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Abstract — model for test pattern generation, based on propositional sat-
_ _isfiability (SAT), in the presence of unspecified input assign-
This paper addresses the problem of test pattern generatiyents, Afterwards, we derive an integer linear programming
for single stuck-at faults in combinational circuits, under the(”_p) model for maximizing the number of unspecified pri-
additional constraint that the number of specified primarymary input assignments. Finally, we provide results for the
input assignments is minimized. This problem has different;y s'gg [7] and ISCAS'85[1] benchmarks that justify
applications in testing, including the identification of don't using the proposed model in medium to large size combina-
care conditions to be used in the synthesis of Built-In Self-tjiona| circuits. Besides its practical applicability, to our best
Test (BIST) logic. The proposed solution is based on angnowledge this is the first formal non-heuristic model and

integer linear programming (ILP) formulation which builds |gorithm towards computing minimum size test pattérns.
on an existing Propositional Satisfiability (SAT) model for

test pattern generation. This ILP formulation is linear on thep  Model and Algorithm

size of the original SAT model for test generation, which is

linear on the size of the circuit. Nevertheless, the resultincin this section we briefly outline the integer optimization
ILP instances represent complex optimization problems,model for computing minimum-size test patterns. The main
that require dedicated ILP algorithms. Preliminary results onsteps for constructing the model are as follows [3]:
benchmark circuits validate the practical applicability of the 1. The first step is to represent circuits and fault

test pattern minimization model and associated ILP algo- detection problems using Conjunctive Normal
rithm. Form (CNF) formulas. In this paper, the model

. of [11] is assumed but the models of [5, 12] could
1. Introduction also be used.

Automatic test pattern generation (ATPG) for stuck-at faults 2+ The nextstep is to develop a CNF model in which
in combinational circuits is now a mature field, with an vanableg can have un'specmed assignments. Notice
impressive number of highly effective models and algo- that solving SAT requires that all variables must be
rithms [5, 6, 9-12]. (A more comprehensive bibliographic specified. Consequently, a dedicated formal model
review of recent ATPG algorithms can be found in [3].) Fur- was developed. (This model is detailed in [3].)
thermore, besides being effective at detecting the targe 3. Afterwards, we apply the resulting CNF model to

faults, recent ATPG tools have aimed the heuristic minimi- the representation of circuits and fault detection
zation (i.e. compaction) of the total number of test patterns problems.

required for detecting all faults in a circuit [2, 9, 10]. In gen- 4. We can then map the resulting CNF into an ILP
eral, the degree of test pattern compaction is expected to k model. This step is straightforward, since clauses
related to the number of unspecified input assignments ir can always be viewed as algebraic inequalities.
each test pattern. Moreover, recent work on using determin 5. Finally, we specify the cost function of the resulting
istic test patterns for the Synthesis of Built-In Self-Test integer optimization model so that the total number
(BIST) logic [2] also motivates the computation of test pat- of specified assignments is minimized.

terns for which the number of unspecified primary input
assignments is minimized. Indeed, if the test set is used g
input to a logic synthesis tool with the purpose of synthesiz-
ing BIST logic, then by maximizing the number of unspeci-
fied input assignments, i.e. by maximizing the don't care se
of each test pattern, the logic synthesis tool is in general abl
to yield smaller synthesized logic. Thus the maximization of
the don’t care set of each test pattern, or conversely, th
computation of test patterns of minimum-size, can have sig:
nificant practical consequences.

Nevertheless, there exists no model or algorithm in the liter-
ature for computing test patterns for which the number of
unspecified primary input assignments is maximized. 1. This problem was addressed before by S. Hellebrand
Accordingly, the main objective of this paper is to propose a et al. in [4] but using a completely heuristic approach
first attempt at solving this problem. We develop a new not based on a formal model.

It can be shown that the proposed ILP model is indeed cor-
reﬁtzﬁu Furthermore, this model has a search space of
O™ 'O, hence significantly larger than the search space
for plain fault detection. As a result dedicated ILP algo-
rithms, targeted at highly constrained ILPs, have been
developed [8]. These algorithms are built on top of Proposi-
tional Satisfiability (SAT) algorithms, that are specifically
targeted at solving highly constrained instances of SAT.
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Test Pattern generatofMTP), which uses the SAT-based
ILP algorithm of [8] and the fault simulator provided with
ATALANTA [6]. Table1l contains the results for the
IWLS’'89 [7] and ISCAS’85 [1] benchmarks for both ATAL-
ANTA [13] and MTP. (In all cases MTP was run with a
bound on the amount of search allowed. This allows MTP ta[9]
identifying acceptable solutions, which in some cases are
not optimal.) For each benchmark, all faults were targeted ir
order to allow for a meaningful comparison between the twoy; g
algorithms. Columns #PI, #F, #R and #A denote, respec:
tively, the number of primary inputs, faults, redundant faults
and aborted faults. %X denotes the percentage of don't car,
bits; A denotes the variation in the don't care bit percentage
from ATALANTA to MTP; %Op denotes the percentage of
faults for which MTP was able to find the minimum-size test [12]
pattern. Finally, sec/fault denotes the average time spent b
MTP on each fault. (Circuits marked with * indicate that
MTP was run with a lower bound on the amount of search
allowed, thus reducing the average CPU time per fault).
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