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Abstract

We discuss the advantage of using hierarchy in testing.
Our demonstration is based on the problem of fault col-
lapsing. Though this problem is not considered to be too
complex, the time of collapsing faults in moderately large
circuits can be several hours or more. This can be consider-
ably shortened by hierarchical fault collapsing. Large cir-
cuits are efficiently described using hierarchy, which signifi-
cantly helps the architectural design, verification and phys-
ical design. In hierarchical collapsing, we do not flatten the
circuit and the collapsed fault sets computed once for sub-
circuits are reused for all instances of those sub-circuits.
The time required for collapsing a flattened 8192-bit ripple
carry adder using a test program like Hitec is 84 minutes,
while the fault collapsing using multiple levels of hierarchy
takes 55 seconds. When functional functional fault tech-
niques are used for smaller sub-circuits, hierarchical fault
collapsing results in collapse ratios lower than those ob-
tained with structural collapsing of flattened circuits, with-
out compromising on the reduction in the CPU time for col-
lapsing. Using functional collapsing for a full adder library
cell, we hierarchically collapse faults in a 8192-bit adder
to sets of 196,610 equivalence and 98,304 dominance col-
lapsed faults. In comparison, the flattened circuit collapses
into 294,914 and 229,378 equivalence and dominance col-
lapsed sets, respectively. The advantage of smaller collapse
ratios may be in the reduction of fault simulation effort and
in the number of test vectors. It has been observed that the
CPU time for structural fault collapsing for Boolean circuit
by conventional programs grows as the square of the circuit
size. A closer to linear time complexity can be expected for
hierarchical fault collapsing.

1. Introduction

Fault Collapsing is widely used to reduce the number of
target faults for test generation and fault simulation. It has
been shown [13] that the cost of test generation has higher
complexity than a linear relation with the number of faults
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to be tested. Hence, any technique reducing the size of col-
lapsed fault set would improve the performance of test de-
velopment procedure for VLSI circuits. Structural fault col-
lapsing has been dealt thoroughly in any text book on digital
testing [1, 8].

Fault collapsing can be classified into two types - equiv-
alence collapsing and dominance collapsing. Two faults are
called equivalent if and only if the corresponding faulty cir-
cuits have identical output functions [8]. Equivalent faults
are indistinguishable because they cannot be distinguished
at the primary outputs by any input vector. The set of all
faults in a circuit can be partitioned into equivalence sets,
such that all faults in a set are equivalent to each other.
Equivalence collapsing is the process of fault partitioning
and selecting one fault from each equivalence set. The fault
set thus obtained is called equivalence collapsed set.

Another form of collapsing that can further reduce the
fault set size is dominance fault collapsing. If all tests of
fault f; detect another fault f5, then f5 is said to dominate
f1. The two faults are also called “conditionally” equivalent
with respect to the test set of f1 [8]. In dominance collaps-
ing, all dominating faults in an equivalence collapsed set are
left out retaining their respective dominated faults.

In Section 2, we discuss the background of fault collaps-
ing. The hierarchical fault collapsing technique is described
in Section 3. The results obtained with this technique are
discussed in Section 4. A recent paper [35] describes some
work presented here. More details are available in a the-
sis [34].

2. Background

There has been considerable work in the area of fault
collapsing. Several authors [10, 16, 18, 25, 28, 36, 41]
concentrate on finding the fault equivalences, while oth-
ers [3, 26, 32] deal with fault dominance relations. Re-
cent papers also give methods to find fault equivalences
using ATPG [16, 41] and simulation [5]. Fault equiv-
alence identification can be based on redundancy infor-
mation [6], and hence test generation can prove equiva-
lence [18]. There are techniques to find the relations be-
tween the faults on a fan-out stem, its branches and the re-
convergent points [2, 27, 30, 38, 40].

It can be shown [14, 20] that identifying fault equiva-
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lence between two arbitrary faults in a combinational circuit
is an NP-complete problem because it requires proving the
equivalence of the two faulty functions. So, functional col-
lapsing is not recommended for large circuits. Hence, most
ATPG programs [9, 21, 23, 31] use only structural collaps-
ing. Hierarchical fault collapsing seems to be an alternative
that allows some functional collapsing. Hierarchical fault
collapsing results in a collapse ratio lower than that obtained
by structural collapsing alone, but not as low as obtainable
if a complete functional collapsing could be used.

The increasing complexity of the circuits can be effi-
ciently handled using a hierarchical design process. The
hierarchical description of a circuit at the highest level con-
sists of an interconnection of few blocks, which are de-
scribed at a lower level of hierarchy as interconnects of
other blocks and gates [43]. A block or a sub-circuit C; in
a circuit Cj is called an instance of C;. The circuit defined
by hierarchical description can be obtained by an expansion
process referred to as flattening.

The hierarchy of a circuit description can be used in test
generation [24, 42, 44] and fault simulation [22, 29, 33].
To the best of the author’s knowledge, there have been few
papers [3, 17, 32, 35] that have used hierarchy of the cir-
cuit to collapse faults. There are advantages of using hierar-
chy to collapse faults. A reduced fault set, that is computed
once for a sub-circuit, can be reused for all instances of the
sub-circuit. For smaller circuits, functional fault collapsing
techniques can achieve better collapse ratios.

2.1. Graph Model

We use a graph model described in the literature [4, 32].
The fault equivalence and dominance relations are repre-
sented by a directed graph. In this graph each fault is rep-
resented by a node. If fault f; dominates fault f; then this
is represented by a directed edge from node f5 to fi. This
edge indicates that any test for fo must detect f;. Clearly,
the presence of edges f1 — f2 and fo — f; indicates that
the two faults f; and f5 are equivalent. Fault dominance
graph, or simply a dominance graph, represents the domi-
nance relations among the faults of a circuit.

Figure 1 shows the dominance graph for all faults of an
OR gate. The subscript fault notation has been used, that is,
ag means that the fault is on line named ‘a’ and is s-a-0. The
dominance graph is conveniently represented by its domi-
nance matrix shown in Table 1. A 1 entry at the intersection
of a row and a column means that the fault corresponding
to the column dominates the fault corresponding to the row.
For example, the 1 in the second row and the last column
indicates that ¢; dominates a;. Equivalence of two faults is
expressed by two 1’s placed at both intersections of the rows
and columns of those faults. Since there is also a 1 in the
last row and second column indicating that a; dominates ¢,
it can be said that a1 and c; are equivalent. This dominance
matrix is used in hierarchical fault collapsing technique to
represent all the dominance relations between the faults.
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Figure 1. Dominance graph of an OR gate.

Table 1. Dominance matrix of OR gate.

ag ai bo bl Co C1
a 1 0 O 0 1 O
ag 0 1 0 1 0 1
bp 0 O 1 0 1 O
bp 0 1 0 1 0 1
c 0 0 0 0 1 O
cc 0 1 0 1 0 1

3. Hierarchical Fault Collapsing

Typically, faults in a hierarchically described circuit
are collapsed after flattening the hierarchy [9]. In our
method, we do not flatten the circuit to collapse the faults.
Hierarchical fault collapsing is based on the following
theorem [15, 17]:

Theorem: If two faults are functionally equivalent in a
combinational sub-circuit M that is embedded in a circuit
N, then they are also functionally equivalent in N . [ ]

Functional equivalence here means diagnostic equiv-
alence, as defined in a recent paper [35]. Such faults
are called intrinsically equivalent in M by Goundan and
Hayes [15]. This is demonstrated using the circuit in Fig-
ure 2, where the s-a-1 faults on lines x and y are intrin-
sically equivalent in M. There is another kind of equiva-
lence, called extrinsic equivalence [15]. If two faults f; and
f; located in a sub-circuit, M, are equivalent in the circuit
N, but are not equivalent in the sub-circuit, then they are
called extrinsically equivalent in M. In Figure 2, the s-a-1
faults on lines p and s are not equivalent in sub-circuit M
but become equivalent in the complete circuit. The extrin-
sically equivalent fault pairs form a subset of functionally
equivalent fault pairs. Such relationships are not detected
by hierarchical fault collapsing.

The collapsing starts at the topmost level of hierarchy.
Structural equivalence collapsing is done at this level us-
ing a line oriented structural fault collapsing technique as
explained by Nadjarbashi et al. [30]. Next, the dominance
relations between the faults in the equivalence collapsed set
are found using the algorithm in the next section. For every
s-a-0 on any input of an OR or NOR gate, the fault among
the equivalent set that dominates it is found by setting b as
0 in the algorithm. Then a 1 is introduced in the dominance
matrix to indicate this dominance using the update algo-
rithm [11, 12], which computes the transitive closure of the
dominance matrix. A similar procedure is followed for s-a-
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Figure 2. A circuit demonstrating extrinsic
equivalence.

1 faults on the inputs of AND and NAND gates.

3.1 Algorithm to Find the Dominance Matrix and
its Transitive Closure

1. Consider a stuck-at-b fault (f1) in the equivalence col-
lapsed set at the input of a Boolean gate.

2. If the gate is of inverting type (NOT, NOR, NAND),
then invert b.

3. If the equivalent set has s-a-b on this gate output, say
fa, then place a 1 at the intersection of the row cor-
responding to f; and column corresponding to fo and
use update [11, 12] for computing transitive closure.
Go to step 1 until all faults in the equivalence collapsed
set that are on the inputs of Boolean gates are consid-
ered.

4. Move one gate forward toward the primary output and
go to step 2.

Next, the processing of instances of the sub-circuits is
done. If the sub-circuit has a library file containing its
collapsed information, that file is used to introduce new
faults and relations into the dominance matrix. If there is
no such library file, a library file is created dynamically as
follows. If the sub-circuit does not have any user-defined
gates, namely, instances of other sub-circuits, in its descrip-
tion and has less than a prespecified number of gates, say 15,
we can use the functional collapsing algorithms [35]. Oth-
erwise, the sub-circuit is processed recursively in the same
way as the top level description is processed. This contin-
ues until all sub-circuits are processed. The collapsed fault
set description is written to a library file for future use.

To obtain the equivalence collapsed set, the fault set is
processed by algorithm equivalence [32]. This step re-
moves all extra faults that were added to assist the hierar-
chical fault collapsing. If dominance collapsing is required,
then algorithm dominance [32] is used.

4. Results

In this section, we present the results of hierarchical
fault collapsing, comparing the collapse ratios and collaps-
ing time. The library consists of files containing the col-
lapsed information of frequently used circuits like multi-
plexer, XOR, half adder, full adder, etc. Since the domi-
nance matrix has very few 1’s, it is implemented using a
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sparse matrix representation [19]. The transitive closure
is implemented using the update algorithm as described by
Dave et al. [11, 12]. This algorithm has a linear time com-
plexity in circuit size for sparse matrices, though in the
worst case its complexity remains O(n3), where n is the
number of faults.

4.1 Comparison of Collapse Ratios

The collapsed fault set sizes obtained with hierarchi-
cal fault collapsing for different circuits are shown in Ta-
ble 2. Those are compared with structural collapsing re-
sults for the corresponding flattened circuits obtained us-
ing Hitec [31] and Fastest [21] programs. The 4-bit adder
consists of four full adders, the 16-bit adder has four 4-bit
adders, and so on. The full adder circuit shown in the ta-
ble is not a hierarchical circuit and the collapsing results of
this circuit shown under the column Hierarchical are func-
tional (diagnostic) collapsing results [35]. The ISCAS’85
circuits [7] c432 and c499 have XOR gates which are con-
sidered as user-defined gates.

The collapse ratio of each collapsed set is shown by the
accompanying fraction in parenthesis. There is consider-
able improvement in the collapse ratios when hierarchical
collapsing is used. The reduction achieved for XOR and
full adder sub-circuits using functional collapsing is passed
onto other levels because of hierarchical collapsing. Even if
all hierarchical adder circuits are described using only one-
bit full adders, for example, a 1024-bit hierarchical adder is
built using 1024 one-bit full adder sub-circuits, the collapse
ratios would be the same. This is because, the reduction
in these hierarchical adders is solely due to the functional
collapsing done up to the full adder level. If the library
files used for XOR and full adder circuits had structural, in-
stead of functional, collapsed set information, the hierarchi-
cal fault collapsed sets would have the same collapse ratios
as obtained for flattened circuits. Functional collapsing here
refers to diagnostic collapsing [35]. If detection collaps-
ing [35] were to be used in any hierarchical adder we could
have used it on only one sub-circuit, the one which has all
its outputs as primary outputs. This causes a reduction of 3
and 6 faults in any of the equivalence and dominance col-
lapsed sets, respectively, under the column Hierarchical in
Table 2.

4.2 Comparison of CPU Times of Fault Collapsing

We have shown that hierarchical collapsing results in
better (lower) collapse ratios. Now, we show that the CPU
time taken by hierarchical collapsing is also lower than that
required for flattened (structural) collapsing. A C program
implementing the procedure is used to collapse the faults in
both flattened and hierarchical circuits. The CPU times re-
ported in seconds in all the tables in this section is clocked
on a 360MHz Sun UltraSparc 5_10 machine with 128MB
memory.

First, the implementation efficiency of our program is
checked. We used differently sized flattened adder circuits
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Table 2. Collapsed fault sets.

Number Number of collapsed faults (collapse ratio)
Circuit name of all Flattened (structural) Hierarchical (functional)
faults Equiv. Dom. Equiv. Dom.

Full adder 60 38 (0.63) 30 (0.50) 26 (0.43) 12 (0.20)
4-bit adder 234 146 (0.62) 114 (0,49) 98 (0.42) 48 (0.21)
16-bit adder 930 578 (0.62) 450 (0.48) 386 (0.42) 192 (0.21)
64-bit adder 3714 2306 (0.62) 1794 (0.48) 1538 (0.41) 768 (0.21)
256-bit adder 14850 9218 (0.62) 7170 (0.48) 6146 (0.41) | 3072 (0.21)
1024-bit adder 59394 | 36866 (0.62) | 28674 (0.48) | 24578 (0.41) | 12288 (0.21)
8098-bit adder | 475138 | 294914 (0.62) | 229378 (0.48) | 196610 (0.41) | 98304 (0.21)
c432 1116 632 (0.56) 503 (0.45) 524 (0.47) 413 (0.37)
c499 2646 1574 (0.59) 1210 (0.46) 950 (0.36) 690 (0.26)

Table 3. Fault collapsing time for flattened cir-
cuits.

Circuit CPU time (seconds)
name AUSIM | Hitec | Our Program
4-bit adder 0.08 0.23 0.02
8-bit adder 0.11 0.24 0.03
16-bit adder 0.20 0.30 0.04
32-bit adder 0.43 0.36 0.10
64-bit adder 1.10 0.57 0.24
128-bit adder 2.65 1.47 0.75
256-bit adder 9.60 5.09 2.49
512-bit adder 39.5 19.5 9.38
1024-bit adder 165 77.7 39.9
2048-bit adder 650 326 166.4
4096-bit adder | 2623 1258 674.1
8192-bit adder | 10681 - 2676

(logic gate level circuits without any sub-circuits). The
CPU time taken by our program for collapsing the faults
is either similar to or better than that taken by other avail-
able programs [21, 31, 37]. In Table 3, we compare with
the time taken by AUSIM [37] and Hitec [31]. Hitec and
AUSIM do only equivalence collapsing while our program
also provides dominance collapsed set. It should be noted
that Hitec, in addition, calculates the controllabilities and
observabilities for each line, which are later used in test gen-
eration. All programs resulted in the same equivalence col-
lapsed set sizes for all circuits. We do not have the CPU
time taken by Hitec for the flattened circuit of 8192-bit
adder because it could not complete the collapsing opera-
tion for this circuit, probably due to some internal program
limit on size of the circuit. It can be seen from the table
that our program takes considerably less CPU time than the
other two programs although it displays the same time com-
plexity.

The CPU times shown in Table 3 are plotted on the graph
in Figure 3. Both axes of the plot have logarithmic scales
with base 2. The portion of the plot corresponding to adders
smaller than the 64-bit adder is included here only for com-
pleteness and can be neglected because of the coarse reso-
lution of the time commands used to record the CPU time.
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Figure 3. Fault collapsing time for flattened
circuits.

Since all the curves have a slope approximately equal to 2,
it shows that the CPU time in all these cases is proportional
to the square of the circuit size. This can be seen in Table 3
as well.

To understand the complexity of our program, we mea-
sured the time taken for different functions involved in col-
lapsing. The time taken by different sections of our program
for flattened circuits is tabulated in Table 4. The column
Flat Structure Processing gives the time required for build-
ing the structure of circuit. The columns Equiv. and Dom.
Collapsing show the time taken for collapsing faults based
on structural equivalence and dominance, respectively. The
total time taken for collapsing is shown in the last column
of Table 4 and is same as the last column of Table 3.

When the structure of the circuit is built, any node repre-
senting a gate or primary input has links to all nodes in its
fanin and fanout lists. The time taken to build such a struc-
ture is proportional to the square of the circuit size. This
is confirmed by the time taken by our program to build the
structure of the flattened circuits, as shown in the column
Flat Structure Processing in Table 4. The time taken for
equivalence and dominance collapsing grows linearly with

Page 4 of 8



Table 4. CPU time of different sections of our
program for flattened circuits.

Table 5. CPU time of different sections of our
program for hierarchical circuits.

Circuit CPU time (seconds)
name Flat Structure Equiv. Dom. Total
(adders) Processing Collapsing | Collapsing
4-bit 0.0 0.0 0.01 0.02
8-bit 0.0 0.0 0.01 0.03
16-bit 0.02 0.0 0.01 0.04
32-bit 0.05 0.01 0.01 0.10
64-bit 0.13 0.02 0.03 0.24
128-bit 0.54 0.05 0.05 0.75
256-bit 2.05 0.09 0.09 2.49
512-bit 8.60 0.17 0.20 9.38
1024-bit 38.3 0.36 0.41 39.9
2048-bit 163.1 0.74 0.84 166.4
4096-bit 667.4 1.49 1.63 674.1
8192-bit 2662 343 3.72 2676

4096

—+— Flat Structure Processing
1024 | —©— Equivalence Collapsing

Dominance Collapsing
—— Total

256

64 Slope ~

CPU time in seconds

Slope ~ 1—>»=9

0.062
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Size of adders in bits

Figure 4. CPU time of different sections of our
program for flattened circuits.

the circuit size. This is also verified using Figure 4, which is
a plot of the data in Table 4 for 64-bit and larger adders. The
slopes of the curves corresponding to Equivalence Collaps-
ing and Dominance Collapsing are 1, while those of Flat
Structure Processing and Total are 2. The plot also shows
that, for large circuits, the total CPU time is dominated by
the time needed to build the circuit structure. Hence, for
large circuits, the total time required for collapsing grows
as the square of the circuit size. Similar conclusions are
drawn for the time for collapsing using AUSIM [37].

Next, our program is used to collapse faults in the cir-
cuits described hierarchically with many levels just like the
hierarchical adder circuits in Table 2, i.e., a 1024-bit adder
is built using four instances of a 256-bit adder, which is
built using four instances of a 64-bit adder, and so on. The
times for different functions in the program are shown in Ta-
ble 5. The column Hierarchical Structure Processing gives
the time taken to build the structure of the hierarchical cir-
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Circuit CPU time (seconds)
name Structure | Equiv.+Dom. | Library | Total
(adders) | Processing | Collapsing
4-bit 0.0 0.0 0.0 0.01
8-bit 0.0 0.0 0.01 0.02
16-bit 0.01 0.01 0.02 0.05
32-bit 0.01 0.01 0.03 0.07
64-bit 0.01 0.01 0.07 0.10
128-bit 0.03 0.02 0.13 0.24
256-bit 0.05 0.02 0.19 0.49
512-bit 0.17 0.04 0.36 1.05
1024-bit 0.55 0.08 0.73 2.31
2048-bit 2.10 0.20 1.52 4.80
4096-bit 9.25 0.37 3.1 16.6
8192-bit 40.1 0.79 6.0 55.0

cuit. The time required for both equivalence and dominance
collapsing is shown under the column Equiv.+Dom. Col-
lapsing, of which the time required for equivalence collaps-
ing is the major component. The time taken to introduce
new faults of the sub-circuits from library files and their re-
lations is shown under the column Library. This time was
negligible in Table 4, since there were no sub-circuits in-
volved. The column Total gives the total time taken by
the program which includes the time taken to dynamically
collapse all the sub-circuits used in the hierarchical circuit.
However, the one-bit full adder block which has been ear-
lier collapsed using the functional technique is assumed to
be available from a stored library. For example, the time
shown against the 1024-bit adder includes the time of build-
ing the library files for 1024-bit, 256-bit, 64-bit, 16-bit and
4-bit adders, but not that of the 1-bit adder library element.
It can be seen that, even here the time required to build the
circuit (netlist structure processing) dominates as the size of
the circuit grows.

We show the times taken by our program for hierarchi-
cal circuits and flattened circuits in Figure 5. Here we com-
pare the times taken for building the structure and collaps-
ing faults, though the collapse ratios obtained for hierarchi-
cal circuits are better (lower) than those for flattened cir-
cuits. The times taken by our program for flattened circuits
are shown in solid line curves, while the times taken for
hierarchical circuits are shown in dashed line curves. The
collapsing time for flattened circuits is the sum of Equiv-
alence and Dominance Collapsing columns of Table 4.
The collapsing time for hierarchical circuits is the sum of
Equiv.+Dom. Collapsing and Library columns of Table 5.
It can be seen from Figure 5 that the time for collapsing in
both cases grows linearly with the circuit size. But there
is considerable improvement in the CPU time used to build
the circuit. When we build the hierarchical structure, the in-
ternal nodes of sub-circuits are considered only once and at
a lower level of hierarchy. But, in flattened circuits, the in-
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Figure 5. Comparison of CPU times of our pro-
gram for hierarchical and flattened circuits.

ternal nodes of all the sub-circuits have to be considered at
the same level. So, the number of nodes in the hierarchical
structure is much smaller than that in the flat structure. This
is the reason why the hierarchical structure is built much
faster than the flat structure. This improvement shows up in
the comparison of total times (curves drawn through trian-
gles) for the two cases in Figure 5.

In Figure 5, the time to build the structure of a hierar-
chical circuit grows at a rate proportional to the square of
the circuit size. It is expected that this complexity could be
less than the square. This is because, in the circuits that we
considered, different sized ripple carry adders, the number
of inputs and outputs grow at the same rate as the circuit
size. In general, however, according to Rent’s rule [8, 39],
the number of input and output terminals for a typical block
containing G logic gates is given by Equation 1:

T=KxG* (1)

where K is a constant between 1 and 5, and the exponent «
lies in the range 0.5 to 0.67. For the ripple carry adders, the
exponent « is close to 1.

The time to build the structure of the circuit is propor-
tional to square of the number of gates and primary inputs
in the circuit, as shown by the curves drawn with +’s in
Figure 5. For a hierarchical circuit, the number of nodes
that represent the structure of the circuit is dominated by
the number of inputs and outputs, as the internal nodes of
all sub-circuits are considered at a lower level of hierarchy.
For a general hierarchical circuit, which obeys Rent’s rule,
the time taken to build the circuit should grow at a rate twice
of a. If we assume v = 0.5, then the time taken to build the
circuit grows linearly with the circuit size. So, for a typical
hierarchical circuit, the total time required for collapsing
should have a near linear complexity in circuit size.

We now compare the CPU time required for fault col-
lapsing with different levels of hierarchy. Table 6 shows
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Table 6. CPU time improvement by hierarchy.

Circuit Flattened Circuit Hierarchical Circuit
name Hitec | Our Program | Two-level | Multi-level
4-bit 0.23 0.02 0.01 0.01
8-bit 0.24 0.03 0.02 0.02
16-bit 0.30 0.04 0.05 0.05
32-bit 0.36 0.10 0.08 0.07
64-bit 0.57 0.24 0.16 0.10

128-bit 1.47 0.75 0.32 0.24

256-bit | 5.09 2.49 0.69 0.49

512-bit 19.5 9.38 1.52 1.05

1024-bit | 77.7 39.9 3.60 2.31

2048-bit | 326 166.4 10.3 4.80
4096-bit | 1258 674.1 35.1 16.6
8192-bit - 2676 127.2 55.0

three hierarchical versions of the adders. The values in the
last column correspond to the circuits described hierarchi-
cally with many levels, just like the hierarchical circuits in
Table 5, i.e., a 1024-bit adder is built using four 256-bit
adders, and so on. The two-level circuits are built using a
one-bit full adder as the sub-circuit, i.e., a 1024-bit adder is
built using 1024 one-bit full adders. The flattened circuits
can be seen as hierarchical circuits with a one-level hierar-
chy, i.e., they are described completely at the gate level.

As pointed out in Section 4.1 the collapse ratios obtained
for the hierarchical circuits (i.e., two-level and multi-level)
in Table 6 are the same. The data shown in Table 6 cor-
responding to 64-bit and larger adders is plotted in Fig-
ure 6. The time values in the last (multi-level) column in-
clude the time required to build the library file of collapsed
sub-circuits at all levels. It can be observed from the figure
that the circuits described using greater depth of hierarchy
require less time for collapsing. When a different hierarchy
was used, say a 1024-bit adder was built using eight 128-
bit adders and the 128-bit adder used eight 16-bit adders,
and so on, it resulted in similar times as reported in the last
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Table 7. CPU times of our program for different levels of hierarchy.

Circuit CPU time (seconds)

name 1-bit | 4-bit | 16-bit | 64-bit | 256-bit | 1024-bit
2048-bit adder | 10.3 | 5.93 | 4.90 4.80 4.75 4.72
4096-bit adder | 35.1 | 18.7 | 154 14.6 14.4 14.3
8192-bit adder | 127.2 | 66.4 | 57.1 53.6 514 50.5

column. However, for another hierarchy when the 1024-bit
adder was built using sixteen 64-bit adders, the 64-bit adder
used sixteen 4-bit adders, and the 4-bit adder used four full
adders, it required less time than the two-level circuit, but
more than the multi-level circuit of Table 6.

If we assume that the library has the collapsing informa-
tion for all sub-circuits used in the circuit, then the time re-
quired for collapsing monotonically decreases as the num-
ber of levels of hierarchy increases. But, when we have to
build the collapsing information of the sub-circuits dynam-
ically, we should take care that the time savings achieved
by increasing the number of levels is not offset by the time
required to collapse the sub-circuits. For example, when the
library contains the collapsing information on 4096-bit and
2048-bit adders, a 8192-bit adder built using four 2048-bit
adders is collapsed in 50.2 seconds, while a 8192-bit adder
using two 4096-bit adders takes 50.0 seconds. The savings
of 0.2 seconds is easily offset by the difference (11.8 sec-
onds) between the times taken to build the library files for
the sub-circuits, 4096-bit adder (16.6 seconds) and 2048-
bit adder (4.8 seconds). So, when we have to dynamically
build the library information of the sub-circuits, the time
may monotonically decrease up to certain number of levels
of hierarchy, depending upon the specific circuits.

As we increase the number of levels in the hierarchy, the
number of nodes in the structure is decreased. But, the level
to level reduction in the number of nodes slows down with
increasing number of levels. So, the percentage saving in
time decreases as the number of levels increase. This can
be seen from Table 7 in which we give the collapse times of
three circuits, 2048-bit, 4096-bit and 8192-bit adders. Each
adder is built using only one type of sub-circuit, namely,
1-bit, 4-bit, 16-bit, 64-bit, 256-bit or 1024-bit adder. The
time required for collapsing faults in each case is shown in
Table 7. The columns in the table correspond to the sub-
circuits used to build the circuit. For example, the 2048-bit
adder takes 5.93 seconds when built using only 4-bit adders.
It is assumed that the collapsing information of 1-bit, 4-bit,
16-bit, 64-bit, 256-bit and 1024-bit adders is present in the
library. It is clearly seen that the reduction in time levels off
as we move from left to right through the table.

5 Conclusion

In this paper, we have explained the hierarchical fault
collapsing technique and the results obtained with this tech-
nique. We have shown that the benefit of smaller col-
lapse ratios achieved by functional collapsing techniques

Proc. IEEE 14th North Atlantic Test Workshop (NATW’05), May 11-13, 2005.

for smaller sub-circuits is passed on to the larger hierarchi-
cal circuits. The advantage of such a small collapse ratio
may be in the reduction of the fault simulation effort and in
the number of test vectors. The time required for collapsing
a hierarchical circuit is less than that for the corresponding
flat circuit. The time taken for flat circuits is proportional
to the square of the circuit size, while for hierarchical cir-
cuits, it is shown that the time for collapsing could be re-
duced closer to linear complexity. As the number of levels
of hierarchy in the circuit increases, the time for collapsing
decreases.

Care is needed in using dominance collapsed set since
there can be instances where the dominated fault is redun-
dant and the dominating fault (not included in the collapsed
set) is testable. For fault diagnosis, we can only use the
equivalence collapsed set.
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