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Abstract

We address the problem of scheduling test sessions for core
based systems-on-chip (SOC). We assume the built-i n self-
test methodology for testing individual cores and permit
sharing of test resources (pattern generators and signature
registers) among cores. Our objective is to minimize the
test application time and the test area overhead, treating the
total power dissipation as a constraint. A vast solution space
exists for the problem of test scheduling. At one end of the
spectrum is an entirely sequential test schedule which will
consume the least test power, and at the other end of the
spectrum is a fully concurrent test schedule which will con-
sume the largest test power. Each of these solutions will
differ in terms of the test area overhead and the test applica-
tion time. We show a polynomial-time algorithm for finding
an optimum power-constrained schedule which minimizes
the test time. In our formulation, we implicitly address the
problem of minimizing the test area overhead by introduc-
ing the notion of area penalty for merging the test sessions
for two different cores. We argue that the merger of two test
sessions for two different cores must address such issues as
similarity of the cores being tested as well as layout-related
issues. We capture these area penalties in the form of a de-
sirability matrix which is the essential data structure for our
scheduling algorithm. We report the results of our imple-
mentation of the scheduling algorithm on two circuits.

1 Introduction

Owing to the increased use of behavioral synthesis tools in
the VLSI industry and growing concern for testability of
VLSI designs, the topic of synthesis for testability has gen-
erated considerable amount of interest in the recent past. In
particular, built-in self-test has emerged as a technology of
choice for test-oriented synthesis. With the growing popu-
larity of design reuse, many vendors of intellectual property
are able to offer both hard cores and soft cores that can be

treated in a manner similar to "off the shelf components to
build larger systems. A key problem faced by the system in-
tegrator is to test the individual cores and the interconnects
on the SOC. Since cores can be sizeable in complexity, e.g.
cores for image processing algorithms, embedded SRAM
and DRAM cores, and cores for various media processing
applications, each core can dissipate significant amount of
power even in the normal mode of operation. In the test
mode, since the inputs are applied in an uncorrelated man-
ner without regard to the functionality of the core, the power
dissipation of each core can be manifold in comparison to
the normal power. Unless precautions are taken, the total
test power of the SOC can far exceed the power rating of
the package.

Lin, Njinda and Breuer [6] addressed the problem of
generating testable data paths. They defined a test embed-
ding as a tuple , P, S), where i s a "kernel" (combi-
national logic under test), P is a BILBO register [9] that
will be configured as a pseudo-random test generator, and
S is another BILBO register which will be configured as
a signature register to test the kernel. Given the structural
description of a data path, there are a large number of em-
beddings possible for each kernel. One such embedding
must be selected for each of the kernels. The choice of the
embeddings will influence the total test application time as
well as the amount of test resource sharing possible. The
authors formulated the test scheduling problem as an opti-
mization problem to minimize the test application time or
the test area overhead. A branch-and-bound algorithm was
used to generate a family of designs that satisfy the lower
and upper bounds on the test application time and the test
area overhead. Althought the algorithm in [6] can in princi-
ple be extended for handling power constraints as well, such
an extension will be at the expense of considerable amount
of computational and coding complexity. Further, the algo-
rithm is mainly applicable for register-level data paths and
has no straightforward extension to core based SOC since
the structural details of the cores may not be available to the



system integrator for reasons of propriety.
Mutual testing canbe effectively used as a BIST method-

ology for highly concurrent systems such as systolic arrays
[2]. The authors of [2] proposed a structure called E-BILBO
which is an extension of the Built-In Logic Block Observer
[9]. An E-BILBO can be configured as a comparator to
enable comparison of the responses from two identical cir-
cuit blocks. The authors proposed a hybrid approach to
BIST where both signature testing and mutual testing will
be used. A resource conflict graph was used to capture the
test scheduling conflicts that arise due to sharing of test re-
sources. Since E-BILBO permits both signature testing and
mutual testing modes, it is possible to find highly optimal
test architectures that minimize the test area overhead. In
order to form the resource conflict graph, a register-level
description of the data path is required, making the scheme
of [2] unsuitable for core-based designs. Although mutual
testing at the core-level seems promising as a test method-
ology for SOC, we note that it may pose difficulties in terms
of power dissipation. Mutual testing of two cores A and B
will require higher test power than a signature-based testing
of the cores where A and B may be scheduled for testing in
different test sessions.

Chou, Saluja and Agrawal [3] have addressed the issue
of power constrained test scheduling for application spe-
cific integrated circuits. The authors assume that the test
resources have already been allocated. The authors assume
that a test compatibility graph is given and derive an op-
timum schedule using a graph-theoretic optimization algo-
rithm. A test compatibility graph TCG(V, E) is a graph
whose node set V is the set of cores in the system and the
edge set E consists of edges of the form (ei7 ej) if and only
if cores et and ej can be tested simultaneously under the
test resource allocation. From the TCG, the authors derive
a power compatibility graph PCG which is similar to the
TCG, except that an edge (ei7 ej) in the PCG implies that
the cores i and j can be tested simultaneously without ex-
ceeding the power limit.

Note that the test resource allocation must be known a
priori to apply the scheduling procedure described in [3]. In
this paper, we assume the Built-in Self Test (BIST) method-
ology to test cores and consider a larger problem of deter-
mining the test resource allocation as well as scheduling the
testing of cores. We use a "desirability matrix," an
positive real matrix, n being the number of cores, which
describes for every pair of cores i and j a quantitative mea-
sure Wij that measures the appropriateness of allocating the
same test resources to test i and . Using the desirability
matrix, we derive a set of testable designs that respect both
the power constraint and the area constraint.

In the BIST approach assumed in our work, each core
must be allocated a pseudo-random pattern generators
(PRPG) and a signature analysers (SA). The user can supply

the information related to layout, similarities between cores,
etc. so that the relative preferences of resource sharing can
be evaluated.

Section 2 of this paper deals with preliminaries and pro-
vides a brief theoritical issues. Next, in Section 3, we
present our scheduling algorithm. This is followed in Sec-
tion 4 by the implementation details of the test scheduler
and results obtained on the ASIC Z example [11] and DCT
example which is constructed by us.

2 Preliminaries

The problem of testing "system chips" has received consid-
erable attention in the recent past due to the growing popu-
larity of design reuse. The issue of test scheduling must be
resolved by the system integrator. Built-in self-test (BIST)
has been employed in many SOC designs [4, 11]. Here, the
designer allocates extra test hardware to enhance the con-
trollability and observability of the embedded cores, gen-
erate pseudo-random test patterns for testing the cores, and
compact the responses of the cores. A number of possi-
bilities exist, ranging from highly concurrent testing to en-
tirely sequential testing of the cores. In the former situation,
test resources such as pattern generators and response com-
pactors cannot be shared among cores, leading to a large test
area overhead. However, sharing of test resources among
cores will lead to increased test application time since the
cores will have to be tested in a sequential order. The
scheduling problem is further complicated by the introduc-
tion of the test power constraint. The test power dissipa-
tion in a core may be several orders of magnitude higher
than its rated power, since test vectors are applied in a ran-
dom, uncorrelated manner. A high degree of concurrency
in testing can thus lead to unacceptable amount of peak test
power. Reducing the test clock rate can solve this problem,
but leads to higher test application time.

2.1 Problem formulation

Given a set of cores {C\, C2, • • •, Cn} with test times
{Ti, T2, • • •, Tn} and test powers {Pi,P2, • • •, Pn}, we are
required to partition the set of cores into a number of clus-
ters Si, e>2, • • •, Sk, such that all the cores in a cluster Sj are
tested concurrently. We refer to these clusters as test ses-
sions. The length of a session j is the time taken to test all
the cores assigned to . Thus, Length j = .
The peak power dissipation during session j may be es-
timated as Peakj = . Pi- The objective of the
scheduling problem can now be stated as one of minimiz-
ing ^2j Length j such that the maximum value of Peakj
does not exceed a specified value . • In order to factor
in the test area overhead and other issues such as similarity
of cores into the problem, we use the notion of desirability.



The desirability of using the same BIST resources to test
two cores Cj and Cj is quantified by a positive real num-
ber W^. The larger the value of W^, the more desirable it
is to share BIST resources for testing Cj and Cj. We shall
explain the computation of Wy later in the paper. We com-
pute the area penalty of the solution with the knowledge of
the desirability matrix , as we shall elaborate later. In the
formulation of the power constraint, we have taken the peak
power of a test session as the scalar sum of the peak powers
of cores tested in that session. This is really an upper bound
on the peak power dissipation, since individual peaks may
actually be spaced out. We now discuss the formulation of
the area constraint.

2.2 Desirability Graph

Unlike previous authors [3, 11] we do not assume a test re-
source allocation is specified a priori. We believe that it
is easier for a system integrator to implicitly specify some
guidelines about test resource allocation. For example,
a system integrator may consider the functional similari-
ties of cores (e.g. two embedded RAMs of similar size)
and indicate that test resources can be shared among these
cores. Apart from functional similarities, layout consider-
ations can influence the integrator's decision to share test
resources among cores. For instance, if two cores are phys-
ically far apart in the floor plan of the chip, it may be unwise
to share the BIST resources. If there is a significant dispar-
ity between the test times/test powers of two cores, sharing
test resources between the cores is again an unwise deci-
sion.

Let W = [W^] be a n x n matrix where entry ,
i ^ , indicates the desirability of sharing test resources for
cores Cj and Cj. We interpret Wu as the cost associated
with testing the core . If the scheduler places two cores
Cj and Cj in the same session , it is clear that test re-
sources are not shared between Cj and Cj. We associate
an "area penalty" resulting from this situation. The penalty
associated with a test session <Sfc is given by

AreaPenalty(Sk) = W

A is a constant in the range [0,1]. The area penalty for the
complete schedule is defined as

AreaPenalty = maxkAreaPenalty(Sk)

The scheduling algorithm in this paper attempts to keep the
overall area penalty within a specified limit. The desirabil-
ity W^ of allocating the same test resources for cores i and
j is expressed as weighted sum of the following

• similarity index ,

• the absolute difference of the test times Tt and ,

• the absolute difference of the test powers Pt and ,
and

• the center-to-center distance dy between the cores i
and j in the floor plan of the chip.

Wij = a • Sij - 0\Ti - T j \ - 1 - \ P i - P j \ - 8 - dij

Here, , , , and 6 are positive real constants that indicate
the relative importance of the four factors mentioned above.

3 Scheduling algorithm

We now outline a greedy algorithm to schedule cores.

procedure G r e e d y g r o u p i n g ( )

{
Mark: bool[l..n]
Sort Corelist in decreasing order of test times.
for i = 1 to n Mark[i] = false;
// Mark is a flag associated with a core indicating whether
// it is already scheduled or not.
t=1, =NULL.
// j is an index of test sessions.
while (not all cores marked)
{

while (not end of Corelist)
{
Get an unmarked core C from the Corelist.
if ( can be grouped in T[j]
without violating power and penalty constraints)
iated = true; Place C into T[j]
}
3=3 + 1, T[J\ =NULL.

The algorithm is greedy since it does not open a new test
session Sj+i until it can pack as many cores into session
Sj. The algorithm generates near-optimal solutions to the
problem of power-constrained test scheduling.

The algorithm has a time complexity of . Sorting
requires O(n log n) time. The outer while loop is executed
n times. During the th iteration of the outer while loop, the
inner while loop can execute n — i times. The computation
of area penalty within the nested while loop requires O(n)
time. Therefore, the complexity of the scheduling algorithm
is O(n3) in the worst case. However, since the number of
cores in a system chip is in the range of 10 to 20, the ac-
tual runtime of the algorithm is not an issue on modern-day
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Figure 1: Block digram of ASIC Z system
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241
213
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134
160
10
69
61
38
23
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Table 1: Power Dissipations and Test Lengths for ASIC Z

computers. In the examples that we tested, n was around
10, and the run time on a SPARC Ultra/1 was a few mil-
liseconds.

4 Implementation and results

The scheduling algorithm was implemented using 1000
lines of C code on a Sun Ultra/1. We used SIS [10], POSE
[5], and a locally written RAM power estimation software
tool for generating test vectors for individual cores and esti-
mating core test power dissipation. We tested our software
against two examples. The first is the ASIC Z circuit de-
scribed by Zorian [11] which has 4 RAMs, 2 ROMs, a reg-
ister file, and three random logic blocks, all of which are
treated as cores (see Figure 1). BS-TAP is the boundary
scan test access port. The second example is a system for
computing the DCT and uses 2 embedded RAMs, 2 ROMs,
2 cordic cores, a fixed point adder, a scaling unit, and glue
logic (see Figure 2). Since Chou et al. [3] present results for
the ASIC Z example, we compare our results with those re-
ported in [3]. The test power dissipation and the test lengths
for each block in ASIC Z are given in Table 1. Similar data
is reported for the DCT example in Table 2.

The layout information for the cores is not given in [11].
We assume that the block diagram is reflective of the floor
plan of the ASIC. A floor plan was manually derived for
the DCT example and used in determining the distances be-
tween cores. Similarity coefficients were derived based on
the knowledge of the functionalities of the cores. For ex-
ample, the similarity index for two embedded RAM cores
is high (close to 1), whereas the similarity index for dissim-
ilar blocks (say a RAM and a random logic block) is low
(around 0.5).

For the ASIC Z example, we used a power constraint of
Pmax = 900mW, which is same reported in [3] and [11].
Our software was able to report a large number of test
schedules that meet the power constraint. These points are

RAM 1 Counter Counter

ROM1 ROM 2

FPA

SCALE

RAM 2

Figure 2: Block digrams of DCT Example
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Pactive(mW)
568
568
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70
60
60
77
40

Test length
37
37
5
5
5
5
6
4

Table 2: Power Dissipations and Test Lengths for DCT
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rl1,rl2
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160
102
61
10
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rl1,rl2
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len

160
102
69

331

Table 3: Comparison with Published Results. # indicates
the session number. For a specified area limit of 3.5 we
obtained 4 test sessions with a total session length of 333.
Chou et al. reported 3 test sessions with a session length of
331.

Figure 3: Test-time Vs Area Penalty for ASIC Z

Session
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Cores Tested
rl1,rl2,ram2
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Session Length
160
102
38
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plotted in Figure 3, which clearly brings out the tradeoffs
involved in test-time and test-area. As we increase the area
penalty limit, we obtain more concurrent test sessions, lead-
ing to lower test times.

The test schedule obtained for a power limit of 900mW
and area penalty limit of 3.5 is shown in Table 3. The sched-
ule of Table 3 is compared with the schedule reported in
[3]. Although the schedule obtained by [3] has a marginally
(0.6%) lower test time compared to the schedule which we
obtained, we note that the maximum concurrency level in
our solution is 3, leading to lesser test area overhead. To
illustrate that our technique can generate a number of solu-
tions, we show the results obtained when the area penalty
limit was increased to 4.0 (Table 4). We see that the number
of sessions has reduced to 3 and the test time has reduced to
300, which is 10% lower than the result reported in [3].

The results obtained for the 8 x 8 DCT example are
given in Table 5. Again, we show two different solutions
obtained by specifying two different area penalty limits (2.0
and 8.0). When the lower area penalty was specified, and
the power limit was set to 1mW, the solution has 4 test ses-
sions, a test length of 84, and the peak power dissipation is
645 /xW Based on this feedback, we raised the area penalty
to 8.0 and reduced the power limit to 700 W. The resulting
solution has 3 test sessions, a total test length of 79, and a
peak power dissipation of 698 W.

Figure 4 shows the plot of design points obtained when
the power limit was fixed at 900 W and the area penalty
was altered. Figure 5 shows a plot of design points which
were obtained when the area penalty limit was set to 8.0 and

Table 4: Solution obtained for ASIC Z. Area Penalty = 4.0
and Power Limit = 900 mW.

the power limit was varied. These plots bring out the trade-
off between test area overhead, test time, and test power.

5 Conclusions

We addressed the issue of power constrained test scheduling
in this paper. Our objective is to minimize test time subject
to a power constraint, at the same time maintaining a min-
imum level of desirability for the solution. Desirability of
the solution is linked to the test area penalty of the solution
in this paper. We presented an O(n3) algorithm to optimally
schedule n embedded cores. The desirability factor associ-
ated with a pair of cores i and j can be computed using the
information about the similarities of cores and details of the
floor plan of the chip. An interactive software tool can be
built towards this end. Since the scheduling algorithm itself
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Table 5: Solutions for the DCT Example



is fast, it is possible for a system integrator to interactively
explore a variety of solutions by changing the desirability
factors and rescheduling the tests. The concepts presented
in this paper can be easily extended to board-level designs
and multi-chip modules.

Figure 4: Plot of Test-time Vs Area Penalty for DCT.
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