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Undetectable stuck-at faults in combinational circuits are related to the existence of logic
redundancy (s-redundancy). Similarly, logically equivalent nodes may cause some bridging
faults to become undetectable by IooQ testing. An efficient method for the identification and
removal of such functionally equivalent nodes -redundant nodes) in combinational circuits
is presented. OBDD graphs are used to identify the functional equivalence of candidate to
f-redundancy nodes. An f-redundancy removal algorithm based on circuit transformations to
improve bridging fault testability, is also proposed. The efficiency of the identification and
removal of f-redundancy has been evaluated on a set of benchmark circuits.
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1. INTRODUCTION

Bridging faults (BF), or shorts between normally dis-
connected circuit lines, are one of the common types
of failures in CMOS circuits. Studies examining re-
alistic faults in CMOS digital circuits suggest that
bridging faults may account for from thirty to fifty
percent of all faults 11, 14].
The detection of logic bridging faults (LBF) by

logic testing has been widely investigated. A fixed
boolean relationship (such as a wired AND or a wired

OR) has been assumed to model the value of the
shorted defective nodes [23, 2]. However, this wired
model has been found inappropriate for CMOS cir-
cuits because the short might produce intermediate

voltage levels with unpredictable logic behaviour [26,
29].
The testing method based on quiescent current

consumption monitoring (also called IIOQ testing)
has been shown to be efficient in the detection of this

kind of faults in CMOS circuits [19, 20, 25, 28].
The conditions for bridge detectability by IDDQ

testing have been investigated by many authors [19,
20, 25, 8, 27, 10]. The most commonly used fault
detectability criterion consists in controlling the
bridged nodes to complementary logic values in the
fault-free circuit [19, 20].

In this paper, only bridging faults between logic
nodes (LBFs) are considered. Throughout the work, a
LBF will be considered to be testable by current test-

ing if the shorted nodes can be controlled to opposite
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logic values. For some feedback LBFs the circuit
may oscillate. In this case, the current consumption
exhibits also periodical oscillations. The mean value
of the oscillating current can be shown to be greater
than zero and, therefore, the defect causing the oscil-
lation may be testable by current testing [27]. More-
over, there may be some feedback LBFs affecting
nodes of the same logic behaviour and giving rise to
detectable faults. As an example, Figure 1 presents a
feedback LBF in a inverter chain. Let us assume that
signal D is strong whereas signal B is weak (the tran-

sistors of the inverter with output D are larger than
the ones of the inverter generating B). The last two
inverters constitute a sequential circuit as if they were
isolated. Its state might not be changeable by the
weak input B. As a consequence, its state will be
determined at power-up by the relative sizes of the
circuitry. Now, if an input signal is forced at A such
that the voltage at B attempts to change the state of
the sequential circuit, the weak B inverter will not be
able to commute D and significant IDDQ might ap-
pear. In this work, this kind of LBFs is not included
in the set of testable bridges. The reason for this is
that its testability depends on the actual electrical im-
plementation, which may be unknown. Thus, LBFs
between nodes that have the same logic behaviour for
all inputs to the circuit are considered as redundant
LBFs. In other words, the presence of undetectable
shorts may be related to some kind of redundancy in
the circuit, namely groups of functionally equivalent
nodes.

In order to distinguish the functional redundancy
from the more commonly referred stuck-at redun-
dancy, the former will be called f-redundancy,
whereas the later will be referred to as s-redundancy.
The identification and removal of the stuck-at type

redundancy have been reported by many authors [1,
3, 31, 9, 24]. On the contrary, the identification of
functionally equivalent nodes in combinational cir-

cuits, that is, the f-redundancy identification problem,
has received less attention [16]. In this work, this
class of redundancy related to undetectable bridging
faults is analysed.
The problem to determine if a set of nodes are f-

redundant is equivalent to the well-known NP-com-
plete problem of finding if two logic functions are

equivalent. There are several methods to determine if
two boolean functions are equivalent [15, 32]. Unfor-
tunately, their power rated in terms of manageable cir-
cuit size and processing time is not always satisfac-

tory. Recently, the verification of the equivalence be-
tween logic functions has been approached with the
aid of ordered binary decision diagrams (OBDDs) [5,
7, 13, 17]. Since OBDDs are canonical representations
of logic functions [7], they may be used for detecting
the equivalence between two boolean functions, thus
determining the detectability of bridging faults.

In this work, the detectability of LBF by IDDa test-

ing in combinational circuits is investigated. An effi-

cient method for the identification of functionally
equivalent groups of nodes (called f-redundant
classes) is presented. These classes are used in the
analysis of the bridging fault coverage of test vector

sets. The rest of the paper is organized as follows.
Section 2 provides some definitions and explores the
relation between functional and stuck=at redundancy.
Section 3 presents the proposed method for func-
tional redundancy identification, based on OBDDs
graphs. The experimental results of the application on
a set of benchmark circuits are presented in section 4.
In the same section, an analysis of the bridging fault
coverage of the same set of circuits, considering cur-
rent consumption test, is developed. An f-redundancy
removal approach is considered in section 5, and
some results of its application are reported. Finally,
conclusions on the proposed bridge detectability
analysis approach are stated in section 6.

A

FIGURE Detectability of a feedback bridging fault. If B is
weak and D strong, the LBF B-D may be IDzo testable.

2. FUNCTIONAL VS. STUCK-AT
REDUNDANCY

The presence of some undetectable stuck-at faults in
digital combinational circuits implies that part of the
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logic of the circuits is redundant and can be removed.
In this paper, the redundancy related to undetectable
stuck-at faults will be referred to as s-redundancy.
As indicated above, undetectable bridging faults by

current observation can be related to another type of
redundancy, namely f-redundancy, different from the
s-redundancy.

In order to state the problem of f-redundancy iden-
tification properly, the following terminology is de-
fined. F-redundant nodes: Two logic nodes o and I
in a combinational logic circuit are said to be f-
redundant iff, for all primary input values of , both
nodes take the same logic value. F-redundant classes:
The relation "to be f-redundant" is an equivalence
relation and it divides the circuit node set into dis-

junct subsets or equivalence classes. Henceforth, ev-

ery class will be referred to as an f-redundant class.
LBF detectability: Classes with one node are irredun-
dant and any LBF between the single node of the
class and any other node of the circuit will be as-
sumed to be detectable. On the other hand, LBFs be-
tween nodes of the same class are assumed to be
undetectable by current observation and, hence, f-re-
dundant.

Let us now explore the relation between s-redun-
dancy and f-redundancy. Simple examples are used to
show that one type of redundancy does not imply the
other.

A circuit irredundant in the sense of s-redundancy
may contain some f-redundant nodes. Conversely, a

circuit with no f-redundancy may have some untest-
able stuck-at faults, that is, it can be s-redundant.
There is no dependence between both kinds of redun-
dancies. Figure 2 provides some simple examples of
this independence. Figure 2.a) shows a circuit that is
s-redundant (b s-1 and be s-1 are undetectable) but is
not f-redundant (all the columns in the truth table are
different); Figure 2.b) shows a circuit that at the same
time is s-redundant (b S-1 and be s-1 are undetect-
able) and f-redundant (C Y); and finally, Figure
2.c) shows a circuit that is not s-redundant but f-
redundant (C -= Y). The analysis of bridge detectabil-

ity is hence equivalent to the f-redundancy analysis.
Once the f-redundancy classes have been determined,
all the LBFs between nodes within these classes are
assumed to be undetectable, whereas the remaining
may be IgzQ testable.

3. METHODOLOGY OF LBF
DETECTABILITY ANALYSIS

In this section, a method for identifying f-redundant
classes in combinational logic circuits, and hence,
identifying undetectable LBFs by current testing, is

REDUNDANT CIRCUIT
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FIGURE 2 Examples of a) circuit s-redundant but not f-redundant; b) circuit s-redundant and f-redundant; c) circuit f-redundant but not
s-redundant, and its effect on bridge detectability.
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proposed. This method is based on OBDD compari-
sons.
The large number of node couples in a circuit

N (N-l) 2 couples in a circuit with N nodes) makes
it impractical to look for f-redundant classes by
means of checking all the possible couples on nodes.
An alternative strategy is proposed. First, candidate
to f-redundant classes are identified and then, the f-
redundancy among the nodes of these candidate
classes are verified.

Following this strategy, which has been found to
be highly successful in the experiments performed,
the analysis consists of two distinct phases:

Phase 1: A sequence of K pseudorandom input vec-
tors is applied to the circuit. For each node, a binary
identifier of K digits is generated by using the logic
values taken by the node when the input sequence is
applied. Two nodes will belong to the same candidate
to f-redundant class if and only if they have the same
identifier. The size of these classes decreases as the
number of input vector increases. A value of K 0.2

(#gates) has been found experimentally to be a
good number of input vectors. This value keeps the
maximum size of the candidate classes small enough
to allow the construction of the OBDDs for each pair
of nodes within these classes.

Phase 2: Once the possible f-redundant classes have
been restricted to the set of candidate to f-redundant
classes, the actual f-redundancy classes are deter-
mined. To do that, the f-redundancy between all the
couples of nodes within the candidate classes is
checked. Given a couple of nodes and I, with as-

sociate functions f and fa, their OBDDs are con-
structed. If the two graphs are equal, o and will be
f-redundant. The problem can be simplified due to the
locality of many redundant logic structures. In most

analysed cases, the OBDDs can be constructed from a
set of internal predecessor nodes S, which uniquely
determine both functionsf andf, instead of using the
primary inputs. To illustrate this fact, Figure 3.a)
shows a portion of a circuit q containing two redun-
dant nodes o and 3. If the two OBDDs associated with

f andf are constructed using variables a, b, .c, the
same graph (shown in Figure 3.b)) is obtained. On the
other hand, it is not indispensable that a, b, c be pri-
mary inputs of q; it is sufficient that a, b, c form a set
of predecessor nodes S which uniquely determine both
functionsf and fa. Thus, the OBDDs so constructed
will have in general a smaller size than if they had
been constructed from a set of primary inputs.

4. METHODOLOGY EVALUATION

The OBDD algorithms reported in [7] have been im-
plemented in C. The utility HISIM of System HILO
has been used for the logic simulation of the circuits
and a SUN SPARCstation 2 workstation supported
the development. The circuits chosen to experiment
the proposed method have been the following:

The ISCAS’85 combinational benchmark circuits

[6].

DUT

FIGURE 3 An example of two f-redundant nodes o and 13 (a) and their OBDD graph (b).
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Cir LBF

TABLE Summary of the F-redundancy analysis for the benchmark circuits

T1 (sec) T2 (min:sec) Total time (min:sec) DLBF UDLBF INDLBF Reduced time (sec)

C432 19503
C499 29890
C880 98790
C1355 173166
C1908 418155
C2670 1018878
C3540 1480060
C531-5 3091341
C6288 3000025
C7552 6921060
alu4 8128
mul4 19701
mul8 258840
mull2 1223830
mulb 752151

0.1 2:11 2:11 19496 7 0
0.1 9:19 9:19 29810 80 0
0.2 0:38 0:38 98718 72 0
0.2 31:15 31:15 173054 112 0
0.4 48:45 48:45 417208 947 0
0.9 11:47 11:48 1017944 934 0
1.2 21:00 21:01 1477865 2193 2
2.2 42:48 42:50 3089879 1462 0
1.3 3:45 3:46 2999825 183 17
5.6 120:28 120:34 6917980 2921 159
0.1 0:11 0:11 8088 40 0
0.1 0:17 0:17 19645 56 0
0.3 12:35 12:35 258562 277
0.5 25:28 25:29 1223044 771 15
0.8 11:08 11:09 750374 1777 0

DLBF: Detectable logic bridging faults
UDLBF: Undetectable logic bridging faults
INDLBF: Indeterminate logic bridging faults
Tl: Phase time
T2: Phase 2 time
Reduced time: (T1 + T2)/(UDLBF + INDLBF).

18.7
7.0
0.5
16.7
3.1
0.8
0.6
1.8
1.1
2.3
0.3
0.3
2.7
1.9
0.4

Four circuits (referred to as mul4, mul8, mull2 and
alu4) mul4, mul8 and mull2 are 4 4, 8 8 and
12 12 multiply/accumulate circuits respectively,
generated by wiring up Am25S05 elements [4, 30].
alu4 is a four-bit ALU/function generator [4, 30].
An 8 8 modified Booth multiplier (mulb) [22].

For every circuit the process described above has
been carried out. The main part of the algorithm is
the construction of the OBDDs graph. It has been

widely reported that the OBDD size is strongly re-
lated to the choice of the variable order [7, 13, 21,
12]. In this work, the ordering heuristic proposed by
Fujita et al. in 13] has been used in order to keep the
size of the OBDDs reasonably bounded. The OBDDs
constructor program provides, for every node couple,
one of the following results:

The two nodes are f-redundant.
The two nodes are not f-redundant.

TABLE II Frequencies of the size (number of nodes) of the OBDDs generated for f-redundancy identification

OBDD size Circuit
range c432 c499 c880 c1355 c1908 c2670 c3540 c5315 c6288 c7552 alu4 mul4 mul8 mull2 mulb

0-50 100% 100% 100% 100% 77.21% 65.07% 94.00% 79.37% 74.19% 78.04% 46.15% 100% 97.06% 95.92% 86.17%
50-100 13.49% 19.54% 5.70% 12.30% 25.81% 12.74% 2.94% 4.08% 7.85%
100-150 5.81% 5.61% 1.64% 1.68% 0.56%
150-200 1.86% 3.33% 2.46% 2.24% 53.85%
200-250 0.47% 1.46% 1.37% 1.13%
250-300 0.47% 0.62% 0.41% 0.88% 0.19%
300-350 0.47% 0.62% 0.54% 0.88%
350-400 0.22% 0.22% 0.41% 0.25%
400-450 0.32% 0.56%
450-500 0.41% 0.28% 0.75%
500-1000 0.83% 0.15% 0.54% 0.72% 2.99%
1000-5000 1.46% 0.68%
>5000 0.83% 0.15% 1.12% 0.93%
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FIGURE 4 F-redundant classes of the benchmark circuits.
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Unknown f-redundancy relation. The program is
not able to construct the OBDDs associated with
the nodes. This result may appear in two cases:

a) The abort condition to avoid exponential execution
time has been reached (for the experiments this
condition has been fixed to 15 minutes).

b) Problems with the memory overflow. If an OBDD
grows excessively the reserved place for its storage
and handling becomes insufficient (more than
150,000 OBDD nodes).

ber of nodes, and the total time per redundant node
detected (labeled Reduced time in Table I) has been
found uncorrelated to the size N of the circuit.

c) The size of the OBDDs has been found relatively
small. The higher percentage in all the circuits cor-
responds to OBDD sizes less than 200 nodes. Only
for a few circuits, large OBDDs (more than 5000
nodes) have been necessary, and they are always a
very small percentage of the total number of OB-
DDs.

Table I shows a summary of the results of the f-re-
dundancy analysis for the benchmark circuits. DLBF
denotes the number of LBFs that have been found
detectable. UDLBF gives the number of LBFs be-
tween nodes within an f-redundancy class and, there-
fore, undetectable by IDDa testing. The column la-
beled INDLBF shows the number of LBFs whose
detectability has not been determined due to exces-
sive time or memory requirements. Finally, the Re-
duced Time normalize the total time to the number of
undetectable and indeterminate LBFs. Table II pre-
sents statistics of the size (number of nodes) of the
OBDDs generated to determine the f-redundancy
classes.

Graphics in Figure 4 present the f-redundancy
classes of the experimented circuits determined by
using the proposed method. All the LBFs between
nodes in the same f-redundancy class are undetect-
able by current testing.
From the experimentation the following facts are

highlighted:

a) The proposed method seems to be efficient in the
detection of f-redundancies in combinational logic
structures. Only a small number of nodes remains
without classification (labeled indeterminate nodes
in Table I and Figure 3). Generally, the circuits
present a large number of nodes within f-redundant
classes. One cause is the use of identity gates (buff-
ers), which increases the f-redundancy.

b)The execution times and memory requirements
keep reasonably bounded. The time to execute
Phase 1 grows in the order ofN2, being N the num-

4.1 F-redundancy Identification and IDDQ Test
Pattern Generator

In this subsection, the f-redundancy classes are used to

help an IDDa test pattern generator for LBFs. The
knowledge of the f-redundancy classes may prevent
the TPG program from trying to generate a test for an
undetectable LBE On the other hand, if the number of
detectable LBFs is known, the coverages can be given
in terms of the detectable LBFs in addition to the usual
way as a fraction of the total number of LBFs.

Table III shows the results of a TPG for the same
benchmark circuits used above. The test generation
method uses stuck-at vectors generated by consider-
ing current consumption monitoring with a standard
ATPG program. A complete description of the
method can be found in [18].
The targeted LBFs have been the set of all the LBF

between logic nodes, VDD and GVD. Thus, if the cir-
cuit under test has N logic nodes, there are (N + 1)(N
+ 2)/2 bridges in this set. When knowing which LBF
are detectable, coverage results in Table III are given
in two coverage parameters:

CD, defined as the ratio of detected LBF over the
total number of possible LBE

CL, defined as the ratio of detected LBF over the
subtraction of the number of UDLBF from the
total number of possible LBE

Another application of the identification of the f-re-
dundancy is to transform the circuit in order to en-
hance the bridge testability. The next section is de-
voted to illustrate this application.
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TABLE III IDoQ Test coverage for logic bridging faults (LBFs)

Cir LBF #vec LBFD UDLBF CD CL
c432 19503 15 19496 7 99.96% 100%
c499 29890 32 29810 80 99.73% 100%
c880 98790 23 98718 72 99.93% 100%
c1355 173166 90 173054 112 99.94% 100%
c1908 418155 107 417208 947 99.78% 100%
c2670 1018878 32 1017944 934 99.91% 100%
c3540 1480060 63 1477866 2193 99.95% 99.9999%
c5315 3091341 38 3089879 1462 99.95% 100%
c6288 3000025 34 2999825 200 99.99% 100%
c7552 6921060 54 6918139 2921 99.96% 100%
u4 8128 12 8088 40 99.51% 100%
mul4 19701 15 19645 56 99.72% 100%
mul8 258840 27 258562 277 99.89% 99.9996%
mull2 1223830 35 1223044 771 99.94% 99.9988%
mulb 752151 25 750374 1777 99.76% 100%

LBFD: Number of detected LBFs.
UDLBF: Number of undetectable LBFs.
CD LBFD/LBF
CL LBFD/(LBF-UDLBF)

5. CIRCUIT TRANSFORMATION TO
INCREASE LBF TESTABILITY

If the nodes that produce the f-redundancy were re-
moved from the circuit, the new circuit would have
both CD and CL coverage parameters equal to the CL
coverage of the initial circuit. Therefore, the trans-
formed circuit would have a LBF coverage equal or
very near to 100%.

After the f-redundancy classes have been identi-
fied, the structure of the combinational circuit may be
changed to remove some of this f-redundancy. This is
done by reducing all the nodes in each f-redundant
class to one unique representative node of the class.
When removing s-redundancies, the straightfor-

ward approach of identifying all redundant nodes and
thereafter, removing all these nodes from the circuit,
may lead to incorrect results. When a redundant region
for an s-redundant fault is removed from a circuit,
other s-redundant nodes may become s-irredundant
and some s-irredundant nodes may become s-redun-
dant 1, 31 ]. Some examples of this fact can be found
in [31]. On the contrary, the removal of an f-redundant
region cannot produce new f-redundant nodes.

From what has been stated above, it follows that a

set of f-redundancy classes in a circuit can be re-

moved once its identification is concluded. Only one

node in each f-redundant class survives the removal
process. If this node belongs to the f-redundancy re-

gion of another f-redundant node that is going to be
removed, an f-redundancy class can be totally re-
moved. The survivor node has been chosen to be the
one with lower level in the f-redundancy class.
A f-redundancy removal algorithm has been used

to remove the f-redundancy classes previously iden-
tified in the circuits. When performing the circuit

transformation, it has been taken into account the re-
moval process not to increase the maximum fanout of
the initial circuit. This way, f-redundancies which

prevent the fanout from being greater than the maxi-
mum fanout have been preserved. Table IV presents
the number of lines and gates of the experimented
circuits after and before the f-redundancy removal
process. In this table, the number of gates equals the
number of nodes minus the number of primary in-
puts. The number of lines equals the number of pri-
mary inputs, gate outputs and fanout branches. A cir-
cuit name with "nfr" denotes a simplified circuit. The
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TABLE IV Comparison between benchmark circuits before and after the f-redundancy removal

Circuit #gates % gate #lines % line time (s)
reduction reduction

c432 160 1.9% 432 0.9% <0.01
c432nfr 157 428
c499 202 15.8% 499 4.8% 0.01
c499nfr 170 475
c880 383 16.2% 880 8.6% 0.01
c880nfr 321 804
c1355 546 11.7% 1355 4.1% 0.01
c1355nfr 482 1299
c1908 880 49.1% 1908 37.9% 0.06
c1908nfr 448 1184
c2670 1193 40.4% 2670 33.1% 0.08
c2670nfr 711 1786
c3540 1669 41.9% 3540 30.3% 0.10
c3540nfr 969 2469
c5315 2307 31.4% 5315 23.5% 0.13
c5315nfr 1605 4066
c6288 2416 2.6% 6288 2.2% 0.03
c6288nfr 2353 6147
c7552 3512 36.6% 7552 30.7% 0.25
c7552nfr 2225 5233
alu4 112 28.6% 261 11.5% <0.01
alu4nfr 80 231
mul4 185 21.6% 404 10.9% <0.01
mul4nfr 145 360
mul8 694 25.5% 1512 15.4% 0.03
mul8nfr 517 1279
mull2 1527 27.1% 3324 17.4% 0.08
mul12nfr 1113 2744
mulb 1208 48.3% 2440 39.5% 0.03
mulbnfr 625 1475

reduction percentage in a circuit parameter (lines or

gates) was calculated by the change in this parameter
divided by its initial value.
The same ATPG, whose results for the initial, cir-

cuits have been shown in Table III, was applied on
the set of "nfr" circuits. Table V presents the new
coverages and number of test vectors.

Preliminary experiments on some of the ISCAS’85
circuits without s-redundancy [31] have shown that
removing f-redundant subcircuits may produce new
s-redundancies. Conversely, if a s-redundancy re-
moval technique is applied to a circuit that does not
have any f-redundant class, some new f-redundancies
may appear. This fact seems to point out that if we
want the circuits not to have neither s-redundancy nor
f-redundancy, both removal techniques have to be it-
eratively applied until the circuit does not present any

type of redundant logic. This final circuit, in apart
from having a reduced gate count, will not present
undetectable bridges or stuck-at faults and will be
highly testable. However, these circuits may violate
some of the technological constraints.

6. CONCLUSIONS

Just as undetectable stuck-at faults in combinational
circuits are related to some logic redundancy, so may
functionally equivalent nodes cause some bridging
faults to be IDDQ undetectable. In this paper, this
functional redundancy (called f-redundancy) has been
considered and analysed. F-redundancy has been
shown to be different from the usual stuck-at type
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Cir

TABLE V IozQ test coverage for logic bridging faults (LBFs) after the f-redundancy removal process

LBF #vec LBFD CD CL
c432nrf
c499nrf
c880nrf
c1355nrf
c1908nrf
c2670nrf
c3540nrf
c5315nrf
c6288nrf
c7552nrf
alu4nff
mul4nrf
mul8nrf
mull2nrf
mulbnrf

18915 15 18913 99.9894%
22578 32 22578 100%
73153 23 731513 100%
137550 90 137550 100%
116403 107 116401 99.9983%
445096 32 445079 99.9962%
520710 63 520703 99.9987%
1592220 38 1592180 99.9975%
2847691 34 2847691 100%
2960961 44 2960887 99.9975%

4560 12 4560 100%
12561 15 12557 99.9682%

147153 23 147146 99.9952%
661825 33 661811 99.9979%
207046 25 207042 99.9981%

LBFD: Number of detected LBFs.
CD LBFD/LBF
CL LBFD/(LBF-UDLBF).

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

99.9993%
99.9991%

100%

redundancy. A method for the identification of f-re-
dundant classes (classes of nodes that present the
same logic behaviour) has been developed. This
method uses OBDD graphs in order to determine the
equivalence among boolean functions of nodes in
candidate to f-redundant classes. Its efficiency has
been evaluated on a set of benchmark circuits, includ-
ing all the ISCAS’85 circuits. An approach for the
removal of the f-redundant nodes has also been pre-
sented. This method has been used to remove the
f-redundant nodes previously found in the set of
benchmark circuits, thus increasing their LBF test-
ability. Some results have been discussed on the pos-

sibility of using the proposed f-redundancy identifi-
cation in conjunction with an IDDo TPG strategy for
LBFs.
The highlights of the work can be summarized in

the following points:

By means of the comparison of OBDDs, almost all
f-redundancies in the investigated circuits can be
detected. Only a small percentage of nodes remains
without classification. That is, it cannot be deter-
mined if they are independent nodes or if they be-
long to some f-redundancy classes with two or
more nodes.

raul8

123 ?$ II

INDLBF 15

raul12

4 +7 lit2 t4i

INDLBF 0

mulb

FIGURE 5 F-redundancy removal algorithm.
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The algorithm execution times and memory re-
quirements remain reasonably bounded, although
they grow with the circuit size. The size of the
OBDDs needed to perform the analysis was rela-
tively small (less than 200 nodes) except for a
small percentage of the total number of OBDDs.
The time to detect the f-redundancy between two
nodes has been found to be highly dependent on the
particular functionally redundant structure analysed
and with no correlation with the global circuit size.
This is due to the locality of the redundant logic
structures in the circuits investigated.
The knowledge of the f-redundancy classes may
allow TPG strategies not to waste time in trying to

generate a test for an undetectable LBF. Further-
more, if the number of detectable LBFs is known, a
new coverage parameter, defined as the ratio of de-
tected LBFs over detectable LBFs, can be used.
This parameter, in addition to the classical cover-
age parameter that refers to all possible LBFs, may
provide a deeper knowledge of the quality of a test
sequence.
The execution time for the f-redundancy removal is

negligible in comparison to the identification exe-
cution time.
In the removal process, the gate and line number
reduction were relatively high in comparison to
similar s-redundancy removal results [1, 31]. Nev-
ertheless, it has to be noted that the f-redundan-
cyremoval did not consider that some f-redundan-
cies may be necessary in order to satisfy technol-
ogy or performance requirements.

As a general conclusion it might be stated that the
identification and removal of f-redundancy in combi-
national circuits may increase significantly the detect-
ability of logic bridging faults using current testing.
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