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Abstract

A systematic approach has been developed to provide
designers with a set of testable versions for a given
design, ranging from the minimal test time solution
to the minimal area overhead solution. The designer
thus has the flexibility to make the necessary trade-
off between area overhead and test time depending on
the constraints of the design under consideration. By
employing an expert selection system developed previ-
ously, the system can be extended to operate as an in-
telligent BIST design advisor. Ezperiments have been
performed on several circuits generated by MABAL,
a high-level synthesis tool, to demonstrate the perfor-
mance of this approach.

Index terms: Built-in-self-test, synthesis for testabil-
ity, test scheduling.

1 Introduction

Numerous design for testability (DFT) and built-
in self-test (BIST) techniques are used to make cir-
cuits testable. The Built-In Logic-Block Observation
(BILBO)[2] BIST technique requires modifications to
be made to a circuit so that each combinational logic
block (kernel) is fed directly or indirectly by a pseudo
random pattern generator (PRPG) and directly or in-
directly feeds a signature analyzer (SA). This extra
hardware increases the layout area. In the test mode,
a sufficient number of test patterns need be gener-
ated to achieve acceptable fault coverage. Therefore,
area and test time are two important overheads en-
countered when using the BILBO technique. Reducing
these overheads without sacrificing fault coverage is im-
portant. Unfortunately, most existing systems(1, 5, 6]
make a design testable by trying to minimize either
test time or area overhead. The solutions generated
are often not globally optimal. A designer should have
the flexibility to make trade-offs between area overhead
and test time depending on the design constraints. The
procedures presented in this paper allow such a trade-
off to be made.

Abadir and Breuer[1] proposed a Testable Design
Expert System (TDES) which allows a user to select
an embedding for each kernel based on the design con-
straints. However, TDES only considers a local view
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of each kernel, thus its performance depends on the
order in which the kernels are processed. We too al-
low user interactions for making choices, but a global
view in selecting embeddings is taken to achieve better
performance. Craig et al.[6] formulated a clique cov-
ering problem to minimize test time. The restriction
that resource allocation is done before test scheduling
makes the optimality of the solution applicable only
to a specific resource allocation and thus the solution
may not necessarily be a global optimum. Bhawmik et
al.[5] used an integer linear programming technique to
minimize area overhead of a BIST design. Our study
of integer linear programming shows little success for
this problem, and a branch and bound technique is
suggested instead.

2 Preliminaries
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Figure 1: An example circuit

Consider a circuit consists of kernels, registers, buses
and MUXes. A K-port is an input/output port of a ker-
nel. An I-path[1] is a data path from a primary input
or a register to a K-port or from a K-port to a primary
output or a register so that data can be transferred un-
altered. In this paper, an I-path is represented as a list
(c1,¢2,...,cn) where each ¢;, 1 < i < n, is a compo-
nent or a port of a component in the circuit, and data
can be transferred from c;_; to ¢; without changes.



Some I-paths in the example circuit of Figure 1 are

Iy : (Rg, MUX\(1), K3(Ps)), Iz : (Ry, BUS, K3(Py)),
I : nga((Ps),MUX2(1),R4), Is : (R4, BUS, Ka(P3)
and 5. R4,BUS,K1(P1)).

Definition 1 A register is a driver of a K-port P;
if there exists an I-path from it to P;; a register is a
;eceiver of a K-port P; if there exists an I-path from

i to it.

’ A test session is defined as the execution of a set

of tests for some kernels. Only one test session can
execute at a time. For each test session a test plan
is required. This plan specifies how to initialize test
hardware, perform tests for kernels, and observe final
signatures. It is possible that a register can be a driver
of some K-port and a receiver of another K-port. In
the BILBO methodology a register is not allowed to be
used as both a driver and a receiver in the same test
session.
Definition 2 An I-path is a driving path if it starts
from a primary input or a driver and ends at an input
K-port; an I-path is a receiving path if it starts from
an output K-port and ends at a receiver or a primary
output.

By these definitions, I;, I, I4 and I5 are driving
paths; I3 is a receiving path. Driving or receiving paths
are said to cover their associated K-ports. A K-port
is said to be testable if it is covered by at least one
I-path. To make a K-port testable using some I-path
that covers it, it may be necessary to add extra func-
tions to some of the registers in the I-path like pseudo
random pattern generation (PRPG), signature analy-
sis(SA), HOLD, or LOAD if these functions are absent.
If there is no I-path that can cover a K-port, extra reg-
isters or MUXes may be needed. To shift in the initial
seed data and shift out the final signature, the SHIFT
function needs to be added to all registers that operate
as PRPGs or SAs. By adding functionality to a regis-
ter, the area required for its implementation increases.
Definition 3 Two I-paths are said to have a Forbid-
den Conflict (FC) if they cannot co-exist in a testable
design; two I-paths are said to have a Hard Conflict
(HC) if they cannot be operated in the same test ses-
sion; two I-paths are said to have a Soft Conflict (SC)
if they can be operated in the same test session but
restrictions on their schedules exist.

For the circuit in Figure 1, I3 and I4 have a FC since
R4 is being used simultaneously as a PRPG and a SA
to test K3. I3 and I5 have a HC since R4 must be used
in different test sessions; once as a SA for K3, then as a
PRPG for K;. I and I5 have a SC due to the sharing
of BUS. A set of rules[8] have been formulated to iden-
tify all possible configurations that may cause I-path
conflicts. A kernel is said to be testable if each of its
K-ports is testable and no conflicts exist between the
driving and/or receiving paths of its K-ports. A circuit
is said to be testable if each of its kernels is testable.

3 Exploring the solution space

There are usually many ways to make a non-trivial
circuit testable. Each testable design has a certain area
overhead and test time. The design with minimal test
time is denoted by s;,¢¢; the design with minimal area
overhead is denoted by s,,4,. Between these two de-

signs can exist a set of intermediate testable designs
Sint. This family of solutions represent the choices for
making a circuit testable.

3.1 The minimal test time solution

Definition 4 A legitimate BILBO embedding (em-
bedding for short) is a structure consisting of a kernel,
a driving path for each input K-port and a receiving
path for each output K-port of the kernel. No FCs or
HCs can exist between pairs of these paths.

In the circuit shown in Figure 1, e = (K3, I1, I, I3)
is a legitimate embedding. Kj is the kernel of e, I
and I are the driving paths for Ps and P;, respec-
tively, and I3 is the receiving path for P;.

A kernel may be contained in several embeddings.
These embeddings are obtained by combining the I-
paths that have no HCs or FCs. To achieve minimal
test time, pipeline structures and minimal Iatencyi4]
can be used, where minimal latency is the minimal de-
lay between two consecutive initiations of test vectors
so that no resource conflicts can occur. The minimal
latency can always be achieved by using NO-OPs [l]gi]
in the test plan. If the I-paths of an embedding do
not have SCs, the minimal latency is always 1, i.e., a
new test vector can be applied every clock period. If
a kernel needs T test vectors, then the test time is ap-
proximately T clock periods if 7" is large, i.e. we ignore
the time to shift in(out) the initial(final) states of the
various shift registers.

We assume that each kernel requires T test vectors.
Two embeddings are fully compatible if the I-paths be-
tween them do not have conflicts. They can be exe-
cuted in the same test session to reduce the total test
time. When the I-paths between two different embed-
dings have SCs, reservation tables[4] for their test plans
have to be analyzed to obtain the test time for exe-
cuting them in one test session, and the test time for
executing them in sequence[8]. If the former is shorter,
these two embeddings are said to be partially compat-
tble. Only fully and partially compatible embeddings
will be considered for concurrent execution.

3.1.1 An optimal procedure

Definition 5 An embedding or a set of pair-wise
fully compatible embeddings is called a Fully Com-
patible Embedding set(FCE?. A set of embeddings is
called a Partially Compatible Embedding set(PCE) if
every pair of the embeddings is either fully compatible
or partially compatible, but they are not all pair-wise
fully compatible.

Clearly, the test time for executing embeddings in
a FCE/PCE in one test session is shorter than that of
executing them in sequence.
Definition 6 A set of embeddings is called a Mazi-
mal Compatible Embedding set(MCE) if it is a FCE or
PCF and is not a proper subset of any other MCEs.

MCEs can be obtained by a procedure modified
from a classical algorithm for finding maximal compati-
ble sets of states in the state minimization problem}3].
A kernel is said to be covered by a FCE/PCE if it
is the kernel of an embedding which belongs to the
FCE/PCE. A kernel can be covered by more than one



FCE/PCE. A solution of the testable design problem is
represented by a set of FCEs and PCEs so that every
kernel is covered at least once. Each FCE/PCE in the
solution needs one test session and s, is a solution
whose cumulative test time of the FCEs and PCEs
is minimal. A set of MCEs, denoted by M, is said
to be reducible to a solution if every FCE/PCE in this
solution is a subset of some MCE belonging to M.

A conventional covering algorithm can be adopted
to find a minimal MCE ooverf(i], but this MCE cover
is not necessarily optimal if some kernels are covered
more than once. An efficient algorithm using the
branch and bound technique has been developed to
first search for a reducible MCE set and then reduce
it to a minimal test time solution. Pruning techniques
are used to reduce the search space.

A reducible MCE set can usually be reduced to
different solutions. For example, suppose there are
three kernels K;, K3 and K3 in a circuit. Assume that
MCE; covers K| and K3 and MCFE; covers K; and
K3. The MCE set {MCE;, MCE,} can be reduced
to a solution where K; and K5 are tested in one test
session and Kj is tested alone in the second session.
However, it can also be reduced to the solution where
K3 is tested in one test session and K; and K3 are
tested in the other session. From a reducible MCE
set, only the solution reduced from it with the shortest
test time will be considered.

A sketch of procedure min_timel, which generates
a minimal test time solution, is presented below. More
details can be found in[8]. When two solutions have
the same test time, the design with less area overhead
is selected.

Procedure min_timel

Input: All kernels and MCEs in a circuit.

Output: A minimal test time solution.

1. Let K be the set of all kernels.

2. Select a kernel from K to be covered.

Select a MCE which covers this kernel.

Remove kernels covered by the MCE from K.
3. If the current test time exceeds the best

test time so far, then backtrack.

4. If K is not empty, then goto 2.

5. Reduce the MCE set to a solution. If the

test time is shorter than the best test time
so far, mark the solution as the best solution,
update the best test time and backtrack.

3.1.2 A sub-optimal procedure

The computation time for procedure min_timel can
be excessive for moderate sized circuits due to the ex-
tremely large number of MCE sets. To reduce compu-
tation time, a greedy procedure min_time2[8] can be
used. In this procedure, embeddings instead of MCE
sets are used to cover kernels in the search process.
We implicitly enumerate the combinations of embed-
dings so that every kernel is covered once. For every
such combination, a greedy approach is used to sched-
ule the embeddings so as to minimize test time.

A partial schedule PS consists of a set of test ses-
sions, where each test session contains a set of pair-wise
fully /partially compatible embeddings. To schedule an
embedding e, we will find the first test session in PS

so that e is compatible with every embedding in this
test session. If such a test session exists, ¢ is added to
it. If e cannot fit into any of the test sessions in PS, a
new test session is created which contains only e.

The greedy approach described cannot guarantee
finding the shortest test time solution. However, in the
experiments we have carried out to date it has always
generated an optimal solution.

3.2 Minimal area overhead solution

With the information on I-path conflicts, an efficient
procedure min_area based on the concept of branch and
bound is developed to generate a minimal area over-
head solution. A set of I-paths that are not allowed to
be used due to I-path conflicts is kept in Z during the
process. I becomes larger as more kernels are covered.
A sketch of procedure min.area is given next; more de-
tails and some examples can be found in [8].
Procedure min_area

Input: All kernels and I-paths in a circuit.

Output: A minimal area overhead solution.

1. T =Q.

2. Select a K-port to be covered.

Select an I-path, I, which covers this K-port.
Add the I-paths which have FCs with I} to Z.
If the current area overhead exceeds the best
area overhead so far, then backtrack.

3. If every K-port has been covered, then mark

this solution as the best solution, update the best
area overhead and backtrack, else goto 2.

3.3 Intermediate solutions

In general the area overhead of s,,;; may be too high
and the test time of 8,5, may be too long. Neither is
acceptable if both attributes are important. To develop
an intelligent and user-friendly testable design system,
it is important to provide a designer with a family of
solutions having different test time and area overhead.

Notice that if no pruning is done, either procedure
min_timel or min_time2 is capable of generating al-
most all possible solutions. To make the problem more
tractable, solutions can be partitioned into groups,
where solutions with similar test time are put into the
same group. In a group of solutions only the one with
smallest area overhead is considered, which is called a
representative solution. Let t1 be the test time of sy
and t2 be the test time of s,,4,. Define At = ﬂ%“,
where G is the number of representative solutions de-
sired. If N is the set of solutions with test time no
greater than ¢2, then we can partition A into G groups,
where group i contains solutions with test time in the
interval (t1 + (i — 1) x At,t1+i x Af].

A procedure min_int[8], which is slightly different
from procedure min_time2, is developed to generate a
set of representative solutions. Instead of keeping only
one solution, we will retain a best solution for every
group. A relaxed bounding technique is used so that
only solutions with test time exceeding ¢2 are pruned.

498



4 Experimental results

For the circuit shown in Figure 1, the minimal test
time solution and the minimal area overhead solution

are summa.rlz%hk?}‘?m ‘test time solution
Test time: 2T Area overhead: 9
Test session #1 Test session #2

Ks K, K,
Rj3 drives Pg R, drives P, Ry drives P3
R; drives Py R4 receives P, R, drives Py

Ry receives Py Rj3 receives Py

Minimal area overhead solution
Test time: 3T Area overhead: 7
Test session #1 Test session #2

K3 Ky K>
Rj3 drives Pg R; drives P, Ry drives P3
R; drives Py Rj receives P,  R; drives Py
R; receives Ps Rj3 receives P
BUSt T T i
i
K1 K2 K3
I’—A’f—l I'_F‘ﬂ—l [CRa]
BUS2 = b—
Ka ks ;)
[ Rz ] [ R8 ]

Figure 2: Example circuit for Table 3

We assume that initially every register has only the
LOAD function and the area overhead of adding either
a PRPG or SA function to any register is 2 units, while
adding both costs 3 units. Due to the simplicity of the
circuit, no intermediate solutions are found. We have
also carried out several experiments using circuits gen-
erated by MABAL (a Module And Bus ALlocator)[7]
(See Table 1). The results are summarized in Table 2.

Circuit | #kernel | #MUX [ #reg. | #I-path [ #emb.

DAC4 10 19 11 43 21

DAC3 6 13 7 39 33
DAC10 4 12 9 30 36
DAC16 3 9 8 30 92

Table 1: Summary of circuits
Circuit Smit Smao Sint CPU time
TI ] AO (sec)

DAC4 3T 28 5T 26 4T 27 3.4
DACSB 2T 14 3T 12 NA | NA 5.7
DAC10 1T 18 3T 13 2T 14 4.7
DAC16 1T 10 3T 6 2T [ 3.6

TT - Test time, AO - Area Overhead, NA - not applicable

Table2: Summary of the results | .
The CPU time consists of both pre-processing time

(i.e. finding I-paths, embeddings, etc) and the run time
of the procedures as measured on a Sun-4/490. The as-
sumption that every kernel requires the same number
of test vectors greatly reduces the number of represen-
tative solutions. For the purpose of illustration, we
also process a circuit shown in Figure 2. The results
are summarized in Table 3.
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solution test time | area overhead
Smit 1T 12
intermediate solution #1 3T 11
intermediate solution #2 4T 3
intermediate solution #3 6T 6
Smao 7T 4

Table3: Solutions of circuit in Figure 2

5 Conclusion and future research

We have presented a systematic approach to gen-
erate a set of testable versions of a design using the
BILBO test methodology. The space of testable de-
signs is explored so that the minimal area overhead,
minimal test time, and intermediate solutions are pro-
vided to a designer for consideration. Instead of sepa-
rating the resource allocation and test scheduling prob-
lems as is done in most synthesis systems, our approach
deals with them at the same time. Hence a solution
contains all the information about extra hardware re-
quired, area overhead, test schedule, and test time. No
pre-processor[6] or post-processor[5] are needed.

Though the BILBO architecture is the only TDM
considered in this paper, extension to other TDMs can
easily be dealt with. Trade-off between area overhead
and test time is the unique feature of this system.
Other design considerations such as extra I/O pins and
fault coverage will be considered in the near future. In
the future we will consider the case where the number
of test vectors for each kernel may not be all the same.
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