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Summary

Two techniques are discussed for partitioning
logic circuits to maximize the resolution of stuck-
line faults. One technique exploits the inherent
fault resolution of the circuit by attempting to force
equivalent faults into the same module., The other
involves inserting control points to separate mem-
bers of equivalent fault classes, a technique called
fault class splitting. Some new methods for identi-
fying equivalent faults are also presented.

I. Introduction

Logic network partitioning may be defined as
the process of assigning logic elements to replace-
able physical modules [1]. Partitioning is carried
out on several different levels in the digital system
design process as indicated in Fig. 1. The parti-
tioning problem is to assign elements to modules
so that some objective function is optimized, while
some set of constraints is satisfied, A partition
that satisfies all the constraints but is not neces-
sarily optimal is said to be a feasible partition.
The usual objective is to minimize the total number
of modules used, while the constraints place upper
bounds on the number of elements per module
(space constraints) and the number of external con-
nections per module (pin constraints), Other ob-
jective functions that have been considered include
minimizing the total number of intermodular con-
nections [2], and minimizing the maximum delay
through the network [3].

elements replaceable modules
gates integrated circuits (IC's)
IC's circuit boards

circuit boards cabinets

Fig. 1. DPossible levels of partitioning

In this paper we consider the problem of as-
signing logic gates to IC modules so that each fault
of interest can be diagnosed (located) to as few
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modules as possible, preferably to a single module.
Thus the objective is to maximize the fault resolu-
tion obtainable, This problem is important in view
of the fact that in most large digital systems, the
on-line diagnostic programs used cannot locate every
fault to a replaceable module. This results either
in the replacement of both fault-free and faulty
modules, or else in the use of costly off-line test-
ing procedures,

Two approaches to the design of diagnosable
circuits are examined,

(1) Partitioning the given circuit N to maxi-
mize its inherent fault resolution. This involves
finding a feasible partition in which the maximum
number of modules m to which any fault is resol-
vable is minimized. This means that all members
of any set of equivalent (or indistinguishable) faults
are confined to m or fewer modules. Although
m=1 is desirable, it may not be achievable; it.all
depends on the given circuit. We therefore also
consider a second approach.

(2) Modifying a circuit (including circuits
that have already been partitioned) to decrease m.
Two techniques are possible: the insertion of extra
output lines (test points), or the insertion of extra
input lines (control points) [4]. The use of test
points to improve fault resolution has been consid-
ered by Gaddess [5]. Our approach is to insert
control points to ''split'' equivalent fault classes
with members in 2 or more modules, Control in-
puts have the advantage that they can be readily
combined to reduce the number of extra pins that
must be added to the network. :

2, Identifying Equivalent Faults

Without loss of generality, we will confine our
attention to NAND networks. All faults will be as-
sumed to be of the standard stuck-at-l1 (s-a-1) and
stuck at 0 (s-a-0) type., It is also assumed that
all faults are detectable or, equivalently, that the
networks are irredundant,

In order to be able to measure the degree of
fault resolution possible in a given logic network,
it is necessary to be able to identify sets of equi-
valent faults or fault classes, Two faults are
equivalent if the functions realized by the faulty
circuits (the fault functions) are identical. The
fault classes can, in principle, be determined ex-
haustively by computing all fault functions, and then
comparing them pairwise. For large networks,
such exhaustive procedures are not practical. For
example, in a network of 1000 lines, there are 2000
fault functions and. (20200)=1999ooo pairs of fault
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Fig. 2.

functions to be compared. Thus, before partition-
ing can be carried out, it is essential to have a
computationally efficient way of identifying fault
classes.,

A number of attempts have been made to find
ways of determining fault equivalence directly from
network structure, i,e., without computing fault
functions [6,7,8). A general approach is to iden-
tify a set of representative faults, and then elimi-
nate faults that are equivalent to the representative
faults. Fault collapsing [ 8] recognizes that the
s§-a-0 faults on the input lines of a NAND gate are
equivalent to the s-a-1 fault on the gate output line.
It is convenient to retain the latter s-a-1 fault as
a representative, and eliminate the others [6].
Fault collapsing eliminates approximately half the
faults in a network, since only the s-a-0 faults on
primary output lines and lines that fan out are re-
tained. Faults that are equivalent, but which can-
not be identified as equivalent by fault collapsing,
are termed nonelementary equivalent faults.

It appears that the number of nonelementary
equivalent faults in most circuits is quite small.
Consider for example the network Ny in Fig., 2
which is due to Gaddess [{5]. There are 37 lines
implying 74 distinct s-a-0/1 faults. Fault collap-
sing reduces this number to 42, Following the
notation introduced in [ 8], these representative
faults are indicated by dots near the corresponding
lines, A dot above (below) a line indicates the
s-a-1 (s-a-0) fault; dots representing equivalent
faults are joined,

Let the output line L emanating directly from
a gate G be called its primary output. Additional
lines that fan out from L are called secondary
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A NAND network NG

and its representative faults

outputs of G. Thus in Fig. 2, L, is the primary
output of Gz and L; and L)) are its secondary
outputs. The following theorem is a generalization
of the fault collapsing concept.

Theorem 1l: In a combinational (NAND) network
the s-a-0 faults on the primary output lines of two
gates G; and G, are equivalent if either of the
following conditions holds:

(1) The outputs of G; and G, are connected
to the same set of gates.

(2) Al gates {Gi] connected to the inputs of
G; are connected to the outputs of Gy, and there
is no fan out from the outputs of the intermediate
gates {Gi} .

Gates G, and Gy of Fig., 2 satisfy condition
(1) of Theorem 1, hence the s-a-0 faults on lines
8 and 14 are equivalent, Another structural pro-
perty of networks that facilitates the determination
of equivalence classes is inversion parity. We de-
fine the inversion parity of line Ly with respect to
an output Zy denoted p(L;, zk), as even (odd) if
the number of inversions (NAND's in a NAND net-
work) along all possible paths from L; to 2z, is
even (odd). p( Li» zk) is undefined if there are
paths from L, to z; \gith both even and odd numbers
of inversions. Let L" denote the faultc_i' Line L
s-a-d, where d=0 or 1. 'If Li1 and L) are equi-
valent, we write Lii = LjJ . J

Theorem 2: Let lines L; and L; feed exactly the
same set of primary outputs Z=1zl, Z3 sen s zm}
of network N. Let the inversion parity of L; and
L. be defined for all z) and be P; and pj, res-
pectively.



(1) I py=p;, then L?#L; .

11
2) If p,#p. 0410 .
(2) I pl#pJ, then Li;ﬁLj and LiatLj

Proof: Let y denote the function appearing on L.
We can write 1zk= y,piA +B where yPi=y (7)) if p, !
is even (odd), and A and B are in&epen&eﬁt of !
Y. Let z ‘Li denote the fault function to which
Z, is changed by the fault L9, and let < denote
proper logical implication. hen pi is even

zk\Li =B<zk
z |L1=A+B>z .
k' i k

Q

zlei = A+B>zk
1

zk\Li = B<zk .

A similar set of relations holds for L.. Since N
is irredundant, z L9 # zy . If z'<z and z''>z
then z'# 2'"', Hence if p,=p., zk|L. ¥ zlel.,
therefore L0 # L1, Part"( 2" of the ‘theorend follows
similarly, ' J L

Inversion parity relationships and Theorem 2
are very useful in reducing the amount of computa-
tion required to determine fault classes. For ex-
ample, the 74 single faults in N reduce to 41 after
applying conventional fault collapsing and Theorem
1. If equivalence is now determined by pairwise
comparison of fault functions, =920 compari-
sons are needed. By computing %nversion parities,
we can divide the set of 41 faults into five groups:

(1) EO: s-a-0 faults
parity lines

associated with even

(2) EI: s-a-1 faults associated with even
parity lines

(3) 00: s-a-0 faults associated with odd
parity lines

(4) 01: s-a-1 faults associated with odd
parity lines

(5) U : faults associated with lines of un-

defined parity.,

For the circuit under consideration, the 41 remain -
ing faults yield the following:

E%| =3, |E'| =25, 10%|=1, |0}|=12, |U|=0.

If pairs of faults that are not equivalent by Theorem
2 are excluded, then the number of remaining pairs

is
(; )4, (225)+ (122)+3(12)+25(1)=43‘0.

- An additional reduction in computation is obtained if
the network is partitioned, in which case pairs of
faults associated the same module need not be com-
pared. A fault LY is said to be in module M, if L,
is either an input tor primary output line of a‘gate
in Mj‘ Fig. 2 shows a 3-module partition where

M1=iG1, G,» Gy}, My={G,, G, G/} and M3={G7,
G,,G ,G ,G. .}. If pairs of faults in the same
m%dulz ar]é ignored, the number of pairs derived
previously, 430, can be reduced to 284. The fault
ambiguity of a modular network N is the smallest
number m(N) such that every fault in N can be re-
solved to m(N) or fewer modules. In the network
of Fig. 2 only two fault classes iLtll’ L13} and
{LO, 1.0 } span two modules, hence its :%ault am-
biguity "is two.

3. Partitioning to Maximize Inherent Resolution

The fault ambiguity of a network can often be
significantly decreased by altering module boundaries
based on the fault classes present in the network,
Clearly m=1 represents the optimum case, where
the network is so partitioned that if two faults are
equivalent then they are in the same module. We
define a gate cluster of N as the smallest set of
gates S such that if GE€S, every gate containing a
fault equivalent to one in G is also in S, The gate
clusters form a partition of the network., It is
obviously desirable to place all members of a gate
cluster in the same module, We now present an
algorithm (Procedure 1) to determine the fault
classes and gate clusters in a given unpartitioned
network, We then incorporate this algorithm into
a general heuristic partitioning method (Procedure
2),

The following procedure is intended to be used
in conjunction with a conventional fault simulation
and test generation program. A fault partition
F/T of a set of faults in N with respect to a test
set T is a set of fault classes |F.,F,,..., F}
such that two faults LY and LY are in" FeF/T ¥f and
only if T cannot distinlguish them, t

Proceduré l: To determine the fault classes and
gate clusters of N,

(1) Using the techniques discussed in section
2, generate a set of representative faults F for N,
Let F/T,= {F} and let i=1.

(2)

(3) Compute F/t,.
previous fault partition F/T,

ips i-

partition F/Ti'

(4) .
ber, or if i=2", go to step (5).
i=i+l and go to step (2).

(5) The blocks of F/T, constitute the fault
classes of N. The gate clusters can be determined
directly from these fault classes by associating each

f€F with all faults, not just those in F, with which
it is equivalent,

Generate a new test vector 'ti for N.

Intersect F/t, with the

i to obtain a new fault

If every block in F/T, contains one mem-
Otherwise set

It is important to note that Procedure 1 avoids
the explicit generation of fault functions. A very
simple test generation technique, e.g. pseudo-random
test generation, can be used, Procedure 1 is an
algorithm since in the worst case it will compute
F/T where T is the set of all 28 possible input
vectors.

We now show how Procedure 1 can be incorpo-
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rated into any conventional partitioning technique.

It is assumed that a set of conventional packaging
constraints limiting the number of gates per module
and the number of external connections per module
must be satisfied, and that these constraints take
precedence over fault resolution.

Procedure 2: To find a partition of N with mini-
mum or near-minimum fault ambiguity.

Let q be the maximum number of modules
allowed and, following [1], let S denote the maxi-
mum space (number of gates) and E the maximum
number of external pins per module. Let S(F,)
represent the number of gates in the cluster
and let E(P) represent the number of external pins
needed to assign all the gates of P, to one module.

(1) Using Procedure 1 generate the gate
clusters {B} of N, Order these clusters such that
5(P))z5(P,) z. ..gS(Pp) - Let My =¢ for k=1,2,...,
q, and let i=j=1.

(2) 'If S(Pi)>S or E(R)>E, go to step (3);
otherwise assign P1 to module M:, set i=i+l, and
set j=j+1, If i>p go to step (5). If j>q go to
step (4), otherwise go to step (2).

(3) Assign gates of P sequentially to module
until the pin or space constraints are violated.
t B=F - {the gates assigned to M.} and set
j+1. j>q go to step (4), othertvise go to step
)

M,

S
j
(

(NS

(4) Formulate a linear assignment problem
to assign the remaining gates to unused space in
the modules, with the objective of minimizing fault
ambiguity. The cost c(Gy) of assigning gate Gy to
a module M, is infinite if either S(M,U{G ) >$ or
E(MyU {Gk}{l>ﬁ, otherwise it is -1(0) if M, contains
(does not contain) a fault equivalent to a fault in Gk.
Solve this assignment problem using any conventional
technique and go to step (5).

(5) Stop. If each gate of the original net-
work has been assigned to a module then a parti-
tion with minimum or near-minimum fault ambi-
guity has been obtained.

Note that in step (3) of the above procedure,
the larger clusters are assigned to modules first.
This is because the smaller clusters can more
easily fill the leftover space which is assigned in
step (4). Consider again the network N_. of Fig.
2. The gate clusters, which can be determined by
Procedure 1 (or directly from the fault classes
shown in the figure) are: Pl= {Gl R G3, Go, G, G9,
Gip» G111» P2={G'2, Gy} and Py={Gg, G} ; c81ear1y
these do not match the modules shown in Fig.
Suppose a network partition is to be found with
space and pin constraints S=8 and E=14, respec-
tively. On applying Procedure 2 we obtain the
partition N' comprising 2 modules Mi=P = {Gl » G3,
Gq, Gg, Gg, Gig» Gy1) and Mp=PUP;= Gz G4
Gs, Ggl. 'N' is feasible and m(N)=1.

2,

4, Fault Class Splitting Using Control Logic

Partitioning alone may not suffice to increase
fault resolution (or, equivalently, reduce fault am-
biguity) to an acceptable level. It may be necessary

to modify the original network. This can be done
by adding extra inputs or outputs to the network
[4]. We consider the use of control inputs to split
fault classes that span two or more modules. While
this can also be done by adding outputs, control in-
puts have the advantage that they can be readily
combined, resulting in the addition of fewer extra
pins to the circuit,

Consider a network N, to which fault collapsing
has been applied yielding a set of representative
faults Fl' Let G be any (NAND) gate in N1 . We
now present a procedure to isolate the s-a-1 faults
of G from the remaining faults in ¥, ., We assume
that the output of G is not a primary output of N;.

Procedure 3: To split the s-a-1 faults in G from
the remaining faults in F,.

(1)

same number of inputs,

(2) Connect each input L; of G to a distinct
input Li of G'. Add control lines c; and ¢, to G
and G' respectively.

(3) Connect the output of G' to all gates to
which the output of G is connected.

Introduce a new (NAND) gate G' with the
q, as G.

The control inputs cj and ¢, are used during
testing only. During normal operation of the modi-
fied circuit at least one of the control lines must
be held at logic value 1, Fig., 3 shows the result
of applying P'rocedure 3 to the gate G; of Fig. 2;'
a new gate G, is added to the circuit. G, and G,
contain equivalent faults and so must be assigned
to the same module. However, the faults L4 and
L1, are no longer equivalent, therefore all faults
in' M3 and the modified module M; are distinguish-
able. Note that the faults on lines Ly, Lz, L3 of
the modified circuit do not introduce any new fault
equivalences,

Lemma 1: In an irredundant NAND network no two
s-a-l faults on the input lines of the same gate G
are equivalent. No s-a-l input fault of G is equi-
valent to a fault on the primary output line of G.

Theorem 3: Let G be a gate in N, whose output
does not fan out. The circuit N, olbtained by
applying Procedure 3 to G is such that all fauits
in G and G' are distinguishable from the remaining

faults in NZ'

Proof: Fig. 4 shows the relevant parts of N; and
NZ'

Let F| and F, be the representative faults in
N, and N, respectively, after applying fault collap-
sing and Theorem 1, If
1 1 1 1 1 1

Lel,...,L » L

F e g

127
1
L, s
o & o K
then F2=F1UF12 .
Let ¥;/T) be the fault partition induced on N;

by Ty, where T; is the set of all 2B possible input

vectors of Ny. By Lemma 1, the faults Lll, L’éz,
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Fig. 4. Part of a network (a) before and (b) after applying Procedure 3
1 1 o . . .
cee sy qu, Lh all lie in different fault classes, ¢ =i and ¢, =j.
1 1
hence F]./T1 = {{Lgl, Fgl}, cee s {qu, Fg 3}, {L}II, Suppose T].O is applied to N;. All vectors in
. . T.n apply 0 to c, hence the output L, of G' is
» F, 10 2 h
Fhl] r} where Fgl is the set of faults equivalent aloays 1. This implies that 0
to L1 , and F_ is the set of all the remaining fault .
&1 t F/T.= it Lt LRy, SR T
class in F}/Ty. 2" 710 gy kgt gq’qu’- g

2
Let T2 denote all 2n+ input vectors of Njp,
and let Tij denote the 2T members of T, with
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1 0 1 1 1
Ly > Ly o F l, {Le s Le s Le s eee,
{hl kl hl {eO ey e,



1 1 1
Le , L ,Lh}} .
q” B Mo

Since (G, cy) and (G', cZ) are symmetrical we also
have

1 .1 1 .1
F/T = { {L N F }, eos 3 iL » F }
2 ol e My’ Ty  Mheqr Mg T
1 o 11 1
{L » ’F }’{L ,L .L 9 o 00 »
By L7 Py 8y’ T8’ g,

1 1 1
L, ,L, ,L
gq €, h

1}}'

T, detects the faults L1 R L1 which are indistin-
00 gO e

guishable and are not detected by To or T Now

1 10°
Byl Ty = Byl Too O Fpl Ty N Fp/ T g N Fp/ Ty

1 1 1 1 1
= {{Lgo' Leo}' {Lel}' iI“ez}’ v, {Leq}p
1 1 1 1 1
iLg]_}’ {ng}v seey, {qu}: {Lh()]’ {th}:

)

Hence all the faults on the inputs and outputs of G
and G' are isolated from the remaining faults in
N,. [ ]
2

It is important to note that the s-a-1 faults on
the control lines ¢, and c, are equivalent. This
requires G and G' to be in the same module. How-
ever, the fact that both are connected to H by lines
without fan out already implies that G, G' and H
contain equivalent faults, and therefore should be
assigned to the same module.

Corollarz 1:
of G fans out.

Theorem 3 is also valid if the output

The proof of this corollary is similar to that
of Theorem 3. Note that if G fans out, and two
s-a-1 faults on its secondary output lines are equi-
valent, these faults are not separated by Procedure
3. They can be separated by applying the procedure
to one of the gates to whose inputs the secondary
outputs of G are.connected.

We call the process of isolating the faults of
G from the remaining faults, fault class splitting.
Procedure 3 can be applied to many different gates
in N.,. If the fault classes being split are disjoint,
i.e. they have no common members, then the same

control lines may be used to split many fault classes,

Suppose 2] and F, are disjoint fault classes and ¢
and c, are used to split F;, then ¢, and T, may be
used to split F,, which means that only 2 external
control inputs need be added to the modified circuit.
If more than 3 fault classes must be split, then the
following . result applies,

Theorem 4: Let F,,F ,...,F be nz3 disjoint

fault classes in a circuit. Theg each of these fault
classes can be split using k external control inf(mts
where k is the smallest number such that ng(z) .

5, Conclusions
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Two approaches to the problem of improving
fauit resolution in modular networks have been
examined. The first attempts to exploit the in-
herent fault resolution of a given circuit by choosing
module boundaries that enclose all members of each
fault class in the module., The second method in-
volves modifying the original circuit by the addition
of control inputs and extra gates. Previous appli-
cations of this approach have been interpreted in
terms of observing and controlling internal states
of the network [4]. We have interpreted our ap-
proach in terms of separating the members of
equivalent fault classes. Although the repeated
application of Procedure 3 can add significantly to
network cost, it has two major advantages.

(1) Control inputs can be shared, so that
many fault classes can be split using few additional
input pins. No corresponding technique for combin-
ing extra outputs (test points) is known.

(2) Since the inserted gates are added in
parallel with the original gates, the overall increase
in propagation delay (which is .due to the extra
loading only) is relatively small,

It would be very useful to have guide-lines for
designing logic networks with good inherent fault
resolution, e,g., few fault classes involving gates
that are not directly connected to one another.
Theorem 1 suggests one possible design rule: no
two gates should have their outputs connected to the
same set of gates. Another tentative rule is: lines
crossing module boundaries should fan out. In Fig.
2, for example, no fault in G, € M2 is equivalent to
a fault in Gg€ My. If G, were connected to G
only (no fanout), then this would no longer be the
case., When Procedure 3 is applied to a gate G,
fanout is introduced in all the original input lines

‘of G with the effect of separating faults in G from

faults in the gates feeding G.
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