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Abstract 
Some  false paths are caused by redundant stuck-at faults. 
Removal of those stuck-at faults automatically eliminates 
such false paths f r o m  the circuit. However, there are 
other false paths that are not  associated with any re- 
dundant stuck-at fault. All links of such a false path 
are shared with other testable paths. W e  focus o n  the 
elimination of this type of false paths. W e  use a non-  
enumerative path delay fault  simulator, which duplicates 
selected gates to  separate the detected and undetected 
path delay faults. The expanded circuit m a y  contain 
new redundant stuck-at faults, corresponding t o  those 
undetected paths that are false. This  happens because 
in the expanded circuit some new links have only false 
paths passing through them. Such links become the sites 
f o r  redundant stuck-at faults.  Removal of these redun- 
dant faults eliminates false paths. The  quality of the 
result m a y  depend o n  the coverage of testable paths by 
the vectors that are simulated. Since a non-enumerative 
path delay simulation and a n  implication-based redun- 
dancy removal technique are used, the present procedure 
of false-path elimination can be applied to  very large cir- 
cuits. 

1. Introduction 

A combinational circuit can have a path whose delay 
cannot affect the time of signal change a t  the output. 
Such a path is called a false path. In a circuit with de- 
lay faults, however, the delay of a false path can interfere 
with testing of other paths. Some false paths also contain 
redundant logic. Since clock speed is frequently deter- 
mined from static timing analysis, the presence of false 
paths can lead to pessimistic (slow) operation. For these 
reasons, removal of false paths from combinational logic 
is advantageous. 

Recent papers [3, 4, 7, 10, 11, 12, 13, 181 give many 
methods for synthesizing circuits without false paths. 
The focus of the present work differs. We examine pre- 
viously designed circuits of arbitrary size. Such a circuit 
may contain many false paths whose identification can 

0-8186-8277-9/98 $10.00 0 1998 IEEE 
82 

be time-consuming. Recent work gives methods for false 
path identification [8, 141. We focus on false path re- 
moval. Our procedure combines several key results frorn 
the published literature: 

1. Any redundant stuck-at fault is always responsible 
for one or more false paths [15, 16, 191. Also, there 
are efficient methods for removing redundant stuck- 
a t  faults [l, 9, 211. By combining these two results. 
we can remove many false paths. However, it is 
known [16] that not every false path has a corre- 
sponding redundant stuck-at fault. 

2. A recent path delay fault simulation method [6] pre- 
serves the status of detected and undetected paths 
in a circuit graph (see Section 2). Some nodes in the 
graph are split to  separate the two types of paths. 
The circuit corresponding to  the split graph usually 
contains new redundant stuck-at faults and their re- 
moval eliminates additional false paths. 

A possible approach would be to  represent the cir- 
cuit by a graph known as the leaf-dag [17, 191. This 
graph explicitly represents all paths and contains redun- 
dant stuck-at faults corresponding to  false paths. How- 
ever, the exponential path complexity can prevent the 
construction of the leaf-dag, whose size grows with the 
number of paths. We use an alternative form of graph 
known as the path status graph (PSG). The initial PSG 
is the same as the connectivity graph of the circuit. Us- 
ing any given set of input vectors, we simulate path de- 
lay faults. When both tested and untested paths pass 
through an edge, the edge is duplicated into two copies 
(through duplication of its destination node) such that 
all tested paths pass through one copy and all untested 
paths pass through the other. If only false paths pass 
through an edge-copy, it becomes the site for a redun- 
dant stuck-at fault. The expanded PSG corresponds to  
an enlarged, but functionally equivalent, circuit. Re- 
moval of redundant stuck-at faults removes the corre- 
sponding false paths. As the simulation proceeds, more 
false paths are exposed. 
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Figure 1: Path-delay fault simulation using PSG 

2. Fault Simulation Algorithm 

The path-status graph (PSG) is a set of vertices and 
edges corresponding to a given circuit. Vertices ccirre- 
spond to  inputs, outputs and gates with multi-fancuts. 
while edges correspond to  sub-paths in the circuit be- 
tween nodes with corresponding vertices in the PSG. 
Since gates with single fanout are not represented in the 
PSG, the size of the initial PSG is bounded by the size 
of the circuit. Two flags { n e w ,  old} are associated with 
each edge and are initially “false”. When a path de- 
lay fault (PDF) is tested. the new flags in all its ccirre- 
sponding edges become ‘Ltrue” immediately and old flags 
become “true” for subsequent patterns. As shown in ref- 
erence [5], the number of tested path-delay faults will be 
overestimated unless certain vertices in the PSG are split 
during the course of simulation. The splitting does not 
change the number of paths or their status, but increases 
the number of vertices in the PSG. However, certain ver- 
tices can be recombined to  keep the size of the PSG under 
control. 

Simulation of a hypothetical circuit is illustrated in 
Figure 1. Only the flags that are “true” are shown. Di- 
agram (1) is the initial PSG. There are eight paths in 
the PSG, and initially all status flag are “false”. Ilia- 
grams (2) and (3) show the PSG during the simulation 
of the first pattern-pair, (4-7) show the second pattern- 
pair, and (8) shows the final PSG. In Diagram (2) ,  a 
pattern-pair tests one PDF shown in bold. The old 
flags are set as “true” and the new flags as “false” in 
Diagram (3) in preparation for simulation of the next 
pattern-pair. In Diagram (4), the second pattern- Dair 
tests a different PDF, shown in bold. Diagram ( 5 )  shows 
the PSG at the end of the second iteration if no split3:ing 

is performed. This PSG gives four tested PDFs, instead 
of two, as can be verified by tracing the paths that have 
the old flags “true” for all edges. The correct number is 
two, i.e., the simulation error is two. Diagram (6) shows 
the correct PSG in which the vertex v in Diagram (4) 
is split. Notice that the total number of paths and the 
status of each path in the PSG of Diagram (6) is iden- 
tical to  that of (4). Diagram (7) shows the correct PSG 
after the “true” status is transferred from new flags to 
old flags. In this case, the number of tested PDFs is two, 
which is the exact number, i.e., the simulation error is 
eliminated using the split. Assume that at the final stage 
of the simulation we reach a 100% PDF coverage. The 
size of the PSG is equal to  its initial size because the 
duplicated vertex is recombined and the old flags are set 
for all edges. This is shown in Diagram (8) of Figure 1. 

3. False Path Removal 

Figure 2 illustrates a path re-synthesis method. The 
input is a given circuit that may have singly untestable 
path-delay faults (MT and ST-dependent). In the figure 
(top left), the path-delay faults J. a1242 and .1 b l 3 - l ~  are 
singly untestable. The output is a re-synthesized circuit 
such that some singly untestable path-delay faults are 
removed. In the figure, all path-delay faults in the re- 
synthesized circuit are ST (bottom right). Xote that the 
number of paths in the re-synthesized circuit is smaller 
than that in the original circuit. In the example. the 
number of paths in the original circuit is six, while in the 
resynthesized circuit this number is four. The procedure 
is outlined below: 

1. Perform fault simulation using the method pre- 
sented in Section 2. A set of randomly generated 
patterns can also be used. As shown in Section 2: 
the simulation starts with extracting a Path-Status 
Graph from the circuit. In this Path-Status Graph, 
flags {old“,oZdf} are initially “false”. At the end 
of the fault simulation, the final path-status graph 
may have duplicate vertices and certain flags are set 
to “true”. In the example, vertex “1” is duplicated, 
and flags old‘ and old f  for all edges are set to “true” 
except for the edges marked in bold lines, for which 
old’ flags remain “false.” 

2. Re-synthesize the circuit from the final Path-Status 
Graph: The re-synthesis reciprocates the extraction 
of the initial Path-Status Graph from the circuit. 
A vertex v in the PSG gives a sub-circuit in the 
re-synthesized circuit composed of: (i) the gate g 
corresponding to  v, and (ii) all single output fanin 
gates of g that lie between g and the gates corre- 
sponding to  the fanin vertices of v. In Figure 2, the 
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Figure 2 :  An example of re-synthesis for testability 

re-synthesized circuit is shown in the middle. Vertex in the two figures a t  the bottom of the figure. 
5 corresponds to  P O  z and gates {2 ,3 ,4} .  Vertices 
{ 1, l’, a. b}  correspond to  gates 1 and 1’ and PI’S a 
and b. respectively. Notice that there is a one-to-one 
correspondence between paths in the original circuit 
and the re-synthesized circuit, and that the testabil- 
ity class of any path-delay fault is invariant in this 
transformation. 

3. Remove redundancy from re-synthesized circuit: 
Lines having the flag old’ set to  “true” have irredun- 
dant stuck-at-0 faults, and similarly, lines having 
the flag oldf set to  “true” have irredundant stuck- 
at-1 faults. Thus, lines with old‘ or oldf remain- 
ing at their initial “false” value are the only can- 
didate redundant lines. Therefore, the redundancy 
removal can be accelerated by checking these candi- 
date redundant lines rather than checking all lines 
in the circuit. In Figure 2 ,  two candidate redundant 
stuck-at-1 faults are shown. Both faults are proven 
untestable and are subsequently removed as shown 

The percentage of singly untestable faults removed by 
the algorithm depends on the number of random pat- 
terns chosen. If the simulated patterns detected all singly 
testable PDFs in the circuit, all singly untestable faults 
are removed by the algorithm. However, if the detec- 
tion of singly testable PDFs is incomplete, there may 
exist singly untestable PDFs in the re-synthesized cir- 
cuit. This will be further described in our experiments 
given in the following section. 

Let us define testability as the ratio of the number 
of singly-testable path-delay faults to  the total num- 
ber of path-delay faults. In the original circuit of Fig- 
ure 2 ,  the number of singly-testable path-delay faults is 
10, while the total number of path-delay faults is 12. 
Thus the testability of the original circuit is 83%. In 
the re-synthesized circuit, the testability is 100% since 
all path-delay faults are singly testable. Therefore, the 
single path-delay fault testability is increased from 83% 
to  100%. 
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Table 1: Results for the synthesis for testability method 

This method cannot decrease the single path-delay 
fault testability of any circuit. However. we must esti- 
mate the changes in the chip area and performance. We 
will use the transistor count ratio to rneasure the effect on 
the chip area. We will assume a standard static CMOS 
implementation of simple gates [20]. For example. the 
number of transistors for an n-input NAND gate is 2n, 
and for a S O T  gate the number of transistors is iwo. 
For D flip-flops, we assume the standard 6 S A N D  gates 
and 2 SOT gates. Thus, from Figure 2 ,  the number of 
transistors in the original circuit and the re-synthes ized 
circuit is 16. In other words, the increase in the testabil- 
ity did not affect the chip area. 

To measure the speed, we will assume that the delay 
of a gate is 1.0 plus a drive delay of 0.2 for each farout 
connection. Furthermore, we will assume that  the de- 
lay of the circuit is equal to the delay of the longest 
structural path. Since the circuit speed is the reciprocal 
of the circuit delay, the speeds of the original and re- 
synthesized circuits are & and &, respectively. There- 
fore. the increase in the testability was accompaniec by 
a 6% increase in the circuit speed. These results are 
summarized in Table 1. 

4. Implementation 

Figure 3(a)  shows the s27benchmark circuit [2]. There 
are six singly untestable path-deiay faults: 

t 1 - 8 - 10 - 12 - 14 - 15-  17 - 3 

t 1 - 8 -  IO- 13 - 14 - 15 - 1 7 -  5 

t 6 - 10 - 12 - 14 - 15 - 17-  3 

t 6 - 10 - 13 - 14 - 15 - 17 - 5 

J, 6 - 10 - 12 - 14 - 15 - 17 - 3 

J. 6 - 10 - 13-  14-  15 - 17 - 3 

Figure 3(b) shows the resynthesized circuit with all pa.ths 
test able. 

Figures 4 and 5 show the intermediate steps of re- 
synthesis for the s27 benchmark. First. the com- 
binational portion of the circuit is extracted in Fig- 
ure 4(a). Flip-flop inputs and outputs become primary 
outputs and primary outputs, respectively. The ini- 
tial Path-Status Graph is shown in Figure 4(b). Gates 
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Figure 3: (a) se7 benchmark original circuit. (b) re- 
synthesized fully single PDF testable circuit 

{8,9,10.15} are the only gates represented in the Path- 
Status Graph since they have multiple fanouts. The 
final Path-Status Graph is shown in Figure 4(c). It 
was obtained after performing simulation with 14 ran- 
dom SIC pattern-pairs. However, with these patterns, 
all singly testable PDF were detected. Notice that the 
number 14 is significantly smaller than the exhaustive 
set of pattern-pairs, which is 16,256. Flags remaining a t  
their initial “false” values in the final PSG are shown in 
the Figure 4(c) and marked with bold lines. Two ver- 
tices are duplicated {lo’, 15’}. The re-synthesized circuit 
is shown in Figure 5(a). The sub-circuit corresponding 
to vertex 10’ is composed of gate 10’ only, while the sub- 
circuit corresponding to vertex 15’ is composed of gates 
{ 15‘. 14‘, 13’, 12’}. This circuit is redundant; for exam- 
ple, there is an untcstable single stuck-at-0 fault at the 
output of gate 10’. Therefore, gate 10’ can be removed 
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Figure 1: Re-synthesis of s2T (a) extracted combina- 
tional portion, (b) initial PSG, (c) final PSG 

and the inputs of gate 12’ and 13’ are set to logic 0, as 
shown in Figure 5(b). The circuit is further simplified 
by removing gates 12’ and 13’. The  final irredundant 
circuit is shown in Figure 5(c). After re-connecting flip- 
flops, the circuit of Figure 3(b) results. 

In the re-synthesized circuit, all path-delay faults are 
singly testable. The testability has changed from 89% to 
100%. Using same gate delay assumptions, the speed of 
the circuit changes from & to &, a 2% increase. The 
number of transistors increased from 126 to  134 due to 
added NAND gate 14’ and NOR gate 15’, causing a 6% 
area increase. Table 1 summarizes the results. 

5 .  Application Notes 

The technique of false-path removal is based on (a) 
non-enumerative path delay simulation and (b) stuck- 
fault redundancy removal. For both of these opera- 
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Figure 5 :  Re-synthesis continued: (a) resynthesized com- 
binational portion, (b) and (c) simplification 

tions, efficient algorithms are available. Any exact path 
analysis must have an exponential complexity. In the 
non-enumerative technique of the PSG, the size of the 
graph increases due to node-splitting [6]. In the present 
context, the simulation can be stopped once the graph 
expands to  some predefined size. Redundant stuck-at 
faults can then be removed from that version of the cir- 
cuit. Fault simulation is further continued on the re- 
duced circuit. Thus, several iterations of simulation and 
redundancy removal can be applied for effective elimina- 
tion of false paths from a large circuit. 

An aspect of the technique, not demonstrated by the 
simple examples of previous sections, is the recombina- 
tion of nodes in the PSG. At the end of the procedure, 
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the PSG will have some split nodes necessary to isolate 
the tested and untested (but testable) paths. Many mch 
nodes can be recombined to compact the circuit. 

6. Conclusion 

In this paper, we outlined a new method of resyntkesis 
for testability of path-delay faults. This is a novel ap- 
plication of the path-delay fault simulation method with 
the  Path-Status Graph as the underlying data structure. 
The  simulator creates new redundant stuck-at faults, 
whose removal enhances the path testability of the cir- 
cuit. with very large number of paths, such as par(dle1 
multipliers. The quality of the result when complete test 
vectors are not available should be investigated. 
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