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ABSTRACT

An automated logic synthesis procedure, caled RP-SYN, is described for synthesizing
random pattern testable circuits. RP-SY N takes as an input atwo-level description of a circuit and
a congtraint on the minimum fault detection probability (threshold below which faults are
considered random-pattern-resistant), and generates a multilevel implementation which satisfies the
congtraint while minimizing the literal count. RP-SYN identifies random-pattern-resistant faults
and eliminates them through testability-driven factoring combined with test point insertion. By
moving the task of test point insertion from the back-end into the synthesis process, RP-SYN
reduces design time and enables better optimization of the resulting implementation. Results are
shown for benchmark circuits which indicate that RP-SY N can generally reduce the random pattern

test length by at least an order of magnitude with only asmall area overhead.



1. INTRODUCTION

Considering testability requirements during synthesis (as opposed to the traditional approach of
making back-end modifications after an implementation has aready been generated), can reduce
design time, design mistakes, and test overhead. This paper describes an automated logic
synthesis procedure, called RP-SY N, that considers random pattern testability requirements during
the synthesis process and generates optimized random pattern testable implementations. RP-SYN
moves the task of test point insertion from the back-end into the synthesis process to enable better
optimization of the resulting implementation. RP-SYN is implemented in TOPS, Stanford CRC’s
synthesis-for-test tool.

Random pattern testing has a number of well-known advantages: no deterministic test set
generation cost, no test pattern storage requirement, higher coverage of non-targeted faults, and
suitability for built-in self test (BIST). The obvious drawback of random pattern testing is that
longer test lengths are needed. For some circuits, the test length required to achieve high fault
coverage with random patterns is unacceptably long. What is considered an acceptable test length
depends on the particular test environment.

The random pattern test length needed to achieve a particular fault coverage for a circuit
depends on the detection probability of the faultsin the circuit. The detection probability of a fault
is equal to the number of input patterns that detect the fault divided by the total number of input
patterns, 2", where n is the number of primary inputs. Faults with very low detection probabilities
are said to be random pattern resistant (r.p.r.) because they are hard to detect with random patterns
[Eichelberger 83]. A circuit that does not have any r.p.r. faultsis random pattern testable.

Given a circuit structure that has r.p.r. faults, there are two possible solutions. One is to
modify the test pattern generator so that it generates patterns that detect the r.p.r. faults, and the
other isto modify the circuit structure to increase the detection probability of ther.p.r. faults so that
they are no longer r.p.r. (i.e., “eiminate’ the r.p.r. faults).. The test pattern generator can be
modified by adding logic to weight the patterns [Schnurmann 75], [Wunderlich 87],
[Pomeranz 93]; correlate the patterns [Paternas 91]; map the patterns [Touba 95a, 95b, 96b],
[Chatterjee 95a]; or reseed the generator [V enkataraman 93], [Hellebrand 95a, 95b], [Zacharia 95].
For on-chip generation, these approaches generaly require significantly more overhead than
modifying the circuit structure itself. This paper focuses on techniques for modifying the circuit
structure to make it random pattern testable.

Two genera techniques have been proposed for modifying the circuit structure to eiminate
r.p.r. faults. Thefirstis*post-synthesis’ test point insertion. The circuit is synthesized and then
test points are inserted afterwards to eiminate the r.p.r. faults. Since test points add area and
performance overhead, it is important to carefully select the location of each test point in order to



use as few test points as possible. Test point placement has been an active area of research
[Briers 86], [Krishnamurthy 87], [lyengar 89], [Seiss 91], [Savaria9l], [Youssef 93],
[Cheng 95], [Touba96a]. The second technique that has been proposed is to consider random
pattern testability during logic synthesis [Touba 94], [Chiang 94], [Chatterjee 95b]. Logic
transformations are performed to improve the random pattern testability of the resulting circuit.

Chiang and Gupta [Chiang 94] presented a logic synthesis method that starts from a two-level
circuit and performs agebraic factoring to generate a multilevel implementation. Instead of
selecting the agebraic factors based on litera count reduction (as in [Brayton 87]), they use a
specia cost function that estimates the impact of each factor on the detection probabilities of the
faults. This cost function guides the factoring process such that the resulting implementation is
more random pattern testable than literal count based factoring.

Chatterjee, et al., [Chatterjee 95b] presented multilevel logic transformations which improve
random pattern testability by introducing XOR gates. They use datistical estimation of the fault
detection probabilities as used in STAFAN [Jain 85] to form a cost function that estimates the
impact of each candidate transformation on the sum of the detection probabilities of the r.p.r.
faults. The cost function guides the synthesis procedure to perform transformations that improve
the random pattern testability.

The synthesis methods in [Chiang 94] and [Chatterjee 95b] use only testability-driven factoring
without test point insertion. Asaresult, they are not always able to sufficiently reduce the random
pattern test length. Thisisborne out both in practice and in theory. There are many cases where
r.p.r. faults cannot be eliminating by factoring alone. In fact, it can be proven that many logic
functions do not have random pattern testable implementations. A simple example is a decoder
where for any implementation the probability of detecting a stuck-at O fault on an output is 27",
where n isthe number of inputs. In the case where alogic function does not have arandom pattern
testable implementation, it is necessary to add test points. The synthesis procedure described in
this paper, RP-SYN, combines both random pattern testability-driven factoring and test point
insertion to solve this problem (preliminary results were presented in [Touba 94]). Instead of
synthesizing the circuit and then adding test points afterwards to sufficiently reduce the random
pattern test length, RP-SY N inserts test points during the synthesis processin a way that enhances
testability-driven factoring and minimizes overhead.

RP-SYN takes as an input a two-level representation of a circuit and a constraint on the
minimum fault detection probability and generates a multilevel implementation that satisfies the
congtraint while minimizing the literal count and the number of test points. The minimum fault
detection probability constraint essentialy defines a threshold below which a fault is considered
r.p.r. The central strategy is to identify any r.p.r. faults in the two-level starting point, and then
find algebraic factors that eiminate these faults. If it is not possible to diminate dl of the r.p.r.



faults by factoring alone, then test points are inserted during the synthesis process in a way that
minimizes the number of test pointsthat are required. Once the r.p.r. faults have been eliminated,
normal logic optimization using random pattern testability preserving logic transformations
(defined in Sec. 4) can then proceed since such transformations will not introduce new r.p.r.
faults. Thus, the initia selection of algebraic factors has as its primary goal the elimination of
r.p.r. faults, and then once all ther.p.r. faults have been eliminated, subsequent factors are chosen
on the basis of reducing the litera count or optimizing for other synthesis criteria (e.g., delay or
power).

Whereas the procedures in [Chiang 94] and [Chatterjee 95b] estimate fault detection
probabilities when making decisions during the synthesis process, RP-SYN uses an efficient
technique (described in Sec. 3) that exploits properties of agebraic factoring to compute the exact
fault detection probabilities. An important advantage of this approach is that the amount of
testability-driven factoring (as opposed to area-driven or delay-driven factoring) is reduced to only
that which is required to eliminate the r.p.r. faults. Once ther.p.r. faults have been eiminated,
subsequent factoring can focus exclusively on other synthesis criteria such as area or delay.
Moreover, when test points are required, they are inserted during the synthesis process and thus
accounted for during the testability driven-factoring. This is a very important feature for reducing
the amount of testability-driven factoring. If “post-synthesis’ test point insertion is used, as in the
other techniques, then a lot of unnecessary testability-driven factoring may be performed during
synthesisin an attempt to improve the random pattern testability when afterwards a test point ends
up being used anyway thereby obviating the need for the inefficient testability-driven factoring.

Results are shown which indicate that the minimum fault detection probability can be
significantly increased by adding just a few test points during synthesis. Thus, RP-SYN can be
used to synthesize circuits which require much shorter random pattern test lengths without
substantial overhead.

The paper isorganized asfollows: Section 2 explains some basic definitions and terminology
used in this paper. In Sec. 3, a technique that utilizes properties of agebraic factorization to
efficiently compute fault detection probabilities is described. In Sec. 4, random pattern testability
preserving transformations are defined and their relationship to testability preserving and test-set
preserving transformationsis shown. In Sec. 5, the RP-SYN procedure is outlined step by step.
In Sec. 6, the task of inserting test points during the synthesis process in described in detail. In
Sec. 7, results for benchmark circuits are shown and discussed. Section 8 is a summary and
conclusion.



2. BASIC DEFINITIONS AND TERMINOLOGY

The following terminology is used in this paper: A literal is a Boolean variable or its
complement. A cubeisaset of literalsinterpreted here as aproduct of literals. A cover is a set of
cubes interpreted here as a sum-of-products expression. An algebraic expression is a cover in
which no one cube contains another (e.g., a + ab is not an agebraic expression). FG is an
algebraic product if F and G are algebraic expressions with no input variables in common,
otherwise FG is a Boolean product. For example, (w + X)(y + 2 = wy + wz + Xy + XZ is an
algebraic product, but (X +y)(Xx+2) =x+ xy + xz+yzand (X + y)(y + 2) =Xy + xz + yz ae
Boolean products [Brayton 90]. If F= QD + R, where F, Q, D, and R are algebraic expressions
and QD isan algebraic product, then Q and D are algebraic factors of F [Brayton 90].



3. COMPUTING FAULT DETECTION PROBABILITIES

The operations in RP-SYN involve identifying r.p.r. faults and finding factors that eliminate
these faults. This requires computing fault detection probabilities which is an NP-hard problem
[Krishnamurthy 86]. Many methods exist for trading off accuracy to reduce computation time.
However, during logic synthesis, the structure of the circuit is constantly changing which presents
additiond difficulty. To cope with this problem, RP-SYN relies on the following property of
algebraic factorization.

DEFINITION 1: The detecting set for afault isthe set of input patterns that detect the fault.

DEFINITION 2. Two faults are equivalent if they have the same detecting set.

PROPERTY 1: Each stuck-at fault in a multilevel circuit derived through agebraic
factorization of a two-level circuit is equivalent to some set of stuck-at faults in the origina
two-leve circuit.

Hachtel et al. proved this property for algebraic factoring without the use of the complement
[Hachtel 92]. Bryan et al. showed that this property holds for a constrained version of algebraic
factoring with the use of the complement (see [Bryan 90] for details).

This property provides some important advantages in computing fault detection probabilities.
Cube calculus operations can be used to find the detecting set (represented as a cover) of each fault
in the initial two-level circuit. These detecting sets can then be used to quickly compute the
detection probability of any fault in any multilevel circuit derived through algebraic factorization.
Thus, the key feature is that the detecting setsfor theinitial two-level circuit need only be computed
once, and then they can be used to compute fault detection probabilities during any stage of the
factoring process. Thistechnique will be explained in detail.

3.1 Computing Detecting Sets in a Two-Level Circuit

The detecting set for afault is computed by finding the faulty logic function (logic function of
the circuit in the presence of the fault) and comparing it with the fault-free logic function (logic
function of the circuit without any faults). The detecting set is equal to the set of input vectors for
which the faulty logic function differs from the fault-free logic function.

Given the cover C corresponding to a single-output two-level circuit (i.e., each cube in C
corresponds to an AND gatein the circuit), a cover for the detecting set of each fault in the circuit
can be computed using cube calculus operations. Each fault in a two-level circuit, with the
exception of the faults at the primary inputs (PI’s) and primary output (PO), is equivaent to an
input of an AND gate being stuck-at-1 (s-a-1) or the output of an AND gate being stuck-at-0
(s-a0) and hence causes afaulty logic function in which a cube in C either expands or is removed.
Thefaulty logic function for as-a-1 fault at the input of an AND gate can be found by expanding



the corresponding cube in C by removing the literal that iss-a-1. The detecting set is given by the
intersection of the expanded cube with the complement of the cover C’ since this gives the input
vectors for which the faulty logic function differs from the fault-free logic function. The faulty
logic function for a s-a-0 fault a the output of an AND gate can be computed by removing the
corresponding cube d in the cover C. Let (C-d)’ denote the complement of the cover formed by
C minus the removed cube d, then the detecting set is given by the intersection of the removed
cube d with (C-d)". Forasal(s-a0) fault a primary input X, the detecting set is given by the
intersection of x’ (x ) with 5 (where 95 denotes the Boolean difference of the cover C with
respect to input x). For the s-a-1 (s-a-0) fault at the PO, the detecting set issimply C’ (C).

For a multi-output two-level circuit where no AND gate fans out to more than one PO, the
detecting set for each fault is computed by treating each PO as a single-output two-level circuit and
performing the calculations described above. Then for each fault a a Pl that can be detected a
more than one PO, its complete detecting set is formed by taking the union of its detecting sets a
each PO. The detecting sets are represented as covers, so the union is formed by simply logicaly
ORIing the coverstogether.

3.2 Mapping Faults in Multilevel Circuit to Faults in Two-Level Circuit

As was dated in Property 1, given a stuck-at fault in a multilevel circuit derived through
algebraic factorization of atwo-level circuit, there exists a set of stuck-at faults in the two-leve
circuit that is equivalent. One way to determine this “mapping” of faults in the multilevel circuit
(“multilevel faults’) to faultsin the two-level circuit (“two-level faults’) isto use amultileve circuit
representation called the equivalent normal form (ENF) which is described in [Armstrong 66]
(see dlso [Devadas 92]). The ENF of acircuit is atwo-level representation in which each literal in
the sum-of-products (SOP) expressions for each PO is annotated by its path through the circuit. It
is best explained by looking at an example. In Fig. 1, a multilevel circuit is shown along with its
ENF representation. The gates are numbered in topological order, and the ENF is constructed by
visiting each gate in ascending order and replacing the gate with a SOP expression for the gate
output in terms of the SOP expressions that exist for each of its inputs. When forming the SOP
expression for each gate output, De Morgan’s laws and distributivity are used without making any
Boolean reductions such as (a+a’ =1), (a+a=a), (aaa=a), or (aa’ =0), and the gate
number is appended to the annotation list for each literal. For example, in the circuit in Fig. 1, the
SOP expression a the output of gate8 is (Eg + Fg), and a the output of gate 11 it is
(C11D11Eg 11+ C11D11Fg11). When dl of the gates have been visited, a SOP expression with
annotated literals will exist for each primary output; this constitutes the ENF of the multilevel
circuit. In this paper, two syntactical additions are made to the ENF notation to smplify later
definitions: PI’s are numbered (using numbers lower than any gate number) and inserted at the



beginning  of  the A(0)-¢ 1] annotation list for each
ENF literal, and a prime B B bo 10 sign is placed on a gate
number if a logic Ce) DE— 11 %1 inversion occurs in the
gate. E(4)

Each ENF litera has F6) |>o %Zzthe form |p where the
annotated list P specifies a path through the
multilevel circuit. If a Z1= Ao,1013 B'1,67,1013 stuck-at fault occurs &
some node in theC'267.1013 * C21113 D31113 Ea811,13 multilevel  circuit, the
logic vaue a that node + C21113 D3 11,13 isfixedto either O or 1.
This changes the Iogic':5,8,11,l3 function of the circuit by
fixing the logic value of Z2=A'09.12 Ea812+ A'0912 exch ENF literd whose
path goes through thatFs.8.12 node to either 0 or 1
depending on  the  Fgurel. Exampleof Multilevel Circuit ~ inversion parity of the
path from the fault siteto . the primary  output.

. , Represented in ENF . . .
Because it provides a smple relationship
between a multileve fault and the resulting

faulty logic function, the ENF representation can be used to map a multileve fault to an equivaent
set of two-level faults. Before looking at an example, inversion parity needs to be defined.

DEFINITION 3: Theinversion parity of a path through acircuit is even (odd) if the number of
logic inversions along the path is even (odd).

Theinversion parity for the path specified by an ENF literal’ s annotated list P starting at Pl g or
gate output g, which will be denoted IP(P,g), is even (odd) if the number of primed gate numbers
greater than g in P is even (odd). For example, if P is the annotated list for the ENF litera
Ci4679 then IP(P,1) is even, IP(P,4) is odd, IP(P,6) is odd, IP(P,7) is even, and IP(P,9) is
even.

Now consider the circuit in Fig. 1. If the output of gate 8 is s-a-1, then the faulty logic
function can be constructed by setting each ENF literal whose annotated list includes gate 8 to logic
value 1 since the inversion parity along each path from gate 8 to a PO is even. Thus, E4 81113
and F5 g 11,13 are effectively removed from the sum-of-products expression for Z 1, and E4 g 12
and Fs g 12 are removed from the sum-of-products expression for Z,. This faulty logic functionis
identical to the one that occurs if there were four s-a-1 faultsin the two-level circuit a the inputs to
the AND gates corresponding to the four literals that were removed. If the output of gate 8 is
s-a0, then the faulty logic function is constructed by setting those same four literals to logic value
0. Thisis equivaent to s-a0 faults in the two-level circuit a the inputs to the AND gates
corresponding to the four literals. If as-a-1 fault occurs at the input of gate 6 that comes from PI



C(2), then each ENF literal whose annotated list includes both Pl 2 and gate 6 is affected; the only
such literal is C'2 6 7710,13. Notice that in this case, the inversion parity along the path from the
fault steto the PO is odd, therefore the literdl C", 6,7/ 10,13 IS S-a0 which is the opposite polarity
from the fault which was s-a-1.

Now, the mapping process will be formally defined. The operation fyt — Fuvo Maps a
stuck-at fault in a multileve circuit, fy ¢, t0 an equivaent set of faults in the two-level circuit,
Fiwo= { ftwo,1+ - » ftwon}. Each two-level fault, fuoi, isas-a1 or s-a-0 fault at the input of an
AND gate in the two-level circuit described by the ENF SOP expressions. For each PO, let each
cube in its ENF SOP expression be ordered and each ENF literal in each cube be ordered, then
s-a-0[z,i,j], s-a-1[z,i,j], andP[zi,j], will denote the s-a-0 fault, s-a-1 fault, and annotated list,
respectively, for the j-th ENF literal in thei-th cube of the ENF SOP expression for PO z. Using
this notation, the mapping fout — Fiwo 1S derived as follows:

if fruitisas-al (s-a0) fault at Pl g or at the output of gate g, then

Fowo = { s-a-1[z,i,j] | (g O A[zi,j]) and IP(A[z,i j],9) is even (odd) }
0 { s-a-0[zi,j] | (g O A[zi,j]) and IP(A[z,i,j],9) is odd (even) }
if fouit isas-a1 (s-a-0) fault at the input of gate g that comes directly from PI f or gate f, then
Fowo = { sa-1[z,i,j] | (f O A[zi,j]), (g O A[zi,j]), and IP(A[z,i,j].f) is even (odd) }
0 { s-a-0[zi,j] | (fO A[zi,]), (g O A[zi,j]), and IP(A[zi,j],f) is odd (even) }

3.3 Computing Fault Detection Probabilities for Multilevel Circuit

Given afault in amultilevel circuit that is derived through agebraic factorization of a two-level
circuit, the ENF can be used, as was shown, to map the multilevel fault to an equivalent set of
faults in the two-leve circuit, fut - Fowo- ASsuming that the detecting set for each fault in the
initial two-leve circuit has been computed, the next step is to compose the detecting set for the
multilevel fault from the detecting sets for the two-level faults. If the multilevel fault isa a Pl or
PO, then the detecting set is just the same as the two-level detecting set for the same fault. For dl
other faults, the detecting set for the multilevel fault is composed by ssimply taking the union of the
detecting sets for each two-level fault in Fy,o, however, there are two cases where thisis not true.

Case 1. If two or more faultsin Fyyo are in the same PO function and cause literals in two non-
digoint cubesto be s-a-0. This caseinvolvestwo overlapping cubesin the cover C for some PO,
which are both removed by the multilevel fault. The two-level detecting sets assumed only one
cube would be removed at atime, so their union may understate the actua detecting set. A smple
example is a primary output function with two cubes, ab+ bc. The detecting set for a literd in
cube ab being s-a-0 is abc’ and the detecting set for aliterd in cube b c being ssa-Oisa’bc. If
literals in both cubes are s-a-0, then the union of the detecting sets suggests {abc’, a’ bc},
however, the full detecting setis{abc’,a’bc, abc}. Not computing the full detecting set for this



case always provides alower bound on the fault detection probability. The full detecting set can be
computed by adding in the missing tests. The missing tests can be found by forming the cover Q
consisting of the overlapping cubes, and then taking the intersection of Q with (C - Q)’. Note that
if acheck is being made to see if fyt is r.p.r., then if the lower bound is above the r.p.r.
threshold, it is not necessary to compute the full detecting set.

Case 2: If there is reconvergent fan-out with different inversion parity, then it is possible for
two or more faults in Fyyo to be in the same PO function and have opposite polarity, i.e., one or
moreiss-a1 (causing cubesto expand) and one or more is s-a-0 (causing cubes to be removed).
Then if an expanded cube is non-digoint from a removed cube, part of the two-level detecting set
for the removed cube may not detect the multilevel fault. This case involves a cube that expands
such that it partialy covers a cube that is removed thereby eliminating some of the tests for the
removed cube. In this case, the union of the two-level detecting sets may overdtate the detecting
set for the multilevel fault. Since tests for the expanded cubes will aways detect the multilevel
fault, the union of the two-level detecting sets for the s-a-1 faults in Fy,o are a subset of the
detecting set for the multilevel fault and hence form alower bound. The full detecting set can be
computed by adding in the missing tests. The missing tests can be found by forming the cover E
consisting of the expanded cubes, and then taking the intersection of E’ with the union of the
detecting setsfor the s-a-0 faultsin Fy,o; this gives the tests for the portion of the removed cubes
that is not covered by the expanded cubes. Aswith case 1, if a check is being made to see if frut
isr.p.r., then if the lower bound is above the r.p.r. threshold, it is not necessary to compute the
full detecting set.

Note that case 2 will not occur for algebraic factoring without the use of the complement or
where the complement isused only if a factor and its complement fan out to different PO’s. This
type of factoring will avoid reconvergent fan-out with different inversion parity except for the
faults at the PI’s. However, the detecting sets for faults at the PI’s are computed in the two-level
circuit asshownin Sec. 2.1, i.e., they are not computed by composing detecting sets. Therefore,
for thistype of algebraic factoring, case 2 need not be considered.

So, the detecting set for the multilevel fault f¢ is composed by taking the union of the
two-level detecting sets for each fault in Fyyo. If case 1 or 2 occurs, then some additional
calculation may be required to get the full detecting set for f ;. After the detecting set for the
multilevel fault fy has been composed, the last step is to determine the fault detection probability.
Since the detecting set is represented as a cover, it is necessary to determine how many input
combinations satisfy the cover (i.e., how many minterms are elements of some cube in the cover).
This can be computed exactly by using an algorithm such as the one in [Falkowski 90] to make the
cover digoint and then summing up the sizes of each cube, or it can be estimated using the Karp-
Luby algorithm [Karp 83] which is a Monte-Carlo agorithm for Boolean functions in digunctive



normal form that runsin polynomial time. The number of input combinations that detect the fault
isthen divided by the total number of input combinations, 2", where n is the number of primary
inputs, to give the fault detection probability.
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4. RANDOM PATTERN TESTABILITY PRESERVING TRANSFORMATIONS

Before describing the RP-SYN procedure, random pattern testability preserving
transformations need to be defined. Logic transformations can be classified based on their effect
on the testability properties of the resulting circuit. This section defines three classes of
transformations (testability preserving, random pattern testability preserving, and test-set
preserving) and shows that they are related in the following way (asillustrated in Fig. 2):

testability preserving [0 random pattern testability preserving [ test-set preserving

DEFINITION 4: Let T be atransformation which transforms circuit K4 into circuit Ko, 1f Ko
is testable for fault class F provided K is testable for fault class F, then the transformation T is
testability preserving for fault class F.

In the case of single stuck-at faults, any transformation that does not introduce redundancy into
the circuit is testability preserving.

DEFINITION5: Let T be atransformation which transforms circuit K4 into circuit K. If the
minimum fault detection probability in K, is greater than or equa to the minimum fault detection
probability in K4, for some fault class F, then the transformation T is random pattern testability
preserving for fault class F.

While testability preserving transformations ensure that no redundant faults are introduced into
the circuit, random pattern testability preserving transformations ensure that no r.p.r. faults are
introduced into the circuit. Applying random pattern testability preserving transformations to a
circuit that doesn’t have any r.p.r. faults will never produce a circuit that has r.p.r. faults. The
strategy in RP-SY N isto first factor theinitia two-level circuit so that it is random pattern testable,
and then use random pattern testability preserving transformations to optimize the circuit without
introducing r.p.r. faults. Note that a redundant fault has a detection probability of O and therefore

4 Space of All Transformations N\

4 Testability Preserving Transformations I

Random Pattern Testability
Preserving Transformations

(Test—Set Preserving Transformati@s

- J
- J

Figure 2. Relationship Between Different Classes of Transformations
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can be thought of as a special type of r.p.r. fault. It iseasy to show that random pattern testability
preserving transformations are a subset of testability preserving transformations.

THEOREM 1: If atransformation is random pattern testability preserving for fault class F,
then it isalso testability preserving for fault class F.

PROOF: Consider faults in fault class F: If a random pattern testability preserving
transformation is used to transform circuit Ky into circuit Ko, then the detection probability for al
faults in Ky must be the same or higher than the minimum fault detection probability in circuit K.
If circuit Ky istestable for fault class F, then dl faults in Ky must be have a detection probability
greater than O, hence the minimum fault detection probability in K, must also be greater than 0,
therefore K, cannot have any untestable faults.

It is not the case, however, that testability preserving transformations are random pattern
testability preserving. A simple exampleisshownin Fig. 3. The transformation that is shown is
testability preserving, both circuits are fully testable for single stuck-at faults, but it is not random
pattern testability preserving. The minimum fault detection probability in the new circuit is lower
than in the origina circuit.

E
A E é E z
CB: (H3 Zq C H 2
D
D —> A
B
| Z C
D | Z3
L , _ 14 . . _ 2
Minimum Detection Prob. = 15 Minimum Detection Prob. = £15

Figure 3. Example of Testability Preserving Transformation that is not Random Pattern Testability
Preserving.

Now consider test-set preserving transformations which are defined as follows:

DEFINITION 6: If atest set includes atest for each fault in a circuit for some fault class F,
then it isacomplete test set with respect to fault classF.

DEFINITION 7: Let T be atransformation which transforms circuit Ky into circuit K,. If any
complete test set for K4 is also a complete test set for Ko, with respect to fault class F, then the
transformation T is test-set preserving for fault class F.

The following theorem states that random pattern testability preserving transformations are a
superset of test-set preserving transformations.
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THEOREM 2: If atransformation is test-set preserving for fault class F, then it is also random
pattern testability preserving for fault classF.

PROOF: Consider faults in fault class F: If a test-set preserving transformation is used to
transform circuit K1 into circuit Ky, then any complete test set for K1 is also a complete test set for
Ko. The detecting set of each fault in K, must contain the detecting set of at least one fault in K.
If this were not the case, then it would be possible to construct a complete test set for K4 that did
not detect some fault in K,. Therefore, the detection probability for each fault in K is greater than
or equal to the detection probability of at least one fault in K;. Thus, the minimum fault detection
probability in K is greater than or equal to the minimum fault detection probability in Kj.

A number of test-set preserving transformations for single stuck-at faults have been identified
in [Rajski 92] and [Batek 92]. Tree-covering technology mapping procedures [Keutzer 87],
[Detjens 87], are test-set preserving for both single and multiple stuck-at faults [Hachtel 92].
Based on Theorem 1, all of these transformations are random pattern testability preserving as well.

Note that adding an observation point is random pattern testability preserving, however, adding
acontrol pointisnot. Itispossiblefor acontrol point to reduce the detection probability for some
faults. Thiswill be explained further in Sec. 6.
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5. LOGIC SYNTHESIS PROCEDURE

This section describes the RP-SYN procedure step by step. The procedure generates a
multilevel implementation under the constraint that the detection probability for each fault is above a
given threshold.

Input: Two-level representation of circuit and minimum fault detection probability threshold
Output: Multilevel circuit with nor.p.r. faults

Step 1: Use atwo-level minimizer to form a prime and irredundant cover for circuit
Since algebraic factoring is used, thiswill ensure that no redundant single or multiple faults
will occur in the multilevel implementation [Bryan 90].

Step 2: Identify r.p.r. faults

Thisis done by computing the fault detection probabilities (using the method described in
Section 3) and comparing them with the given threshold. If the detection probability for afault is
below the threshold, then the fault is marked asr.p.r.

Step 3: 1dentify algebraic factors that eliminater.p.r. faults

The two types of algebraic factors are kernels and common cubes [Brayton 87]. Factoring out
acommon cube affects the detection probability of faults associated with each instance of the cube.
Consider the example of extracting a common cube shown in Fig. 4. The detecting sets for each
fault associated with the common cube are listed. In the origind network, some of the faults
associated with the common cube had a detection probability of 7s. For example, the s-a-1 fault on

theinput of gate 2 coming from primary input B can only be detected by one input combination,
AB’'CD. However, after the common cube is extracted, dl of the faults associated with the
common cube have a detection probability of at least %. The technique described in Sec. 3 can be
used to quickly check what the resulting detection probabilities for faults associated with acommon
cube would beif the cube were factored out; by so doing, cube factors that eiminate r.p.r. faults
can beidentified.

A kernel K of an agebraic expression F is the quotient of F and a cube D which is called the
co-kernel; K = F/D or F= D K. Factoring out a kernel affects the detection probability for faults
associated with each instance of co-kerne D, and if the kernd K is common to multiple
expressions, then the detection probability of faults associated with each instance of the kernel K
are aso affected. Consider the example in Fig. 5. In the original network, al of the faults
associated with the co-kernel have a detection probability of is, however, after the kernel K is
extracted, al the faults associated with the co-kernel have a detection probability of %. If the
kernel K is common to other expressions, then it may fan out which would increase the
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Figure 5. Example of Extracting aKernel
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observability of faults associated with it thereby affecting their detection probabilities. Again, the
technique in Sec. 3 can be used to quickly check how the affected detection probabilities would
change if a kernel were extracted and therefore kernel factors that eliminate r.p.r. faults can be
identified.

During the normal kernel and cube extraction proceduresin MIS [Brayton 87], kernels and
common cubes are enumerated and chosen on the basis of literal count reduction. This same
enumeration process can be used to find kernels and common cubes so that each can be checked to
seewhich, if any, r.p.r. faults would be eliminated if it were extracted.

Step 4. Extract a set of factors that eliminate all r.p.r. faults and reduce literal count as much
as possible

Giventhelist of factors and ther.p.r. faults that each eliminates, a set of these factorsis selected
such that all r.p.r. faults are eliminated, and as a secondary goal, the literal count is reduced as
much as possible. Note that some factors which actually increase the literal count may in fact be
chosen to satisfy the primary criteriaof eliminating al r.p.r. faults. Of course, in some casesit may
not be possible to eliminate al r.p.r. faults by algebraic factoring aone. In those cases, test points
need to beinserted. Thisisdiscussed in Sec. 6 where an automated procedure for inserting test
pointsis presented as an extension to the techniques used in this step.

Step 5:  Optimize with random pattern testability preserving logic transformations
Aswas shown in Sec. 4, random pattern testability preserving logic transformations may be
performed without concern of introducing new r.p.r. faults.
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6. TEST POINT INSERTION DURING SYNTHESIS

When the minimum fault detection probability threshold is such that some r.p.r. faults cannot
be eliminated through agebraic factoring, then test points need to be inserted in order to generate
an implementation that satisfies the minimum detection probability constraint. Test inputs (for
control points) and/or test outputs (for observation points) are added in such a way that they can
be used during testing to increase fault detection probabilities, but during normal operation the test
inputs can be set to a specific logic vaue that alows the circuit to operate as intended. The
advantage of adding test points during synthesis is that factors can be specially chosen so that a
single test point can eliminate a number of r.p.r. faults. In post-synthesis test point insertion,
factoring has already been completed so it is fortuitous if a test point can be placed so as to
eliminate multipler.p.r. faults.

Test point insertion is performed during step 4 of the RP-SYN procedure in Sec. 5. During
that step, an attempt is made to find a set of factorsthat eliminate all r.p.r. faults. If it is found that
some r.p.r. faults cannot be eiminated with factoring alone then one or more test points must be
inserted to eliminate these faults. One cause of r.p.r. faults are cubes with large fan-in which result
in poor observability at their inputs and poor controllability at their outputs, so test points are
needed to “break up” these cubes. By finding common factors among large fan-in cubes, a single
test point can be inserted to break up several large fan-in cubes thus eliminating a number of r.p.r.
faults. Examples of factorsthat enable thisare shown in Figs. 6, 7, and 8. In Fig. 6, the general
form can be seen for extracting a kernel and adding an observation point at the output of the kernel.
Since a kernel breaks up multiple cubes, this type of factoring increases the effectiveness of a
single observation point. Extracting acommon cube ¢ and adding an observation point at its output
does not help, however, because the controllability at the output of ¢ is not improved so the fault
detection probabilities associated with the cubes for which c is a fan-in are not improved. In
Fig. 6, the general form can be seen for extracting either a cube or a kernel factor Y and adding a
control point at its output. The control point improves the controllability a the output of Y and
thus improves the observability of the inputs of each cube for which Y is afan-in. In Fig. 8, the
genera form can be seen for extracting either acube or akernd factor Y and adding both a control
point and an observation point. In the example in Fig. 6, a small fan-in cube provided good
controllability at the output of the kernel, and in the examplein Fig. 7, asmall fan-in cube provided
good observability at the output of the extracted cube Y, however, in the example of Fig. 8, dl of
the cubes have large fan-in, so both a control point and an observation point are required.

Extracting a common cube and adding a control point and observation point is an effective
technique for eliminating al of the r.p.r. faults with few test points. The reason for thisisthat it is
often possible to find a common cube among many large fan-in cubes, thus enabling a single

18



control and observation point to break up several large fan-in cubes. In some circuits, only a few
common cubes need to be factored out and augmented with test points to break up al the large
fan-in cubes and diminate dl r.p.r. faults. In other circuits, good kernels exist such that only
observation points are needed to eliminate all r.p.r. faults. So, it is advantageousto consider al of
the options when inserting test points during synthesis.
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Minimum Detection Prob. =

In RP-SY N, test point insertion is performed by first identifying factorsthat allow a single test
point to eliminate severd r.p.r. faults that require test points (i.e., that cannot be eliminated by
factoring alone). These factors can be found by again enumerating the kernels and common cubes
and computing the relevant fault detection probabilitiesto determine which r.p.r. faults each factor
plus a control point or observation point or both will eliminate. Once all of these factors have been
identified, a set of them are chosen and augmented by the appropriate test points such that al r.p.r.
faults requiring test points are eliminated using as few test points as possible.

Computing the fault detection probabilities when identifying which r.p.r. faults each factor plus
test point eliminatesis complicated by the fact that test points change the two-level detecting sets.
An observation point adds a new PO, so its ENF and two-level detection sets must be computed in
order to use the technique described in Sec. 3. Control points pose a more difficult challenge
because the ENF and two-level detecting sets change for each PO that the control point has a path
to. This presentstwo problems: (1) adding a control point can lower the detection probability for
any fault that has a path to some primary output that the control point has a path to, and
(2) recomputing the two-level detecting sets each time a control point is considered can be
computationally expensive. The first problem need not be a maor concern during the factor
selection process. In most cases, adding control points will not significantly lower any fault
detection probabilities. At one logic value, the control point has no effect on the circuit so the
detection probabilities remain the same. At the other logic value, the control point can raise or
lower the detection probabilities for some faults. Thus adding a control point can reduce the
detection probability for a fault by no more than a factor of 2, but it can increase the detection
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probability many times over. After a control point is added, fault detection probabilities can be
verified to make sure that none of them have dipped below the minimum detection probability
threshold. In the rare event that this has occurred, the procedure can backtrack and find an
aternative. Regarding the second problem of recomputing two-level detecting sets, only the
two-level detecting sets that are needed to check if any r.p.r. faults are eliminated by the control
point need to be recomputed during the factor selection process.

Another important issue is minimizing the number of test inputs and test outputs that are
needed to support the test points. Each test input and test output has some overhead associated
with it. Each test input requires larger input patternsto be generated, and each test output requires
more output response analysis. Observation points can be “condensed” using techniques such as
those in [Fox 77], to reduce the number of test outputs. If at-speed testing isto be used, care must
be taken in designing the condensation network so that the delay isn’t longer than a clock period.
When the logic synthesis procedure adds an observation point, a check can be made to see if it can
be condensed without significantly reducing any fault detection probabilities. Multiple control
points can be derived from the same test input. When the logic synthesis procedure adds a new
control point, a check can be made to see if it can be derived from one of the previoudy added
primary inputs without significantly reducing any fault detection probabilities.
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7. EXPERIMENTAL RESULTS

RP-SY N has been built on top of SIS 1.1 (an updated version of MIS [Brayton 87]) and used
to generate multilevel implementations for several benchmark circuits that have long random pattern
test lengths. Results are shown in Tables 1 and 2.

In Table 1, under the first mgjor heading, information is given about each benchmark circuit:
name, number of primary inputs, and number of primary outputs. Under the next three mgor
headings, results are given for the multilevel circuits generated using two scripts that are distributed
with SIS, script.algebraic, which uses only agebraic transformations, and script.rugged,
which uses both Boolean and algebraic transformations, and the multilevel circuits generated by
RP-SYN with different minimum fault detection probability constraints. Three things are shown
under each of these mgjor headings:

Pdet (l0g,) - Lowest fault detection probability for any fault in the circuit. It is computed
exactly and expressed as alog base 2.

Test Length - Test length which was obtained by averaging the number of random patterns
needed to reach 100% fault coverage for 50 simulation experiments using LFSR’s with 5 different
characteristic polynomials and 10 different seeds. The number of stagesin the LFSR was equal to
the number of PI's.

lits - Factored form literal count for the circuit.

For the multilevel circuits generated by RP-SY N, the number of test inputs and test outputs that
were added to the circuit (necessitated by test points) are listed under the columns labeled Test Pl
and Test PO. Control points were derived from the same test input when possible, and
observation points were condensed when possible. The area for the condensation network is
included in the literal count. Under the last two mgor headings, the random pattern test length of
the multilevel circuit implementations generated by RP-SY N are compared with those generated by
the algebraic and rugged scripts. The test length reduction factor is shown and is computed as

follows:
(script test length)

Test Length Reduction Factor = (RP-SYN test Tength)

The minimum fault detection probability constraints were chosen for the proposed procedure to
show a range of area versus test length reduction tradeoffs. For amost dl the circuits,
implementations were found which reduced the test length by at least afactor 10 with only one test
output and in some cases one test input. In comparing the implementations generated by the
algebraic script versus the rugged script, the rugged script produced smaller implementations,
however, in some cases the test length islonger. Thisis dueto the fact that the rugged script uses
Boolean transformations which may generate circuit structures that have faults with lower detection
probabilities than the origina starting point.
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Table 1. Comparison of Test Length Results for Benchmark Circuits

Circuit Algebraic Script Rugged Script RP-SYN Comp Alg ||[Comp Rug
Pdet | Test Pdet | Test Pdet | Test Test|Test|| TestLen [[ TestLen
Name| PI | POff (log,) |Length| Lits|| (log,) | Length| Lits|| (log,) [Length| Lits| PI | PO |[ Reduction [[ Reduction
chkn | 29 7| -22 | 19M | 422| -23 | 33M |332|f -19 | 1.1M [426] O | 1 17 30
-17 [ 900K [442] 0 | 1 21 36
-15 [120K [467] 0 | 1 158 275
duke2| 22| 29| -15 | 48K [425] -15 | 76K [420||-14.7 | 35K |426( O | O 1.3 2.1
12 | 7K [426] 0 | 1 6.8 10
-11 | 3K [431] 1 |1 16 25
exep [ 30| 63| -22 | 4.6M [566] -20 | 2.1M |545|| -16 [260K |597( 1 | 1 17 8.1
-14 [ 67K [635] 1 |1 69 31
-11 [ 16K |663] 2 | 1 287 131
gary | 15(11) -13 | 23K |501f -13 | 20K |374|f -12 | 11K [559| O | 1 21 1.8
-11 [ 42K |[578] 0 | 1 5.4 4.7
9 [18K |605( 1 |1 12 11
in2 [19] 10| -13 | 20K [419) -13 | 14K |301}|-124 | 12K |429( 0 | O 1.6 1.2
-11 | 3K [492]1 0 |1 6.6 4.6
in7 |[26] 10| -17 | 100K | 126) -17 | 110K |116|| -13 | 15K |137( 1 | 1 6.6 7.3
-10 | 8K |167] 1 |1 12 14
misg | 56| 23] -13 | 12K |101f -13 | 23K | 95 -12 | 9K [101| O | O 1.3 25
-11 | 5K [112] 0 |1 24 4.6
-8 [06K |122f{ 0 |1 20 38
vg2 | 25( 8] -15.2( 145K | 97 |[-15.2 | 148K | 88 |[-14.5| 40K [ 97| O | O 3.6 3.7
-11 [ 6K [121] 1 |1 24 24
x1dn | 27| 6 || -17.5| 210K [ 101)|-17.5 | 420K | 90 || -15 [130K |113( 1 | 1 1.6 3.2
-13 [ 69K [125] 1 | 1 3.0 6.1
-11 (23K 1491 2 |1 91 182
x2dn | 82| 56|f -15.5 | 165K | 206 -15.5 | 140K [194] -10 [ 3.8K |214( 1 | 1 43 36
-8 [16K |234({ 2 |1 103 87
x6dn [39]| 5| -15 | 44K [381) -14 | 29K [333] -13 [ 9K |398( 0 | 1 4.8 3.2
-11 [ 43K 4231 0 | 1 10 6.7

The minimum fault detection probability constraint that could be satisfied with using only
testability-driven factoring, i.e., without inserting test points (no test inputs or test outputs) was
found for each circuit. For most circuits, no appreciable improvement was obtained compared
with the algebraic script, hence results for this case are shown only for duke2, in2, misg, and vg2.

In Table 2, results are shown comparing the area and delay of the multilevel circuits
synthesized by RP-SYN versus those synthesized using script.rugged (area optimized) and
script.delay (delay optimized). The CPU time required for each synthesis procedure running on
an UltraSPARC 2 is shown. The circuits were mapped using lib2.genlib, and the resulting area
and delay are shown. Under the last two mgor headings, the ratio of the area and delay of the
circuits generated by RP-SY N with those generated by the rugged and delay scripts are shown.

As can be seen in Table 2, the execution time for RP-SYN is roughly comparable with the
other synthesis procedures. It is surprising to see that in a few cases, the area of the random
pattern testable circuits generated by RP-SY N is actudly less than those generated by the rugged
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Table 2. Comparison of Areaand Delay Results for Benchmark Circuits

Rugged Script Delay Script RP-SYN Cmp Rug Cmp Delay
Circuit)| CPU CPU Pdet | CPU Area | Delay|| Area | Delay
Name || Time| Area | Delay[[Time| Area | Delay|f (log,) | Time| Area | Delay || Ratio | Ratio|| Ratio [ Ratio

chkn || 333 |388.8(17.02| 36 [481.1(14.56]) -19 | 473 | 445.0| 1324 | 1.14 | .78 || .92 91
-17 | 536 | 471.2 | 1478 || 1.21 | .87 .98 | 1.02
-15 | 668 | 497.2 (1517 ) 1.28 | .89 || 1.03 ] 1.04
duke2 [ 19 |471.4|17.07| 55 |662.1( 9.94 ||-14.7 | 13 | 437.6 | 10.61 || .93 .62 .66 | 1.07
-12 | 116 | 455.6 | 11.57 || .97 .68 [[ .69 | 1.16
-11 [ 286 | 473.7 (1251 | 1.00 { .73 || .72 [ 1.26
exep 29 |589.7(10.84| 85 |761.4|10.12| -16 | 96 | 632.0 | 10.64 || 1.07 | .98 || .83 | 1.05
-14 [ 110 | 674.7 ( 10.65 || 1.14 | .98 || .89 | 1.05
-11 [ 325 703.3 | 11.22 || 1.19 | 1.04f .92 [ 111
gary 61 |474.2|2337| 52 |5749|14.12| -12 | 25 | 5642|1010 | 1.19 | 43 || .98 | .72
-11 | 60 | 5815|1142 | 123 | 49 || 1.01| .81
-9 |1/8]| 6095]1582 1 1.29 [ .68 || 1.06 | 1.12
in2 77 |357.2121.99| 42 (607.8|11.00|-124| 7 | 4204 ) 1055| 1.18 | .48 || .69 | .96
-11 |1 139 5489 (1116 154 | 51 90 [ 1.01
in7 2 |131.8|12.11(f 19 [(187.0] 881 | -13 8 | 1494 (1094 || 1.13 | .90 ([ .80 | 1.24
-10 | 62 | 1653 [ 1159 || 1.25 | .96 || .88 [ 1.32
misg 1 (942|544 5 (1141|638 -12 2 877 | 575 ) .93 | 1.06| .77 .90
-11 2 914 | 6.15 ) .97 | 1.13) .80 | .96
-8 7 96.3 | 6.83 || 1.02 | 1.26) .84 | 1.07
Vg2 1 |1128]| 7.65| 10 [(196.3| 7.67 |[-145| 3 | 1090 7.91 || .97 | 1.03| .56 | 1.03
-11 | 19 | 1225 949 || 1.09 | 1.24( .62 | 1.24
x1dn 1 (1169|791 | 8 |163.8( 7.75| -15 | 265| 1244 | 1159 || 1.06 | 1.47 | .76 | 1.50
-13 | 323 1359 11.63 | 1.16 | 1.47{ .83 | 1.50
-11 |1 382 1563 (1312 || 1.34 [ 166 .95 | 1.69
x2dn 2 |210.7| 642 9 [220.8] 6.60 || -10 5 | 2292 934 ([ 1.09 | 1.45| 1.04 | 142
-8 57 | 2452 993 || 1.16 | 1.55( 1.11 | 1.50
x6dn || 22 [377.7]16.12| 81 [482.6(10.03| -13 | 143 | 459.4 | 10.71 || .22 | .66 || .95 | 1.07
-11 [ 211 | 472.1 [ 1353 | 1.25 | .84 || .98 [ 1.35

script. It is also interesting to see that in many cases the delay of the random pattern testable
circuits generated by RP-SY N isless than those generated by the rugged script. This implies that
while the testability-driven factoring increases the literal count, it tendsto reduce delay. However,
the main purpose of the rugged script is to minimize area, so perhaps it is not fair to compare the
delay. Thus, acomparison is aso made with the delay script. It is surprising to see that in afew
cases, the circuits generated by RP-SY N have even less delay then those generated by the delay
script. In most cases the delay is larger, but note that the arealis generally much less.

These resultsindicate that RP-SY N is capable of reducing the random pattern test length by a
least an order of magnitude with very little area and performance overhead. Moreover, RP-SYN
significantly reduces design time because it eiminates the need for post-synthesis test point
insertion.
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8. CONCLUSIONS

There are two new and important features in RP-SY N that distinguish it from other methods
for obtaining random pattern testable implementations. The first is that properties of agebraic
factoring are used to smply fault detection probability calculations. This enables faster and more
accurate identification of r.p.r. faults thereby avoiding unnecessary testability-driven factoring and
test point insertion. The second feature is that, when necessary, test points are inserted during the
synthesis process. All previous techniques use post-synthesis test point insertion. Inserting test
points during synthesis increases the effectiveness of testability-driven factoring; factors can be
chosen to minimize the number of test points that are required. Moreover, the impact of the test
points on area, delay, power, etc., is known during the synthesis process thereby permitting better
optimization to ensure that the resulting circuit will satisfy design requirements. Inserting test
points at the back-end runs the risk of causing a circuit to not meet specifications and require
redesign.

RP-SY N requires a two-level representation as a starting point thereby limiting its application
to control circuits and other circuits that can be flattened (i.e., two-level representation is not
exponential). However, control circuits are an important application because they can contain large
fan-in cubes that cause r.p.r. faults. Note that RP-SY N can be used for non-flattenable circuits by
partitioning the circuit into flattenable logic blocks which are logically isolated during testing.

Another limitation of RP-SY N is that it uses only algebraic transformations. However, in a
large system design, RP-SYN need only be used to generate the logic blocks for which other
synthesis methods do not produce random pattern testable implementations. Thus, any area
overhead associated with agebraic transformations is incurred for only a portion of the overal
design.

One way to improve the results isto combine the transformations described in [Chatterjee 95b]
with those in RP-SYN. RP-SYN can be used to insert the necessary test points and factor the
circuit and then the multilevel transformations described in [Chatterjee 95b] can be used to further
optimize the circuit.
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