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Abstract

One of the difficult problems which core-based
system-on-chip (SoC) designs faced, is test access. For
testing the cores in a SoC, a special mechanism is
required since they are not directly accessible via chip
inputs and outputs. There are some important issues in
designing a test access architecture, such as: testing
time, power consumption and place-and-route
considerations. In our previous work [14] several issues
related to the design of an optimal test access
architecture with the goal of minimizing testing time
were discussed. These issues included the assignment of
cores to test buses, the distribution of test data width
between multiple test buses, and the estimation of test
data requirements to satisfy an upper bound on the
testing time. In this paper we introduce a method for
finding the optimum test access architecture. Our method
incorporates system level constraints on power
consumption and place-and-route constraints arising
from the functional interconnections among cores. We
applied a Genetic Algorithm GA to solve these problems.
Experiments were run on two hypothetical but non-
trivial SoCs .
Keywords: SoC testing, Embedded core testing, Genetic
Algorithm, Test Access Mechanism TAM, Optimal testing
time, test data width, power consumption, place-and-
route.

1. Introduction

Embedded cores are now being used in large SoC designs.
They facilitate design and lead to shorter product development
cycles. However, the manufacturing tests and debug of SoCs
are major challenges. Since cores in an SoC are not directly
accessible via chip inputs and outputs, special access
mechanisms are required to test them at the system level.

Zorian et al. [1] proposed a generic conceptual test access
architecture for embedded cores, with the following
components: Source, Sink, and Test Access Mechanism (Fig.
1). The test access mechanism (TAM) is used to deliver test
stimuli from the source (which generates test stimuli) to cores
and also to deliver responses from cores to the sink (which
evaluates test responses).

Fig. 1: Conceptual TAM architecture [1].

There are several proposed TAM architectures in the
literature. These architectures can be classified in three main
categories: multiplexing [2], serial connection [3] and bus-
based connection [4][11]. Some variations of bus-based
connection schemes have been reported. One of the best bus-
based connection TAMs is proposed by Marinissen et al. which
is based on the concept of a TESTRAIL [4]. This TAM
provides a structured and scalable TAM. A single TESTRAIL
can provide access to more than one core and each SoC may
contain one or more TESTRAILs of variable width. The width
of TESTRAIL is referred to as the test data width. A
TESTRAIL architecture can be implemented in many ways; as
a private, a concatenated, a forked out , etc.

An efficient test access architecture should reduce test cost
by minimizing testing time for a SoC. Recently, we addressed
the problem of minimizing the SoC testing time via an optimal
test bus design without any redesign of the cores [14]. We
addressed the following TAM design problems: (1) Given the
SoC and test buses, how should cores be assigned to these
buses in order to minimize the testing time? (2) Assuming the
SoC and the maximum test data width are given, how should
the width be distributed among the various test buses? (3) For a
given architecture, finding a good estimation of the test width
requirement to meet specified testing time objectives.

In this paper, we formulate the above optimization problems
under power dissipation constraints. We also solve the
optimization problems in the context of place-and-route
constraints arising from the functional interconnections among
cores.

In [1] it is shown that all of the above problems are NP-
complete. So, in principle these problems can be solved by
Genetic Algorithms efficiently. The rest of this paper is
organized as follows: First, we review test access optimization
without any constraints [14]. Second, we extend our method to
handle power consumption constraints. In the third section, the
optimization problems are solved in the context of place-and-
route constraints. The feasibility of the proposed method is
evaluated by using two hypothetical but non-trivial SoC.
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Finally, results of some experiments are reported and some
conclusions are drawn.

2. Optimal test bus width distribution
and assignment

Genetic algorithms are a part of evolutionary computing,
which is a rapidly growing area of artificial intelligence.
Genetic algorithms are inspired by Darwin's theory about
evolution [12] [13].

Let the SoC design consist of NC cores and let core i,

CNi ≤≤1 , have ni inputs including data inputs and scan

inputs and mi outputs including data output and scan outputs
and gi gates. A combinational core has no scan inputs and
outputs. Each full or partial scan core may have one or more
internal scan chains. For sequential cores, we assume that core i
has fi flip-flops and Ni internal scan chains.

If the width of the test bus is less than the number of
terminals, test data serialization will be required at core I/O and
it must be performed in the wrapper of the core. Usually, test
data serialization is required because the number of core
terminals is determined by the functionality of core, but the
width of the test bus is determined by the source (test pattern
generator), the SoC routine, the area constraints and the width
of the existing bus.

For serialization, it is assumed that the test sets for all the
cores in an SoC are available in scan format, in which the
functional input values remain unchanged during successive
scan cycles. The amount of test data serialization required at
the inputs and outputs is determined by },max{ iii mn=φ ,

called the core test width, which influences the testing time for
core i, because if the core needs serialization at its I/O, the test
time will be longer. It is assumed that core i requires ti test
cycles for testing. Finally, it is assumed that there are NB test
buses with widths

BNωωω ,...,, 21
, respectively. So, for the

assignment problem, the SoC and the test buses with known
width are given and the optimum assignment of cores to these
buses should be found. Unlike in [5], we do not assume the
necessity of serialization, i.e., the width of the assigned bus to
each core can be greater or smaller than the core test width.
Problem 1: Minimizing the system testing time for a given
SoC with NC cores and NB test buses with width

BNωωω ,...,, 21
respectively, by optimally assigning the cores

to the test buses.
To apply GA, we need to encode each solution (assignment)

as a chromosome. Each assignment of NC cores to NB buses can
be coded with a vector of integers. Each number in position i is
the bus number assigned to core i. For example, assume NC =5
and NB =3, then 132113 means core 1 , core 4 and core 5 are
assigned to bus 1 and core 2 and core 5 are assigned to the
second bus and core 3 is assigned to the third bus. Also for this
encoding [12][13], we can use common crossover, random one-
point crossover, and mutation, since they produce valid
chromosomes. The cost function for each chromosome
(assignment) is the system testing time.

For our experiments, we used two hypothetical but non-
trivial SoCs consisting of ten ISCAS'85 and ISCAS'89
benchmark circuits [7]. S1 contains 7 combinational and 3
sequential cores and S2 contains 2 combinational and 8

sequential cores (Fig. 2). The data for S1 and S2 is given in
Table 1. Please note that fi and Ni are not defined for
combinational cores.

Our system first computes ti, the required test cycles for
testing core i, using the following equation [8] (the number of
test patterns (pi) for ISCAS 85 and 89 benchmarks circuit are
from [9]):
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For computing the system testing time, first we must
compute the testing time for core i if it is assigned to bus j (Tij).
It is obvious that if the bus width is larger than the core test
width, the test data can be loaded in parallel via the test bus and
the test time for core i, while it is assigned to bus φi <ω j , will
be exactly ti. But if φi >ω j , the width of the test bus is not
sufficient for parallel loading test data, serialization is needed
at core terminals. In this case, Tij>ti, but this amount depends
on the serialization strategy. We consider the worst case
scenario where all the lines in a bus except one line are
connected to (ω j –1) core terminals in parallel, and the last line
in the test bus is connected to the remaining (φi -ωj +1) core
terminals serially. So the testing time for core i via test bus j
when φi >ω j, will be (φi -ω j +1)*ti test cycles according to the
following:
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For each bus, we must add all the testing times of the cores
assigned to it. The system time is the maximum testing time for
all buses, since all test buses assumed to be used
simultaneously for testing.

Now we focus on minimizing system testing time by
determining the optimal width for test buses and the optimal
assignment of cores to test buses. It is assumed that the total
system test width can be at most W, and that the width of a test
bus can be larger or smaller than the test width for any given
core (unlike in [5]). Now Problem 2 is defined as follows:
Problem 2: Minimize the system testing time for a given SoC
with NC cores and NB test buses with total width W, by
optimally allocating the total width among the NB buses and
assigning cores to test buses.

This problem is NP-complete [5], so we can apply a GA to
solve it. Our method considers all the possible distributions of
total test width among buses and finds the best assignment and
corresponding cost of such assignments and among them
selects the distribution with minimum cost. If there are a large
number of possible distributions, another GA can be applied to
find the optimum. For the cases explored here, the number of
possible distributions is small enough to consider all of them.

The results for S1 and S2 for different total widths are
shown in Table 2. The results for S1 with two and three buses
are compared in Figure 3. It is observed with the increase of
test buses (NB), test time decreases. This is expected because
the overhead area is increased.

The last problem is to find an estimation of the test data
required for a specified testing time. If we solve Problem 2 for
different total widths, we can estimate the required test data.
For example for S1 the required test data needed to give testing
time of 42,000 cycles, would be 41 bits (Fig. 3).
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Fig. 2: Two examples of core-based SoCs with two test buses a S1 and b S2 [5]

Table 1(a): Test data for cores in S1 [8][9]
I Circuit ni mi Gi pi fi Ni ti

1 C432 36 7 27 27 --- --- 160

2 C499 41 32 52 52 --- --- 202

3 C880 60 26 16 16 --- --- 383

4 C1355 41 32 84 84 --- --- 546

5 C3540 50 22 84 84 --- --- 1669

6 C6288 32 32 12 12 --- --- 2406

7 C7552 207 108 73 73 --- --- 3512

8 S5378 35 49 4507 97 179 4 1004

9 S35932 35 320 714 12 1728 32 12204

10 S38417 28 106 3656 68 1636 32 8709

Table 2(a): Optimum distribution and assignment for
different total Bus width for S1 (b) S2
SoC W Optimum

Distribution
Optimal

Assignment
Test
time

1 20 2,18 2,2,2,2,2,1,1,1,2,1 383880
1 28 7,21 2,2,2,2,2,2,2,2,2,1 365600
1 32 10,22 2,2,2,1,2,1,2,2,2,1 357765
1 36 1,35 1,1,1,1,1,1,1,2,1,2 330837
1 40 1,39 1,1,1,1,1,2,1,2,1,2 298197
1 44 1,43 1,1,1,1,1,1,1,2,1,2 265533
1 48 2,46 2,2,2,2,2,2,1,2,1,2 242804
1 52 2,50 2,2,2,2,2,,2,2,2,1,2 227766
1 56 6,50 2,2,2,2,2,2,2,2,1,2 224910
1 60 9,51 2,2,2,2,2,,2,2,2,1,2 222768
1 64 12,52 2,2,2,2,2,2,2,2,1,2 220626

3. Power dissipation constraints

Power dissipation is an important issue in designing test
architecture for SoC. If several cores are tested in a parallel, the
total power may exceed the power rating of the SoC. This issue

Table 1(b): Test data for cores in S2 [8][9]
I Circuit ni mi gi pi fi Ni ti

1 C6288 32 32 2406 12 12

2 C7552 207 108 3512 73 73

3 S838 34 1 288 75 32 1 2507

4 S9234 36 39 2027 105 211 4 5723

5 S38584 38 304 11448 110 1426 32 5105

6 S13207 62 152 2573 234 638 16 9634

7 S15850 77 150 3448 95 534 16 3359

8 S5378 35 49 1004 97 179 4 4507

9 S35932 35 320 12204 12 1728 32 714

10 S38417 28 106 8709 68 1636 32 3656

Table 2(b): Optimum distribution and assignment for
different total Bus width for S2
SoC W Optimum

Distribution
Optimal

Assignment
Test
time

2 20 1,19 1,1,2,2,1,2,1,2,2,2 2128324
2 28 1,27 1,2,2,2,1,2,2,1,1,2 2030548
2 32 2,30 2,1,2,2,1,2,2,2,2,1 1959136
2 36 1,35 1,1,1,2,1,2,2,2,1,2 1885908
2 40 1,39 1,2,2,2,1,2,2,2,1,2 1793236
2 44 3,41 2,2,2,2,1,2,2,2,1,2 1768762
2 48 7,41 1,2,2,2,1,2,2,2,1,2 1750778
2 52 1,51 1,1,1,2,1,2,2,2,2,2 1726314
2 56 1,55 1,1,1,2,1,2,2,2,2,2 1656862
2 60 1,59 1,1,2,2,1,2,2,2,2,2 1589917
2 64 2,62 1,2,2,2,1,2,2,2,2,2 1548486

can be addressed by limiting the number of test buses, so the
amount of parallelism available at the system level decreases.
But a better way to consider the power issue is in the design of
the test access architecture. Assume core i with test width φi ,
max(mi ,ni), is assigned to bus with width ω j , the power
dissipated by the core depends on the values of φi and ω j .
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Fig. 3: Comparison of the optimal testing time for S1
with two and three test buses

If φi <ω j , as a result of parallelism, it takes one cycle to apply
each test pattern. On the other hand, if φi >ω j, serialization is
needed at core terminals for applying each test pattern, (φi -ωj

+1) cycles are needed. Also assume each test pattern for core i
consumes Gi units of energy, then the power dissipated during
testing of core i, Pij, is as follows:
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Considering formulas for Tij and Pij, we see that with the
increase of test bus width, less testing time is required, however
power dissipation is increased. That is because of increased
activity in the core under test. So there is a trade off between
testing time and power. Later in this section, we demonstrate
this fact experimentally.

Now, an optimum test access architecture will be found
with respect to system level power constraints. Energy
consumed by each test pattern, Gi, is approximated by the
number of gates in the core, gi. Also, we assume that the power
limit for each test bus is given, Pj, BNj ≤≤1 . Now we

improve our method by checking the power limit for each
TAM. For each bus, our algorithm checks if the power
consumed by any core, which is assigned to the bus, exceeds
the power limit for the bus (core i is assigned to bus j, Pij ≤ Pj).

In our GA, we limit the search space to all of the possible
TAMs that do not violate power consumption constraints, so
the optimum TAM found by GA not only respects the power
constraints, but also gives minimum testing time.

Experimental results for a power-constrained test access
architecture design for S1 while NB=2 and P1=P2=200 are
shown in the Table 3.

From Table 3, it can be observed that for small values of the
total test width, power constraints have less impact on the
optimum testing time. Also we see that for a total test bus
width in excess of 56 bits, any further increase in total test
width does not decrease testing time. We denote this threshold
width by TW, which for this example is 56. That is because of
the trade off between testing time and power. If we examine the
system for different power limits (see Fig. 4), we observe that

with the increase of the power limit, the lower bound of test
time for the system is achieved sooner.

4. Place-and-route constraints

In this section, we improve our method to find an optimum
test access architecture with respect to place-and-route
constraints. In addition to other constraints, Place-and-route
constraints are hard constraints so they require the assignment
of cores to test buses to be pre-determined. However, these
constraints can be expressed as preferences, which our method
tries to satisfy while determining an optimal test access
architecture. The general place-and-route constraints can be
formulated by defining two parameters for each pair of cores as
follows: (1) It is desirable that core i and core j be assigned to
the same bus, then rij=1 where rij is 0 or 1 constant and by
default is 0. (2) Core i and core j can not be assigned to the
same bus and must be assigned to different buses, then sij=1
where sij is 0 or 1 constant and by default is 0.

Here the GA must find an optimum test architecture, which
does not violate the place-and-route constraints. For each
chromosome the system checks if it satisfies the place-and-
route constraints or not.

Table 3: Optimal test access architecture design
under power constraints P1=P2=200
S
o
C

W Opt.
Dist.

Optimal
Assignment

Test
time

Test
time

incr. %

1 20 3,17 1,1,1,2,2,1,2,2,2,1 384686 0
1 28 8,20 2,2,1,2,1,2,2,2,2,1 367455 0
1 32 10,22 2,2,2,1,2,1,2,2,2,1 357765 0
1 36 1,35 2,1,1,1,1,1,1,2,1,2 330891 0
1 40 1,39 2,1,1,1,1,1,1,2,1,2 298212 0
1 44 1,43 1,1,1,1,1,1,1,2,1,2 265533 0
1 48 3,45 2,1,2,1,1,1,1,2,1,2 251713 3.7
1 52 7,45 2,1,1,1,1,1,1,2,1,2 249234 9.4
1 56 11,45 1,1,1,1,1,1,1,2,1,2 249207 10.8
1 60 15,45 1,1,1,1,1,1,1,2,1,2 249207 11.9
1 64 19,45 1,1,1,1,1,1,1,2,1,2 249207 12.9
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Fig. 4: Optimum testing time for S1 for different
power limits



We applied our method to two SoC models, S1 and S2 with
different place-and-route constraints. The results are shown in
Table 4. Also for comparison, the plot for the results are drawn
(Fig. 5). We observe that the place-and-route just limit the
assignment and so the rate of test time versus total width is the
same as the rate of the model without any constraints. Also it
can be seen that the system does not saturate like a system with
power constraints.

Table 4: Optimal test access architecture design
under place-and-route constraints

(a)
r12=r13=r14=1, s64=s59=s67=1

SoC W Opt.
Dist.

Optimal
Assignment

Test
time

Test
time

incr. %
1 28 8,20 2,2,2,2,1,1,2,2,2,1 367955 0.64
1 36 9,52 1,1,1,1,2,2,1,2,1,2 332193 0.41
1 48 1,47 2,2,2,2,2,1,2,2,1,2 245357 1.05
1 56 6,50 2,2,2,2,2,1,2,2,1,2 225234 0.14
1 64 12,52 2,2,2,2,2,1,2,2,1,2 220878 0.11

(b)
r12=r13=r14=r23=r24=r34=r57=r59=r79=r68=1
s61=s62=s63=s64=s81=s81=s83=s84=s510=1

s910=1
SoC W Opt.

Dist.
Optimal

Assignment
Test
time

Test
time

incr. %
1 28 8,20 1,1,1,1,2,2,2,2,2,1 368199 0.71
1 36 1,35 1,1,1,1,1,2,1,2,1,2 330849 0
1 48 3,45 1,1,1,1,1,2,1,2,1,2 253199 4.28
1 56 10,46 1,1,1,1,1,2,1,2,1,2 245849 9.31
1 64 17,47 1,1,1,1,1,2,1,2,1,2 238499 8.1

(c)
r12=r13=r14=r23=r24=r34=r57=r59=r79=r68=1

r610=r810=1
s61=s62=s63=s64=s81=s81=s83=s84=1

s510=s910=s710=s56=s76=s96=s58=s78=s98=1
SoC W Opt.

Dist.
Optimal

Assignment
Test
time

Test
time

incr. %
1 28 1,27 1,1,1,1,1,2,1,2,1,2 396213 8.37
1 36 1,35 1,1,1,1,1,2,1,2,1,2 330849 0
1 48 3,45 1,1,1,1,1,2,1,2,1,2 253199 4.28
1 56 10,46 1,1,1,1,1,2,1,2,1,2 245849 9.31
1 64 17,47 1,1,1,1,1,2,1,2,1,2 238499 8.10

5. Experimental Results

In this section, we examine our system results on two SoCs,
S1 and S2. We apply the two optimization problems (Problem
1 and Problem 2) to S1 and S2. We ran our system on Sun
Ultra 10 workstations with 333 MHz processors and 500 MB
memory. The CPU time for all the experiments was in order of
seconds.

Our system found optimal test architectures with four
options: (1) without any constraint (2) with power consumption
constraints (3) with place-and-route constraints (4) with power
consumption and place-and-route constraints.
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In Sections 2, 3 and 4, all of the options except a last one
were discussed. In all of the experiments for two-bus TAM, the
population size was set to 100 and the number of iterations was
10, and for three-bus TAM the population size was 100 and the
number of iterations 10. Searches were aborted after 10000
attempts.

Our algorithm can handle both power and place-and-route
constraints together. Some results are shown in Table 5.
Comparison for different power and place-and-route constraints
for different total test bus widths appears in Figure 6.

From Figure 6, we note that the system with both types of
constraint saturates like a system with a power constraint, but
with a lower TW. If we tighten the constraints it would saturate
earlier. For example from Table 5a TW is 48 bits and minimum
testing time is 253530 with any test width increase beyond 48,
would not decrease test time less than 253530. However, from
Table5b, which is a result for an SoC with more limitations,
TW is 44bits and the minimum test time is 290657.

6. Conclusions

A formal methodology for designing an optimal test access
architecture for testing SoC designs is presented. Our
methodology allows designers to explore design options and
make appropriate choices. The problems of assignment of cores
to test buses and the distribution of a given test data width
among multiple test buses have been solved using Genetic
Algorithm with the ability of handling power consumption and
place-and-route constraints.

For a power constrained Test Access Mechanism, with the
increase of test bus width, the system testing time saturates due
to a trade between power and test time. But place-and-route
constraints just limit the options of possible assignments, hence
increasing of test bus width, decrease system testing time.

Comparison of results with those of previous approach [15]
shows considerable improvement [14].



Extensions of our work include:
1. Modifying the system to handle subdivision of buses.
2. Changing the cost function used for GA to a combination of
testing time and overhead area.
3. Generalizing the system to handle all types of test bus
configurations (forked out, merged, etc.)
4. Allowing the system to handle hierarchical compositions.

Table 5: Optimum testing time for S1 with
population and place-and-route constraints

(a)
P1=P2=400, r12=r24=1, s13=s59=s67=1

S
o
C

W Opt.
Dist.

Optimal
Assignment

Test
time

Test
time

incr. %

1 20 3,17 2,2,1,2,1,1,2,2,2,1 385544 0.43
1 28 8,20 2,2,1,2,1,1,2,2,2,1 367299 0.46
1 32 10,22 2,2,1,2,1,1,2,2,2,1 359168 0.39
1 36 1,35 1,1,2,1,2,1,2,2,1,2 345226 4.35
1 40 1,39 1,1,2,1,2,1,2,2,1,2 311882 4.59
1 44 1,43 1,1,2,1,2,1,2,2,1,2 278538 4.9
1 48 2,46 1,1,2,1,2,1,2,2,1,2 253530 4.42
1 52 6,46 1,1,2,1,2,1,2,2,1,2 253530 11.31
1 56 10,46 1,1,2,1,2,1,2,2,1,2 253530 12.73
1 60 14,46 1,1,2,1,2,1,2,2,1,2 253530 13.81
1 64 18,45 1,1,2,1,2,1,2,2,1,2 253530 14.91

(b)
P1=P2=300,

r12=r13=r14=r23=r24=r34=1, s61=s62=s63=s64=1
S
o
C

W Opt.
Dist.

Optimal
Assignment

Test
time

Test
time

incr. %
1 20 2,18 2,2,2,2,2,1,2,2,2,1 384252 0.1
1 28 7,21 2,2,2,2,2,1,2,2,2,1 365912 0.09
1 32 10,22 2,2,2,2,1,1,2,2,2,1 358352 0.16
1 36 1,35 2,2,2,2,1,1,1,2,1,2 332259 0.43
1 40 1,39 2,2,2,2,1,1,1,2,1,2 298972 0.26
1 44 4,40 2,2,2,2,1,1,1,2,1,2 290657 9.46
1 48 8,40 2,2,2,2,1,1,1,2,1,2 290657 19.71
1 52 12,40 2,2,2,2,1,1,1,2,1,2 290657 27.61
1 56 16,40 2,2,2,2,1,1,1,2,1,2 290657 29.23
1 60 20,40 2,2,2,2,1,1,1,2,1,2 290657 30.48
1 64 24,40 2,2,2,2,1,1,1,2,1,2 290657 31.74
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