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Abstract—We present a new technique for statistical static timing
analysis (SSTA) based on Markov chain Monte Carlo (MCMC), that
allows fast and accurate estimation of the right-hand tail of the delay
distribution. A “naive” MCMC approach is inadequate for SSTA. Several
modifications and enhancements, presented in this paper, enable applica-
tion of MCMC to SSTA. Moreover, such an approach overcomes inherent
limitations of techniques such as importance sampling and Quasi-Monte
Carlo. Our results on open source designs, with an independent delay
variation model, demonstrate that our technique can obtain more than an
order of magnitude improvement in computation time over simple Monte
Carlo, given an estimation accuracy target at a point in the tail. Our
approach works by providing a large number of samples in the region of
interest. Open problems include extension of algorithm applicability to
a broader class of synthesis conditions, and handling of correlated delay
variations. In a broader context, this work aims to show that MCMC
and associated techniques can be useful in rare event analyses related to
circuits, particularly for high-dimensional problems.

I. INTRODUCTION

Increasing effects of process variations have strengthened the case
for a move from static timing analysis (STA) to statistical static
timing analysis (SSTA). SSTA aims to use statistical techniques to
analyze the timing performance of a chip in the presence of statistical
variations in underlying parameters. Various approaches for SSTA
have been suggested. [1], [2] are recent surveys of the field. We
defer a discussion of related work to Section V.

Analysis of timing performance boils down to a study of the
distribution of the worst case circuit delay. An important feature of
the delay distribution estimation problem is that we are typically
interested in the right-hand tail of the distribution, i.e., the tail
corresponding to large delay values (see Figure 1). Given a model,
we seek statistical information about the ‘bad’ (timing violating)
region in the parameter space. This information can be used for three
purposes:

1) Yield calculation: Timing yield is the fraction of manufactured
chips that work to frequency specification.

2) Critical path identification: Probabilistic timing critical paths
are further used for: (i) Design improvement eg. resizing (ii)
Test pattern generation. The timing test requires that a chip
satisfies timing requirements for all test patterns in the test set.

3) Shipped-product Quality Loss (SPQL) estimation: SPQL is the
fraction of chips that pass the timing test but, in fact, violate
timing (see, for example, [3]).

For problems 2 and 3, especially, we aim for very high confidence
so that very few bad chips are shipped (overall defective parts per
million goals range from 5 to 200, so confidence must be > 99.98%).
Thus, very detailed and accurate information about the ‘bad’ regions
is needed. Further, with rapid increase in both chip complexity
and statistical variations, fine-grained statistical optimization (during
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Fig. 1. Schematic showing ‘right-hand tail’ of distribution

design time or during system operation) of individual blocks may be
necessary [4]. Potentially, even to obtain a reasonable yield target for
a chip, one may have to study very rare events at the per block level.
This is especially true with rapid increase in intra-die variations [1],
leading to an increase in uncorrelated failure of blocks. For example,
for a chip containing 100 blocks, which fail independently of each
other, nearly 99.95% yield is needed at a per block level, in order
to achieve 95% yield at the chip level. As such, there is much to be
gained by viewing the SSTA problem as a large deviation problem,
i.e., one in which a rare event (poor timing performance) is to be
studied in terms of its probability and its causes.

The SSTA problem is (increasingly) high dimensional. Moreover,
depending on the variation model, it can have a large number of
‘bad’ regions. For example, consider a model with independent gate
delay variations. The number of important dimensions scales almost
linearly with circuit size (one dimension for each gate that lies on
some critical path). Further, there are a huge number of ‘bad’ regions,
corresponding to different paths being critical, that are not connected
(for disjoint paths) or very weakly connected (for overlapping paths)
to each other. In worst case, this number of ‘bad’ regions can grow
exponentially corresponding to the explosion of critical paths. Thus,
the problem is ‘hard’, making it difficult to obtain large improvements
over simple Monte Carlo sampling. Techniques such as Statistical
Blockade (SB) [5] and importance sampling (e.g. [6]) used for other
rare event problems, notably SRAM failure analysis, are not useful
for SSTA as discussed in Section V.

Markov chain Monte Carlo is a popular approach for estimating
distributions that are hard to compute exactly. In particular, it can be
used effectively for solving a variety of rare event problems, including
those with high dimensionality, and a multitude of ‘bad’ regions.
We demonstrate the power of MCMC in this work by applying it
to the SSTA problem. Our algorithm retains the well-documented
advantages of Monte Carlo over other approaches for SSTA, while
exploiting the large deviation nature of problem.

We work with a simplified model in which we assume the delays
of gates vary independently at random. This allows for simplicity,
while showing the power of our approach on the hardest (indepen-
dent random) component of the statistical timing problem. This is
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discussed in Section V. Also, our work may be directly applicable to
sub-threshold circuits, where independent VT variations [7] dominate
delay variation.

Our contributions are:

1) Introduction of MCMC as an effective technique for rare event
problems in circuits, even those having high dimensionality
and/or a large number of ‘bad’ regions

2) Development of a version of MCMC for SSTA when gates
have independent delay variations, and showing over 10X
reduction in computational effort over regular Monte Carlo for
tail probability estimation in a specific setting (See Section V
for a discussion on our inability to provide broad performance
guarantees across settings).

The organization of the paper is as follows — Section II describes
the model. We present our algorithm in Section III. Empirical results
are stated in Section IV. Section V contains a discussion of our
approach and related work. We conclude in Section VI. The Appendix
briefly discusses MCMC and its use for rare event analysis.

II. MODEL

We consider a combinational logic circuit with independently
varying gate delays (cf. Sections I, V). We assume that gate delays
do not depend on the nature of the transition (rising or falling), or the
input on which the transition is occurring. As with other Monte Carlo
based approaches, we can use the core STA engine directly, so neither
of these assumptions is crucial. We also assume the interconnect
delays are negligible (we can easily account for non-zero delays
including statistical variations).

We associate a ‘gate delay’ dv with each gate v, the set of gates
being denoted by Vg. Denote by I the set of inputs and pseudo-
primary inputs, and by O the set of outputs and pseudo-primary
outputs. Let V = Vg ∪ I ∪ O. Let dv, v ∈ Vg have a distribution
pv(·), denoted by dv ∼ pv(·), and let P be the corresponding product
distribution. We denote the set of allowed gate delay vectors d̄ =
(dv, v ∈ Vg) by Sd. We define arrival time Dv for each v ∈ V
corresponding to the longest path arrival time at v.

Let Dreq denote the required time for the entire circuit i.e. all
outputs are assumed to have the same required time (add artificial
delays to output nodes to achieve equality). Let D be the circuit
arrival time i.e. the largest arrival time at an output. Thus, ‘bad’ events
corresponding to the circuit not meeting timing are characterized by
(D > Dreq). Our algorithm estimates yields simultaneously for a
range of Dreq values corresponding to high yields.

III. USING MARKOV CHAIN MONTE CARLO

We begin by stating a baseline MCMC-based algorithm for SSTA
called MCMC-B in Section III-A. A key fact is that both the
‘tilted distribution’ (with parameter β) and the algorithm MCMC-
B presented in Section III-A are only particular choices from a
very large class of possibilities for both the tilted distribution and
the algorithm. In subsequent sections, we describe modifications to
both MCMC-B and our tilted distribution, to speed up mixing in our
Markov chain, and thus develop an effective algorithm for SSTA.

A. A baseline MCMC algorithm for SSTA

Let QX(·) denote the density of any random variable X wrt
distribution Q. Associated uniquely with each d̄ is a circuit arrival
time D(d̄) = D. We wish to accurately estimate the right-tail of
PD(·). To achieve this, we want to sample from our state space Sd

with a bias towards higher D configurations (the same philosophy
leads to techniques like importance sampling). Hence, we choose a

‘tilted’ distribution π(·) with a bias towards larger values of D. A
simple choice is

πd̄(x̄) = 1
Z(β)

Pd̄(x̄) exp(βD(d̄)), for all x̄ ∈ Sd (1)

for some β > 0, Z(β) being a normalizing constant that can be
computed as

Z(β) =

(∫ ∞

−∞
πD(x) exp(−βx) dx

)−1

(2)

where πD(·) represents the density of D under π(·).
We have,

πD(x) = 1
Z(β)

PD(x) exp(βx) (3)

so, the tail of PD(·) can be inferred from πD(·) using

P(D ≥ D0) = Z(β)
∫ ∞

D0
πD(x) exp(−βx) dx (4)

As an example, suppose PD(·) is normal with mean 10 and
variance 1. Suppose β = 2. Then from Eq. (3), πD(·) is also a
normal distribution with mean 12 and variance 1. In fact, any normal
distribution, when tilted as per Eq. (3), yields a normal shifted by β
to the right.

(2) and (4) provide us with a way of estimating the tail of PD(·)
provided we can sample from πD(·). MCMC provides a means to
sample from πD(·).

We now state a particular simple MCMC algorithm for estimating
the right-tail of PD(·) in Table I. The superscripts in the algorithm
denote the time step.

TABLE I
A BASELINE MCMC-BASED ALGORITHM FOR SSTA

MCMC-B

1 Choose an arbitrary starting state d̄0 ∈ Sd, β > 0 and N

2 Compute D0 = D(d̄0)

3 for t=1 to N

4 Choose v ∈ Vg uniformly at random.

5 Choose new delay d′v ∼ pv(·)
#other gate delays stay unchanged

6 Compute D′ due to change dt−1
v → d′v

7 Draw r ∼ U [0, 1]

8 if
(
r < exp

(
β(D′ −Dt−1)

))
9 dt

v ← d′v # accept transition

10 else

11 dt
v ← dt−1

v # reject transition

12 Compute Dt = D(d̄t)

13 end

14 Compute π̂D(·) = empirical dist. of
(
D0, . . . , DN

)
15 Compute tail of P̂D(·) using Eqs. (2), (4)

MCMC-B is based on the popular Metropolis-Hastings algorithm
(see [8]). Successive ‘proposals’ of the form dv → d′

v for some
v ∈ Vg are probabilistically accepted or rejected, so that the state
progresses in a Markov chain fashion. The key idea is that the
chosen Markov chain has a unique equilibrium distribution π(·),
and can hence be used to draw approximate independent identically
distributed (iid) samples from π(·) (cf. Appendix).



B. Level-wise updates

With MCMC-B, proposing a change in the delay of each gate at
least once in steps 4 and 5 requires ∼ (|Vg| ln |Vg|) steps. Moreover,
even with a change in just one gate delay, arrival times for the entire
fanout cone must be updated to compute D.

Instead, gates in Vg are assigned ‘levels’ by grouping them such
that nodes with a level lower than l are predecessors and nodes with a
level greater than l are successors of nodes at level l. The number of
levels R is the depth of the circuit. Now, in steps 4 and 5 of MCMC-
B, we select a level uniformly at random instead of a single gate, and
propose new delays for all gates at that level, drawn independently
as per their respective distributions. The probability of accepting a
move remains min(1, exp(β(D′ − D))). The delay of exactly one
gate along each path from input to output changes in each proposed
move, hence the change (D − D′) is typically small, leading to a
good acceptance probability. Computational effort per step is linear
in circuit size, whereas typically R � |Vg| ⇒ R ln R � |Vg| ln |Vg|.
Hence, savings are large.

C. Parallel tempering

We create k tilted distributions as in Eq. (1).

πi(d̄) ∝ P(d̄) exp(fi(D)) i = 1, . . . , k (5)

where fi(·) are functions monotonic non-decreasing in D. Further,
we ensure that for any j > i,

fj(D2) − fj(D1) ≥ fi(D2) − fi(D1) ∀D2 > D1 (6)

Informally, the exponent fi(·) only gets ‘steeper’ as i increases. The
acceptance probability for the Markov chain corresponding to πi(·)
is now min(1, exp(fi(D

new) − fi(D
old))).

Parallel tempering/simulated tempering (see [8]) allows us to run
multiple Markov chains at different values of i, with regular ‘swap’
moves occurring between states of the different chains (see Figure 2).
For simplicity, we describe a version of parallel tempering with just
two chains running i.e. k = 2. At each time step, we choose either
a ‘normal’ move or a ‘swap’ move If a normal move is chosen,
each Markov chain has an update according to its own update rule,
consistent with its particular fi(·). If a swap move is chosen, the
proposal is to move from (d̄1, d̄2) to (d̄2, d̄1). This is accepted with
probability min(1, exp(−(f2(D2)−f2(D1))+(f1(D2)−f1(D1)))).

Most importantly, the ith chain continues to have the target
equilibrium distribution πi(·). The ‘swap’ moves help tremendously
with mixing, since the chains with flatter exponents (smaller values
of i) move rapidly over the state space, and swaps with chains at
steeper exponents(larger values of i) ensure that those chains do
not get ‘stuck’ in local energy ‘valleys’. In analogy with physics,
small values of i correspond to higher temperatures, whereas large
values of i correspond to lower temperatures. We denote this notion
of temperature by Ti for the ith chain, with T1 > T2 > . . . > Tk.

This can be generalized to k > 2 with swaps possible between
chains having adjacent values of i or even more general swaps.

Figure 4(a) shows empirical distributions obtained from parallel
tempering with 3 chains. A significant ‘overlap’ between the distri-
butions at adjacent i’s, as seen in this figure, ensures a good swap
acceptance probability. Given a parallel tempering formulation that
mixes, we can use empirical estimates π̂D,1(·), π̂D,2(·), . . . to derive
estimates Ẑ1, Ẑ2, . . . and P̂D(·) whose tail we care about.

Monte Carlo steps

T
1

T
2

T
3

Fig. 2. Schematic showing evolution of Parallel tempering with 3 chains

D. Other tweaks

We saw in Section III-A that when a Gaussian distribution is tilted
with a linearly increasing exponent βD, then the resulting distribution
is also Gaussian. Now, in our empirical work, the distribution of
D is found to have a heavier than Gaussian right-hand tail. Hence,
tilting with a linear exponent leads to a broadening of the distribution,
hurting mixing. Hence, we use concave exponents of the form
β min(D, Dthresh) instead of linear exponents.

Another important choice we make is f1(D) = 0 in Eq. (5)
i.e. π1(·) = P(·). This enables us to draw independent identically
distributed (iid) samples from the model distribution for the circuit
for 1st chain, instead of moving in a non-trivial Markov chain. iid
samples improve mixing since it is possible to move to an entirely
new region in the state space in each step. Also, new samples at
T1 now only need to be drawn when a (1, 2) swap is suggested,
reducing computational effort. This is particularly useful since iid
samples require more computational effort than Markov chain based
samples (cf. Section IV-B).

Also, we allow ‘burn in’ (see [8]) i.e. equilibration of our Markov
chain by dropping the first 10% of our samples.

IV. EMPIRICAL RESULTS

A. Main results

We tested our approach on two circuits, the ‘maccontrol’ circuit
from the Opencores Ethernet MAC design, and the ‘fbfly’ circuit
which is a router design developed in the Concurrent VLSI Archi-
tecture Group at Stanford University [9].

Each of our circuits was synthesized using only three kinds of
gates – NAND, NOR and INV from a 90 nm commercial standard cell
library (see Section V for a description of less favorable performance
seen in a different setting). Synthesis was carried out using the
Synopsys Design Compiler tool.

The sizes of the synthesized circuits were:

Circuit #Gates # Links Depth
Maccontrol 1666 2507 18

Fbfly 165602 248586 49

On each circuit, the performance of our algorithm (which we call
MCMC-PT) was compared to the performance of simple MC. The
core deterministic STA engine used was essentially the same for both
algorithms, enabling a fair comparison. No pruning of the circuits was
done. The rationale for this is that any pruning should yield the same
improvement factor for both simple Monte Carlo (MC) and MCMC-
PT, hence our comparative analysis will remain valid. The MCMC-PT
algorithm parameters were tuned to enable fast computation of the
yield at confidence points over 99.9%.

For each circuit, simple MC was run for 17000 steps (41s for
‘maccontrol’ and 72 mins for ‘fbfly’ using one core of an Intel Core
2 Duo E6850 3.00 GHz processor). This leads to an estimation error



of nearly 25% at 99.9% yield, for example. Then MCMC-PT was
run for exactly the same CPU time for each circuit. As explained
above, the same core procedures were used for each algorithm. The
results obtained are shown in Figure 3.
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Fig. 3. Delay tail estimates for ‘Maccontrol’ and ‘Fbfly’ circuits. Note that
% Yield = 100(1− tail prob.).

We see that MCMC-PT has slightly worse error performance as
compared to simple MC for yields smaller than 99%, whereas it does
much better for yields greater than 99%.

For each circuit, the yield estimate at the 99.9% yield point had
an average error of about 10% with MCMC-PT compared to nearly
25% with simple MC. Results at the 99.99% yield point were even
more striking, with an average error of ≈ 20% for each circuit with
MCMC-PT. No estimate was available from simple MC which has an
average of 17000 total samples × 0.01% = 1.7 samples — it would
require 15X more samples from simple MC to match the results from
MCMC-PT i.e. we obtained a 15X reduction in computation. We call
this ratio in computation required the computation factor. Conversely,
We could sample 1400X more points from the tail (D > 6.3ns) for
the ‘maccontrol’ circuit and 210X more points from the tail (D >
15.6ns) for the ‘fbfly’ circuit with MCMC-PT relative to simple MC,
in the same computation time. We call this ratio of points sampled
the sampling factor. The sampling factor represents an upper bound
for the computation factor, that would be tight if MCMC-PT drew
independent samples.

Most importantly for us, multiple checks demonstrate that our
Markov chain is mixing (see Section IV-C). This allows for all
the gains quoted above. Further, as explained in Section IV-C, the
computation factor results obtained can be generalized to a large set
of (yield,accuracy) pairs without multiple simulations.

A note on the gate delay model used — SPICE simulation was
used to estimate delay distributions for individual NOR, NAND and
INV gates. We assumed 10% normal (Gaussian) variation each in the
gate threshold voltage, channel length and width.

It was found that a log-logistic distribution could be made to
fit each of the empirical distributions very well, in contrast with
other standard distributions like normal, skew normal, log normal,
generalized gamma etc. Hence, we fitted log-logistic distributions to

each of the three gates and used these fits in our delay model. Note
that our method does not depend on the specific distribution used, as
long as the inverse cumulative distribution can be computed. Inversion
is always possible for any distribution with a table lookup.

B. MCMC-PT implementation

Our algorithm was implemented in the C++ Boost graph library.
We used parallel tempering with three chains for the ‘maccontrol’
circuit, and two chains for the ‘fbfly’ circuit. The exponents used for
the chains were (with D in ns):

Circuit # chains f1(D) f2(D) f3(D)
Maccontrol 3 0 9 min(D, 6.1) 18 min(D, 6.3)

Fbfly 2 0 11 min(D, 15.6) -

At each step of parallel tempering, we chose a (1, 2) swap with
probability 0.1, a (2, 3) swap with probability 0.1 (if applicable), and
a normal move otherwise. 20− 30% of the swap moves were found
to be accepted across each of the transitions for each circuit.

A simple optimization was used in making the Markov chain
updates. If a level i was chosen in a proposed move, computation of
arrival times at levels 1, . . . , i was avoided, since all arrival times
here stay the same. We did nearly 30k steps of MCMC-PT for
‘maccontrol’ and nearly 50k steps for the ‘fbfly’ circuit in the time
needed for 17k simple MC steps.

Our post Markov chain analysis used non-parametric unbiased
estimators for simplicity and general applicability (independent of
distribution). Our estimate of Z was based on a modification of
Eq. (2).

C. Analyzing MCMC-PT performance

The empirical distributions obtained for the ‘maccontrol’ circuit
can be seen in Figure 4(a). See how the systems at different ‘temper-
atures’ explore different delay regions in detail, and yet how adjacent
temperature systems have significant overlap in distribution. Multiple
runs starting from different seeds, and with different lengths, yielded
consistent empirical distributions at each temperature — a signature
of fast mixing. Also, it was found that systems made fast transitions
across chains at different temperatures, as seen in Figure 4(b). We see
that the worst case time gap between swaps is significantly smaller
than the timescale over which MCMC-PT is run. This also strongly
suggests mixing. Note that this test is stronger than the rule of thumb
[10] ‘the fraction of accepted swaps should be ∼ 20%’.

The error with MCMC-PT is harder to estimate than with simple
MC. We ran our MCMC-PT procedure 10 times for each of the
circuits, and estimated the statistical error. Note that the expected
systematic error is very small, especially when we are convinced of
mixing as above. Error estimation is also possible using a ‘ground
truth’ derived from simple Monte Carlo, but would require several
days of computation for the larger circuit.

For simple MC, standard analysis tells us that the relative standard
deviation of the yield estimate at a point corresponding to failure

probability p is
√

1−p
Np

, where N is the number of samples. The
error is due to the variability of the number of ‘failure’ samples, we
call it sampling variability. Due to the tilt in distribution, sampling
variability of MCMC increases slower than that of simple MC with
increasing yield for a fast-mixing chain. With MCMC, there is
an additional source of error — the error in the estimate of the
normalizing factor Z. This error scales like 1√

N
. Armed with these

facts, simple reasoning leads us to the following — The computation
factor at any particular target yield is nearly independent of desired
accuracy. Further, the computation factor increases with target yield.
For example, we are assured gains of at least 15X with MCMC-PT
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over simple MC at any target yield of 99.99% or greater for the two
circuits considered, for any desired accuracy.

V. DISCUSSION AND RELATED WORK

We begin with a look at related work. We then move to a
discussion of our technique, including drawbacks and possibilities
for improvement.

Tremendous progress has been made over the last few years in the
design of algorithms for SSTA. [1] and [2] excellent recent surveys
that provide detailed description and comparison of the important
approaches for SSTA, and include exhaustive lists of references.
Following [2], the dominant approaches for SSTA can be classified
as ‘Monte Carlo based’ and the probabilistic ‘Block-based’ and
‘Path-based’ (see [1] and [2] for descriptions and references). Much
progress has been made, particularly on block-based approaches.

The community has been leaning towards block-based approaches
for practical SSTA chiefly because of seemingly faster runtime.
However, Monte Carlo (MC) approaches offer significant advantages
over block-based approaches, as is well documented (eg. [2], [11]).
In addition to the commonly known fundamental advantages, we note
that MC samples provide direct information about criticality of paths,
making MC amenable to finding paths for testing. Also, if model
errors are known they can be statistically included in MC sampling
thus avoiding pessimism. Finally, MC methods can be parallelized.
We note that MCMC is no exception — we can have up to ∼ N

T

parallel threads, T � N being the mixing time (cf. Appendix).
The chief concern with MC is the large number of samples

needed. Multiple approaches have been suggested to address this.
[11] suggests Quasi-Monte Carlo (QMC) for reduction of sample
points needed after dimensionality reduction using Karhunen-Loeve
expansion (KLE) models of spatial correlation. A potential problem
here is that QMC cannot be used if the problem has large (> 12)
‘effective’ dimension [12]. Latin hypercube sampling (LHS) is an
alternative that can be used for higher dimensional problems but
with less variance reduction. [13] suggests using a combination of
LHS and QMC along with ‘stratification’. Stratification and QMC
are used in a few ‘critical’ dimensions for large variance reduction.
Importantly, the authors show how to achieve incrementality. For this
work too, gains are dependent on the presence of a small number
of ‘critical’ dimensions. [14] finds that LHS and traditional QMC
are inefficient and proposes a QMC sampling technique for low
L2 discrepancy. [15] proposes the use of importance sampling and
control variates — it is the only previous Monte Carlo-based approach
for SSTA work that uses the large deviation nature of the problem.
However, no empirical results are given.

MC-based approaches for other large deviation problems have been
suggested. [6] uses importance sampling to reduce the number of
samples needed to compute SRAM failure probability (failure being

a ‘rare event’). The ‘norm-minimization’ technique uses the fact that
most rare events occur due to a small local region in parameter space
for this problem. [5] proposes the Statistical Blockade (SB) technique
to solve certain rare event problems. SB and the subsequently
developed Recursive SB [16] speed up Monte Carlo sampling by
building classifiers around bad regions. As such, they are applicable
to problems with only a few ‘bad’ regions in the parameter space.
Also, classification techniques are known to perform poorly when the
number of ‘important’ dimensions becomes large [17].

Thus, MCMC proposed in this work is unique in two ways — it
allows significant gains over simple MC even in a high dimensional
problem with many ‘bad’ regions, and it is the first rare event
sampling technique proposed for SSTA with demonstrated speedup.

A key feature of MCMC as a technique is that it provides immense
freedom in designing an appropriate Markov Chain. Nevertheless, it
requires careful use of intuition about the system to design a good
Markov chain. Also, a Markov chain designed and tested for use
in a specific setting, may not be useful in a modified setting [18].
In fact, in case of #P complete problems like the SSTA problem
under consideration (see [19]), one can usually find counterexamples
for any algorithm, where the algorithm performs poorly. In such a
case, we usually attempt to design a different method for the newly
encountered situation, for example, a new Markov chain.

Besides the results quoted in Section IV, we also tested our
algorithm under different synthesis and modeling conditions, and
found less favorable results. We used a more complete set of gate
types instead of just 3 allowed gates, along with a better delay model
including effects of input pin, load and slew. We found that for
several circuits, improvement of MCMC-PT over simple MC was
marginal (gains of 1.5X-5X at 99.95% yield), showing our algorithm
is sensitive to changes in setup. This is a critical issue that needs
resolution.

Another important question that needs to be addressed is whether
our techniques can be suitably extended to the correlated variation
setting. We believe such an extension should be natural and achieved
as follows — the state space Sd now includes all problem parameters
including global, spatially varying, and local (e.g. independent ran-
dom variation) parameters. A Markov chain is designed to efficiently
explore this state space, again focusing on the ‘bad’ regions. For
example, if we add a global parameter to our current model, we could
handle it by having two kinds of ‘normal’ moves – one corresponding
to a change in the global parameter, the other corresponding to
updating a ‘level’ (cf. Section III). Correlated variations between
underlying parameters can typically be handled by reparametrization
(see [8]).

An important practical drawback of our method is that it requires
some parameters to be chosen ‘by hand’ depending on the circuit —
the number of parallel tempering chains k and β, Dthresh for each
chain. Moreover, this selection itself requires some preliminary sam-
pling data and mixing checks. However, we found that k = 2 provides
good performance over many circuits (including ‘maccontrol’, though
we quote results for k = 3). Moreover, it seems likely that an efficient
automated procedure can be designed to select β, Dthresh values with
a small number of samples. Further investigation is needed here.

The coupled issues of deciding how many samples N are needed,
and estimating the error in the current yield estimate (without multiple
runs) also need to be addressed. Standard techniques (see [8]) might
be useful here. Another concern is that our Markov chain may not
perform well on some circuits, even with the current setup. Circuits
with large depth, for example, may lead to poor performance due to
too many levels. Also, mixing time may be large for some circuits.



For example, the mixing behavior is poor for two long disjoint
paths. Parallel tempering helps in this context. However, it would
be interesting to explore pruning and splitting techniques based on
circuit topology to speed up mixing and improve results.

VI. CONCLUSION

This paper approaches SSTA as a rare event analysis problem,
in contrast to existing approaches. We present a new Markov chain
Monte Carlo based approach for SSTA when gate delays vary
independently. The model studied falls in a ‘hard’ category with
high dimensionality, and a large number of ‘bad’ regions in the
parameter space. A specialized technique called parallel tempering is
used along with other modifications to a baseline MCMC algorithm.
We demonstrate over an order of magnitude improvement over simple
MC and obtain accurate estimates of the right-tail of circuit delay
distributions.

It is important to note that algorithm performance was found to
be sensitive to changes in synthesis conditions. This needs to be
addressed. Other future directions include handling of correlated
delay variations including global and spatially varying parameters,
incrementality, generation of test patterns using MCMC sampling
results, and test set quality (i.e. SPQL) estimation.
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APPENDIX

Markov chain Monte Carlo (MCMC) methods are often used for
sampling from probability distributions ([8] is an excellent reference).
We construct a Markov chain that has the desired distribution as
its unique equilibrium distribution, usually by ensuring that the
‘detailed balance’ condition is satisfied, along with aperiodicity and
irreducibility (see [8] for definitions). For a Markov chain to be
practically useful, it must ‘mix’ i.e. the distribution should approach
the equilibrium distribution in a sufficiently small number of steps.
Most effort in designing an algorithm goes into ensuring mixing.

Consider a state space S. The Metropolis-Hastings (MH) algorithm
provides a way to construct a Markov chain having an equilibrium
distribution π(·) given a proposal density Q( · ; · ). π(·) and Q

TABLE II
THE METROPOLIS-HASTINGS ALGORITHM

MHπ(Q)

1 Choose a starting state x̄0 ∈ S and N

2 for t=1 to N
3 Choose proposal x̄′ ∼ Q( · ; x̄t−1)

4 Draw r ∼ U [0, 1]

5 if
(
r <

π(x̄′)Q(x̄t−1;x̄′)
π(x̄t−1)Q(x̄′;x̄t−1)

)
6 x̄t ← x̄′ # accept transition
7 else
8 x̄t ← x̄t−1 # reject transition
9 end

10 Return
(
x̄0, . . . , x̄N

)

together determine the crucial mixing time T of the chain. See [8]
for a discussion of methods for estimation of T and the number of
samples N needed.

Now suppose we are given a distribution P(x̄), x̄ ∈ S and we want
to analyze a large negative deviation event wrt P(·) in an ‘energy’
function E : S → R. We proceed as follows:

MCMC for Rare Event Analysis
Define ‘tilted’ target distribution π(x̄) ∝ P(x̄) exp(f(E(x̄)))

Choose suitable proposal density Q(x̄′; x̄t) for Markov chain transitions
Run MH(Q) to estimate the distribution πE(·) of E under π(·)
Use π̂E(·) to accurately estimate left tail of PE(·)
We are now in a position to understand MCMC-B stated in Table

I. We have chosen our ‘energy’ variable E = −D for SSTA.
Accordingly, π(·) is defined in Eq. (1). MCMC-B uses MHπ(Q) to
sample from π(·) with a very simple proposal density corresponding
to steps 4 and 5 of MCMC-B. Also, the acceptance condition in line
8 of MCMC-B is identical to the one in line 5 of MHπ(Q).

Having chosen a value of β, we check if the chain is mixing fast.
If not, we reduce β to ‘flatten’ the energy landscape, reducing the
mixing time, and try again.


	Main
	DATE'10
	Front Matter
	Table of Contents
	Author Index



<<
  /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




