dence interval around the approximated value is depicted in Fig. 6.
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3.1.3 Acceptance Condition
In the simulated annealing process, we need to compare the new-

found task schedule with the original one in terms of performance
yield to decide whether the newfound schedule should be accepted.
Since we cannot obtain the exact value of performance yield but
an approximation only, we need to use the approximated values for
comparison (line 7 in Fig. 4). It is important to note that Ỹ1 > Ỹ2
does not imply Y1 > Y2 in this context. Instead, the difference of
exact values (Y1−Y2) is in a range around (Ỹ1− Ỹ2). In particular,
with confidence level

(
Φ(β)−Φ(−β)

)
we have

Ỹ1− Ỹ2−
t ·σ1,2√

N
< Y1−Y2 < Ỹ1− Ỹ2 +

t ·σ1,2√
N

(8)

where, t is the value of t-distribution with (N − 1) degrees of
freedom given the confidence level. σ1,2 is the variation of (Ỹ1−Ỹ2),
which can be expressed in terms of the variations σ1, σ2 and the
correlation ρ̂1,2 between Ỹ1 and Ỹ2, that is,

σ1,2 =
1
N

(
σ2

1 +σ2
2−2ρ̂1,2σ1σ2

)
(9)

We reach to the conclusion at this point that Y1 > Y2 if and only
if Ỹ1− Ỹ2− t·σ1,2√

N
> 0, given the confidence level.

With these arguments, the acceptance condition of a newfound
solution is set to

Ỹold − Ỹnew−
t ·σold,new√

N
> 0 (10)

or

exp
(Ỹold − Ỹnew− t·σold,new√

N

T

)
> rand() (11)

where the latter is to accept a “bad” schedule with certain prob-
ability during the annealing process to jump out of a local optimal
solution.

3.2 Clustering-Based Performance Yield
Enhancement

With the initial task schedule derived earlier, some test chips
might cannot meet performance constraints. Consequently, we need
to generate more task schedules for performance yield enhance-
ment. This requires the collection of the test chips that cannot meet
deadlines (referred to as residual test chips or Wbias hereafter) and
the extraction of their frequency map characteristics. In this subsec-
tion, we use k-mean algorithm [19], a data clustering technique, to
classify these test chips into a few clusters and generate additional
task schedules to further improve performance yield.

As illustrated in Fig. 7, in the beginning of our algorithm, we only
have the initial task schedule and we initialize the task schedule set
S to be {Sinit}. At present, the total performance yield Ỹtotal is sim-
ply the performance yield achieved by using this only task schedule.
Next, in each iteration a new task schedule Sbest is generated accord-
ing to residual test chip characteristics, and the performance yield
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Figure 6: Confidence Interval Given 1,000 Test Chips with Con-
fidence Level 95%.

is re-estimated (i.e., Ỹtotal is updated). This procedure terminates
if the user-defined maximum permissible number of task schedules
Umax is reached.

Function PERFORMANCE YIELD ENHANCEMENT

1 Initialize Ỹtotal as Ỹ (Sinit), S ←{Sinit}, and k← kinit
2 While |S |< Umax and k < |Wbias|
3 {C1, · · · ,Ck}←CLUSTERING (Wbias)
4 For i from 1 to k
5 Si←TASK SCHEDULING (Ci)
6 Sbest ← BEST SCHEDULE (S1, · · · ,Sk)
7 Ỹnew← YIELD ESTIMATION (S ,Sbest )
8 If Ỹnew is higher than Ỹtotal with certain confidence level
9 S ←{S ,Sbest}
10 Ỹtotal ← Ỹnew
11 UPDATE (Wbias)
12 k← kinit
13 Else
14 k← k +1
15 SELECTION CRITERIA GENERATION (S )

Figure 7: Main Flow of Clustering-Based Performance Yield
Enhancement.

To generate a new task schedule, we first classify the residual test
chips into k clusters according to their frequency map by using k-
mean algorithm [19]. This algorithm first makes initial guess for the
centroid of every cluster. Next, it assigns every point to the cluster
whose centroid is the nearest and then recomputes centroid of clus-
ters in an iterative manner. This procedure repeats until the centroid
of clusters does not change any more. For example, suppose a task
graph with 31 tasks is assigned onto an MPSoC with two processor
cores, 79.5% test chips out of 1,000 are able to meet performance
constraints by using initial task schedule (i.e., Cluster 0 in Fig. 8).
The residual test chips are categorized into three clusters and plot-
ted in Fig. 8. Here, the quantity of clusters k is initialized as an
user-defined value kinit before task schedule generation.

Next, a task schedule is generated for each cluster (line 4-5). To
reduce runtime, we start from Sinit and change the resource binding
and/or scheduling for a few times, where the frequency map of the
centroid is used for makespan calculation. To make the most of test
chips in a cluster meet performance constraints, the task schedule
which results in the shortest makespan during this procedure is ac-
cepted and denoted by Si. It is necessary to highlight that we assume
that the raw data of each task is prepared for one category of pro-
cessors only, where the category is determined by Sinit . That is, for
heterogeneous MPSoCs, given task τi is allocated onto a processor
belonging to category v j , in the clustering-based performance yield
enhancement it is allowed to be assigned to the processors in cate-
gory v j only. Then, the task schedule with the minimum makespan
is selected and marked as Sbest (line 6). It is possible that the re-
sulting Sbest cannot provide benefit in terms of Ỹtotal , because we
use the centroid of each cluster for task scheduling. In this case, we
increment k by one to shrink the cluster size and perform the task
schedule generation again (line 14). Otherwise, Sbest is included
into schedule set S (line 9) and Wbias is recomputed (line 11).
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Figure 8: An Example of k-Mean Clustering.
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The last step (line 15) is to generate the task schedule selection
criteria by using multilayer perceptron [8], a machine learning tech-
nique. At run time, the scheduler will select task schedule according
to these criteria. For this purpose, we build a multilayer sigmoid net-
work with one input, one hidden, and one output layer, as shown in
Fig. 9. This network is off-line trained by using the well-studied
backpropagation algorithm [8], taking test chips and their corre-
sponding feasible task schedules as training samples. That is, we
train the weight parameters of the network (�u and �w) such that given
the input vector �f (i.e., the frequency map of an MPSoC) the net-
work provides an output vector �s, indicating which task schedules
are able to meet performance constraints. For instance, suppose the
second task schedule is able to meet performance constraints for a
particular MPSoC chip, the inputs are the frequency values of pro-
cessors on this MPSoC and the outputs should be�s = (0,1,0, · · · ,0).
Note that, both hidden layer and output layer employ sigmoid func-
tion2, because the value of an output node i naturally implies the
probability that the ith task schedule meets performance constraints.
It is also worth to note that the storage overhead for the network is
acceptable since the number of task schedules is bounded by Umax.

At run time, given an MPSoC product, its exact frequency map
becomes available with the mature speed binning techniques. The
scheduler takes this information as the input of selection criteria
network, and compute the output vector with forward propagation.
Suppose si has the highest values among all the elements in �s, the
ith task schedule is loaded and executed by scheduler. Since this
selection is conducted only when the system is being initialized be-
fore usage or the frequency map is changed due to aging effects, the
performance overhead for schedule selection is negligible.

4. EXPERIMENTAL RESULTS
To evaluate the effectiveness and efficiency of the proposed al-

gorithm, we conduct a set of experiments on hypothetical MPSoCs.
The task graphs are generated by TGFF [7], whose attributes are
described in Table 1. These task graphs are allocated onto some hy-
pothetical MPSoCs whose floorplan are illustrated in Table 2. The
process variation model is assumed to follow multivariate normal
distribution with spatial correlation [15]. The variation σVth is set to
3.2%, and the distance pass which the correlation becomes zero is
set to φ = {0.1,0.5} [15] unless noted otherwise.

The simulated annealing parameters are set to I = 103, Tinit =
102, Tend = 10−3, Rcooling = 0.9. For performance yield estimation,
1,000 test chips are generated with process variation model (i.e.,
N = 103) while the confidence level is set as 95% (β = 1.96). In
the performance yield enhancement, at most 10 task schedules are
generated, that is, Umax = 10. In addition, the quantity of clusters is
initialized as kinit = 5.

2Sigmoid function has the form g(o) = 1
1+e−o , ranging between 0 and 1.

label task # edge #
in-degree
mean/std

out-degree
mean/std

task # on
longest

path
Ga 31 40 1.29 / 0.81 1.29 / 1.17 10
Gb 69 100 1.45 / 0.99 1.45 / 1.17 13
Gc 152 233 1.53 / 0.79 1.53 / 0.74 28

Table 1: Description of Task Graphs.

label MPSoC floorplan processor types

Psmall 2×2 mesh
v1 v1
v1 v1

Phomo 2×4 mesh
v1 v1 v1 v1
v1 v1 v1 v1

Phete 2×4 mesh
v1 v2 v2 v1
v1 v2 v2 v1

Table 2: Description of MPSoCs.
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Figure 10: Difference in Performance Yield Estimation.

Existing variation-aware task allocation and scheduling techniques
(e.g., [20, 17]) calculate MPSoC performance yield under the as-
sumption that task execution times follow Gaussian distribution and
tasks conducted on different processor cores are s-independent. We
use one example schedule to show the difference between such cal-
culated performance yield and our estimated one based on Monte
Carlo simulation. The task schedule is generated by using the algo-
rithm proposed in [3], an extension of classic Highest Levels First
with Estimated Times (HLFET) [1] for heterogeneous systems, for
the case with Gb, Phomo, d = 350. On one hand, we generate a set
of test chips with the process variation model and estimate the per-
formance yield with 95% confidence level, for φ from 0 to 0.5. On
the other hand, we use curve fitting technique to approximate the
execution time of each task with Gaussian distribution and calculate
the performance yield according to [20] under the s-independent as-
sumption. The significant difference in the results obtained by using
these two methods is illustrated in Fig. 103. Clearly, the calculated
performance yield in prior work is rather inaccurate.

Because the performance yield were obtained differently, the pro-
posed method and prior work actually have different optimization
objectives and it would be not fair to compare the effectiveness of
the task schedules obtained from them. For this reason, we take [3]
instead of the existing process variation-aware scheduling results as
the baseline solution in our experiments. Since this baseline solu-
tion does not consider process variation effects, we should treat it as
a reference only.

Table 3 compares the performance yield achieved by various ap-
proaches, where QS is used to label results obtained with the pro-
posed quasi-static scheduling technique. The difference between
QS and baseline (namely, Δ2 in the table) is in the range of 42.3-
99.9%. When spatial correlation is strong (φ = 0.5), the improve-
ment is mainly credited to initial task schedule Sinit while the effec-
tiveness of clustering-based enhancement is limited (e.g., the case
with Gb, Phomo, φ = 0.5, d = 300). This is because the processors on
the same MPSoC tend to have similar variations and a task sched-
ule suitable for this characteristic is able to bring the performance
yield to a high level. Given weak spatial correlation (φ = 0.1), on
the other hand, the performance yield enhancement tends to rely on

3Note that, the inaccurate model in prior work can result in arbitrary biases
of performance yield with changing correlation effects. The example shown
in Fig. 10 is a particular case and it does not imply that prior works estimate
performance yield more accurately with higher correlation effects.
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φ d
Performance yield (%)

baseline Sinit Δ1 QS Δ2 Δ3

Ga, Psmall

0.5
175 0 37.8 37.8 59.5 59.5 21.7
200 0.2 82.6 82.4 89.8 89.6 7.2
225 2.5 95.1 92.6 97.8 95.3 2.7

0.1
175 0 24.1 24.1 50.2 50.2 26.1
200 0 74.3 74.3 92.2 92.2 17.9
225 0.1 96.3 96.2 100 99.9 3.7

Gb, Phomo

0.5
275 0.8 63.7 62.9 72.6 71.8 8.9
300 5.7 79.8 74.1 89.6 83.9 9.8
325 19.7 92.7 73.0 95.3 75.6 2.6

0.1
275 0 24.1 24.1 53.6 53.6 29.5
300 0.3 81.0 80.7 94.3 94.0 13.3
325 8.0 92.9 84.9 100 92.0 7.1

Gc, Phomo

0.5
700 12.4 63.2 50.8 70.6 58.2 7.4
750 30.9 81.6 50.7 87.1 56.2 5.5
800 52.5 92.5 40.0 94.8 42.3 2.3

0.1
700 1.2 12.1 10.9 71.3 70.1 59.2
750 13.5 85.6 72.1 91.8 78.3 6.2
800 42.7 94.1 51.4 98.5 55.8 4.4

Gb, Phete

0.5
275 1.4 84.0 82.6 91.1 89.7 7.1
300 9.2 92.8 83.6 95.7 86.5 2.9
325 28.4 95.6 67.2 98.6 70.2 3.0

0.1
275 0.1 40.7 40.6 79.7 79.6 39.0
300 1.4 96.1 94.7 99.3 97.9 3.2
325 13.3 99.3 86.0 100 86.7 0.7

d: deadline; Δ1: the difference between baseline and Sinit ;
Δ2: the difference between baseline and QS;
Δ3: the difference between Sinit and QS

Table 3: Effectiveness of the Proposed Approach.
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Figure 11: Performance Yield Increment with Quasi-Static Task
Schedule Increase.
clustering-based task schedule generation (e.g., the case with Gb,
Phete, φ = 0.1, d = 275). In this case, the deviation of frequency
maps is significant. As a result, the simulated annealing-based tech-
nique that considers the overall characteristics of all chips is not
as effective as that in strong correlation case. Under such circum-
stances, the characteristic of test chips exhibits separate clustering
effects and hence generating individual task schedule for each clus-
ter is more effective.

In Fig. 11, we show the tradeoff between the number of task
schedules and the corresponding performance yield. For compari-
son, we perform the proposed simulated annealing-based task schedul-
ing for the same cases, while more schedules (at most Umax) with
the highest performance yield are maintained in the searching pro-
cess, referred to as SuperSA. In most cases, the initial task schedule
is the most effective one. An example is shown in Fig. 11(a), where
Sinit provides 36.9% performance yield improvement when com-
pared with the baseline solution (0.2% in this case). The remaining
schedules in set S further enhance the result to 59.3%. SuperSA,
however, only results in slight improvement with more task sched-
ules, around 3.9%. The observations in Fig. 11(b) are similar, where
the proposed QS results in higher performance yield than SuperSA.
The above results demonstrate the effectiveness of our clustering-
based performance yield enhancement technique.

5. CONCLUSION
In this paper, we present a novel quasi-static variation-aware task

allocation and scheduling technique for MPSoC designs. Based on
a more accurate performance yield estimation method, the proposed
simulation annealing based scheduling algorithm together with the
novel clustering-based performance yield enhancement technique
can significantly improve the performance yield of MPSoCs.
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[11] P. Jäckel. In Monte Carlo Methods in Finance. John Wiley & Sons, 2002.

[12] Y.-K. Kwok and I. Ahmad. Static task scheduling and allocation algorithms for
scalable parallel and distributed systems: Classification and performance
comparison. In Y. C. Kwong, editor, Annual Review of Scalable Computing,
pages 107–227. 2000.

[13] X. Liang, G.-Y. Wei, and D. Brooks. ReVIVaL: A Variation-Tolerant
Architecture Using Voltage Interpolation and Variable Latency. In Proc. ISCA,
pages 191–202, 2008.

[14] S. Nassif. Delay Variability: Sources, Impacts and Trends. In Proc. ISSCC,
pages 368–369, 2000.

[15] S. R. Sarangi, B. Greskamp, R. Teodorescu, J. Nakano, A. Tiwari, and
J. Torrellas. Varius: A model of process variation and resulting timing errors for
microarchitects. IEEE Transactions on Semiconductor Manufacturing,
21(1):3–13, February 2008.

[16] SIA. International Technology Roadmap for Semiconductors.
http://public.itrs.net.

[17] L. Singhal and E. Bozorgzadeh. Process Variation Aware System-Level Task
Allocation Using Stochastic Ordering of Delay Distributions. In Proc. ICCAD,
pages 570–574, 2008.

[18] B. E. Stine, D. S. Boning, and J. E. Chung. Analysis and Decomposition of
Spatial Variation in Integrated Circuit Processes and Devices. IEEE
Transactions on Semiconductor Manufacturing, 10(1):24–41, Feb. 1997.

[19] P.-N. Tan, M. Steinbach, and V. Kumar. In Introduction to Data Mining.
Addison-Wesley, 2006.

[20] F. Wang, C. Nicopoulos, X. Wu, Y. Xie, and N. Vijaykrishnan. Variation-Aware
Task Allocation and Scheduling for MPSoC. In Proc. ICCAD, pages 598–603,
2007.

[21] F. Wang, X. Wu, and Y. Xie. Variability-Driven Module Selection with Joint
Design Time Optimization and Post-Silicon Tuning. In Proc. ASP-DAC, pages
2–9, 2008.

6



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


