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Abstract

Design verification of VHDL models is getting difficult and has become a critical and
time -consuming process in hardware design. Recently the methods using Bayesian estimation and
stopping rule have been introduced to verify behavioral models and to reduce clock cycles. This
paper presents two strategies to reduce clock cycles when using stopping rule in a VHDL model
verification. The first method is that a semi random variable is defined and the data that stay in
the range of semi-random variable are skipped when stopping rule is running. The second one is
to keep the old values of parameters when phases of stopping rule are changed. 12 VHDL models
are examined to observe the effectiveness of strategies, and the simulation results show that more
than about 25% of clock cycles is reduced by using the two proposed strategies with 0.6% losses
of hranch coverage rate.
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I. Introduction
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increased, it is able to implement a single chip which
comprises CPU, memory controller, bus controller etc.
But the technologies of the design and the
verification for complicated chips have not been
developed rapidly, so design verification of behavioral

models is getting difficult and has become a critical
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and time-consuming process in hardware design.
About 70% of the design effort in SoC(systems on
chips), IP(intellectual property), ASIC, etc., has been

consumed in  verification process, and design and

verification engineers work  together from  the
beginning of IC design’".
Hardware design is composed of  various

translation steps, that is, specifications, functional
design, logic design, circuit and physical design, and
reverse steps. Among the design steps, most of steps
are automatically designed except of specification
design. Since 1990, design technology using hardware
description language has heen increased rapidlyand
most of complex chips have been designed by
VHDL. VHDL is a complex concurrent language
all
conceptually executing at the time. So coverage
defined software world have been

borrowed and used in hardware design when the

with typical models having many processes

metrics in
correctness of VHDL modeling is verified.

It is impossible to know that the design being
verified is indeed functionally correct with 100%
certainty., All of testbenches simulate successfully,
but we can’'t make sure that there is no a function
that has been forgotten to verify. That is why code
coverage has to be used. Many different types of
been  defined

statement, branch, block, expression, path coverage,

coverage criteria have including
etc” . And in many papers“‘ '—’], branch coverage is
chosen as a good metric to verify hardware designs
A lot of clock cycles should be wasted to verify
design by using coverage metrics because random
test pattens have been used in complex VHDL

-

modeling usually. Several examples showed that 5
billioninstruction

ensure fault-free chip before tapeout(

were run  to
6, 7]

simulation  cycles
Therefore
the techniques that seek the optimal stopping point
should be developed and it is necessary fo take good
stopping rule and strategy to reduce verification time
and cost in a verification process.

This paper presents two strategies to reduce clock
cycles when using stopping rule in VHDL model
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method, a semi-random
variable is defined and the data that stay in the

verification. In the first

range of semi-random variable are skipped when
stopping rule is running. The second one is to keep
the old values of parameters when the phases are
changed. More than about 25% of clock cycles is
reduced by using the two proposed strategies with
few losses of branch coverage.

In section 2, previous works are introduced, and
proposed strategies are explained in section 3.
Section 4 shows simulation results and discussions
about the results. Finally, conclusion of this paper is
described in section 5.

IO. Previous works

Many methods for testing software program have
been developed[x = Recently, the methods using
Paisson distribution and Bayesian estimation were
introduced by [8] and [12].

18]
using empirical Bavesian principles and introduced

suggested a compounded counting process

the stopping rule in verification of VHDL programs.
The

distributions, that is, the number of interruption and

kev idea was to combine two probability
the size of interruption. The parameters of probability
distributions were assumed random variables by
using famous Bayeslan estimation.

[12] observed the outcome of branch coverage at
every clock cycle of testing and predicted the
number of branch to be covered at time t. And the
number to be covered was expressed by branch
coverage random process X, X; was divided to two
probabilities, interruption N, where one or more new
branches were covered at time t, and the size of the

W, And the conditional distribution
D,

interruptions
functions of the interruption occurrences, is

defined. [12] conducted a PMF{(probability

function) extraction experiments to estimate the best

mass

fitted distribution function at every discrete time t,
then TPoisson probability distribution function was

chosen. Then W, is defined to be a random process
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distributed as a Poisson process with 3,

-1
e_ﬁ, ﬂtw

W~" (w=1)! M

where £, is a random variable representing the
parameter of Poisson distribution that should be
estimated from the history of the simulation and is
= Be(® constant S8 and a

G = Eg(])

yud, =1

defined as for

decreasing function g(t) and e
probability of having an interruption during the
testing process was estimated as p(t) for every
discrete time t and p(t) was decomposed into a

shape function f(t) and an amplitude value S,, p(t)=
S, f(t), where the S, values could be determined
statically or dynamically based on the history of
testing the behavioral model. And the
function of B is given by

Gamma

—yﬁﬂrl

T(Bsy.r)= @

Then, statistical model for the branch coverage
increase for a given history of verification was
derived. And Bayesian analysis done hy
calculating the likelihood function of the Bayesian
parameter, B, as expressed in equation (3) and the

was

coverage was expected at time t>T given the
verification history like equation (4).

5 _T+x —n

p= y+G(0) 3
- —n,

EW, |x}= 1+———G(t) g(®) “

Finally, the total number of branches to be covered
at any future time t>T was predicted in equation
).

E{X,| %} =x, +

z (1+

J=T+1

" g (NG

G(t) (5)

In most papers, a new pattem was generated at

937
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every simulation cycle and fed into a model™ HJ, but
[12] represented a new verification strategy. When
data bits had to be fixed for certain times, a pattern
for a certain number of clock cycles was used, and
1, 2, 4, 6 clock cycles were remained for each phase
stage. The mixed
improved the branch coverage“a]

strategy of random testing

. Proposed Strategies

The overall expected value of X; is the sum of all
the expected sizes of interrupts after time T as
(5). X and Wt have been
assumed to he random variables for all clock cycles.

showed In equation

If xr is large in the equation (5), expected value of
X is large, that is, the larger is getting sum of all

coverage before time T, the longer is getting

stopping point. Therefore sum of coverage before
time T should be low to reduce the stopping point in
time axis.
k= 1. 95 gt A E71HEE
Table 1. Total branch coverage vs. cc.
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The values of random variables are not known
with certainty, that is,
possibletime and probability of the random variables.

we only know a set of

In this paper, semi-random variable is defined as a
variable of which the value is certainly not known,
but all values of the varjable are greater than a
Table 1 shows total values of
branch coverage for ten simulation times from the
starting point for 12 sample VHDL models. Every

referenced  value.



g

v

42 VHDL

F
branch coverage for a few clock cycles from t=1 is
large. Table 2 shows branch coverage for every
clock cycle. For example, if the referenced value is 6,
is 35 at t=1 and 18 at t=2

respectively for S1, and each branch coverage is

branch coverage

greater than 6 from t=1 to t=5 respectively for S5.

E 2.7 ¥ g 2R ES
Table 2. Branch coverage for every cc.
H
B S1182|S3|S4|85) 86| S7|S8]| S9|S10(81|812
11353515847 4716958473558 49]( 93
2| 18| 57|53 47| 47| 84|53} 47|57 | 53| 43|73
3113128831128 3}12]3]35
41 4116003320 |3[16]0]2]|10
510129 312112323 |12{2]3]3]3
61O 3| B 1t 411B3[1]3]1314]7
710530023 [053]|3]1
81 0| 3(28|{0|0|6|28|0|3]28|0|080
90| 0f2|8|8|0|2|8|0]2]|5]|35
0]0f( 1110 5| 5] 0105|110 4|35

We can know that values of Wg are compa-
ratively large for a few clock cycles from the
beginning time even though the exact values of Ws
can not be predicted. W, can be divided into two
time regions like equation (6), that is, W 1is
in the

W, as random variable in the other

considered as semi-random vanable first
region and

region.

(6)

W, in the first part of t axis is so large that we
can skip the data in the semi-random variable when
stopping rule is rumning because Ws are not
predicted by Poisson’s distribution function in the
range. Semi-random variable is of consequence
because the total number of branch coverage in the
semi-random variable reaches nearly half of total
coverage though the first region has a few clock
cvcles. So it is very important to make a reasonable

decision of the referenced point in which the
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Fig. 1. Histogram fitting example of Wt for S7.

referenced value occurs at first time at time axis
because it has a great effect on stopping point.
The dashed line shows the probability of W, for

S7 in Fig. 11 If the value of W, is greater than 6,

the probability is quite low. We can recognize that
the probability that values of W, are greater than 6
in Fig 1 is very small, but the probability in the
semi-random variable is always 1. The clock cycle
of which branch coverage is less than 6 at first time
has been chosen as a referenced point which divides
between semi-random and random  variable.
Depending on behavioral models and test patterns,
the value of branch coverage is varied so that the
time of the referenced point can't be fixed, which is
dynamically decided while simulation is running.

If the branch coverage in region Wi are skipped,
stopping point will become short because xr get
lower in equation (5). As stopping point is getting
short, we have to consider the problem that total
branch coverage is getting low. But random test
behavioral model

verifications before testing chip, and we know branch

patterns are used in most
coverage rate abruptly drops as the number of
random test pattem is increasing since a saturation
point that the slope of branch coverage rate become
below 45°. So we can predict that total branch
coverage does not decrease abruptly.

The values of parameters gained at the previous
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phases In equation () untidl time T have been
thrown away and they are reset when a new phase
get started ™. But Bayesian model predicts the
expected branch coverage using the previous branch
coverage. The overall expected value of X; at any
time t>T given the verification history up to time T
is the sum of all the expected sizes of interruptions
after time T, so the previous data which got in the
previcus phase have been used as initial values at
the next phase in this paper.

to the
stopping rule of Bayesian model can reduce clock

Applying new verification  strategies
cycles and improve the performance of behavioral

model verification.

IV. Simulation results and
discussions

12 VHDIL. models are examined to compare the
effectiveness of strategies with stopping rule of ™
Table 3 shows the information of sample VHDL
models.

IT

= 3. 4% =279
Table 3. Sample programs.

Mode! Description #0f code line| #of branch
$1 16 megabit byte-wide top boot 150ns 1880 SE
S2 CMOS syncBIFIFO 256x36x2 4657 251
83 | SyncFIFO with bus-matching 1024x36 5015 302
S4 SyncFIFO 2048x36 4667 225
S5 SyncFiFO 2048x36 4710 225
S6 CMOS syncBIFIFO 1024x36x2 4949 296
S7 | SyncFIFO with bus-matching 1024x36 4963 302
S8 SyncFIFO 2048x36 4777 225
89 CMOS syncBIFIFO 512x36x2 4752 251
$10 | SyncFIFO with bus-matching 512x36 4973 302
S11 | SyncBIFIFO with bus-matching 512x36x2 | 5498 309
$12 | SyncBIFIFO with bus-matching 1024x36x2| 5770 470

Table 4 shows simulation results of 3 kinds run
bv Mentor QuickVHDL simulator, and stopping rule
is run with branch coverage(BC) of each clock
cycle(CC). In Table, SB is the result for static
Bayesian 02 1 SBF, the branch

estimator  in

B % 40 % SDim & 12 %

(939)
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coverage of which number is larger than 6 from the
starting point are skipped, and the values of previous
parameters in equation (5) are used whenever phases
are changed under the same condition of SB. In
SB30, the constraint that stops the simulation in a
current phase whenever branch coverage for 30
continuous test pattems are zero is added to SBF.
SBF reduces 24.6% of clock cycles and 0.6% branch
‘and SB30 reduced 59.1% and 15%
compared to SB respectively. Most branches are

coverage,

detected in phase 1 and coverage rate is decreased
as number of clock cycles is increased. We can
know that an increase of coverage rate gets slow
after the rate is saturated. If constraint that makes
simulation quit after a saturation point is added in a
stopping rule, we know that the constraint can
reduce a lot of clock cycles with least reduction of
branch coverage. SB30 and SBF have 3 and 2
additional constraints compared to SB respectively,

but they get better results than SB.

® 4. SB, SB30, SBFell gk 224 A=}
Table 4. Simulation results of SB, SB30 and
SBF.
SB[12] SB30 SBF
cC BC CcC BC CcC BC
St 1854 | 128 530 128 1460 128
S2 631 199 493 204 1461 206
S3 808 232 495 231 485 231
sS4 673 192 485 192 482 192
S5 789 195 485 195 482 195
S6 2249 | 273 490 247 489 249
S7 809 232 495 231 496 231
S8 2181 208 649 203 1456 208
S9 631 199 493 204 1461 206
S10 808 232 495 231 496 231
S11 1982 | 245 596 245 1460 247
S12 | 2080 | 364 628 348 1462 360
SUM | 15495 2699 | 6,334 | 2,659 | 11,690 | 2,684

It is difficult to get 100% of branch coverage
because random test patterns are applied to the
simulator. The effect of semi-random variable is
hidden because some of the simulation results have

30 zero branch coverage so that the simulation is
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stopped by 30 zero constraints. Simulation results of
Table 4 that don’t have zero branch coverage for 30
continuous test pattemns for phase 4 are chosen in
Table 5 again to consider the effect of the proposed
strategies. Stopping point of simulation is decided in
equation (5), so simulation time is getting longer as
accumulated number of branch coverage is getting
large. The simulation results of SBF reduce 2259
clock cycles with losses of 2 numbers “of branch
coverage because SBF skips the branch coverage
detected in Wts region. The results show that the
proposed strategies are more effective.

5.30709 0 #& A AAs SBe

S
SBF9] s]i
Table 5. Comparisons of SB and SBF without
restraint of 30 zero coverage.
SB SBF
cC BC CcC BC
S1 1854 128 1460 128
S8 2181 208 1456 208
S11 1982 245 1460 247
S12 2080 364 1462 360
SUM 8097 945 5838 943

V. Conclusion

This paper proposed strategies that could be used

reduce in  behavioral model
verification. The techniques were applied in 12
sample programs and the simulation results showed
that a number of clock cycles were reduced with

few losses of branch coverage. The work for finding

to clock cycles

a saturation point of branch coverage increase will
be studied in the future.
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