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Abstract

Increasingly, VLSI systems are being designed us-
ing macro blocks and predesigned cores. Since the
clock rate at which these circuits operate is steadily
increasing ouer the years, it is important to perform
delay testing on modern VLSI chips and systems. Al-
gorithms for delay test generation and delay fault sim-
ulation are known to be compute-intensive. Many of
these algorithms require gate-level descriptions of cir-
cuits which are dificult to generate and may be even
impossible to provide when the designer has made use
of predesigned cores. Hierarchical testing appears to
be an attractive alternate in such cases. Tests gen-
erated for logic blocks may be reused to generate tests
for larger systems comprising of the logic blocks, hence
reducing the total effort in test generation. We show
in this paper that the computational effort spent in
fault simulation can also be reduced using a hierar-
chical approach. The simulator HIDEFS described in
this paper exploits the modular nature of the circuit to
save on the memory requirement as well as execution
time requirement of fault simulation.

l Introduction

Testing a digital circuit for the presence of de-
lay faults has become important in the recent years
since modern circuits operate at very high clock rates
[l, 5, 61. A path P = ~1,~1,~2,. • • ,Sk in a digital
circuit is a sequence of signals, where si is a primary
input signal, sk is a primary output signal, and the
remaining si are internal signals; signal si is the out-
put of a logic block to which signal si-1 is an input,
1 <i5Ic . The delay along a path Pis the worst-
case delay that a logic transition at si will experi-
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ence before the transition is propagated to Sk. The
minimum and maximum path delays, considering all
such paths P, are important to a circuit designer since
they directly influence the clocking of the circuit. The
contributing factors to the delay of a path are the
switching delays of logic blocks and the interconnect
delays. During early stages of design, due to insuffi-
ciency of circuit-related information, the estimates of
critical path delays are not very accurate. Variations
in fabrication process parameters will also influence
the critical path delays of individual chips. A path
delay fault is said to exist along a path Pif a tran-
sition at the primary input si requires a longer time
to make itself visible at the primary output terminal
Sk. Two different types of faults are distinguished, de-
pending on the nature of the transition injected at si,
namely, 0 —+ 1 or 1 +> 0 transition. In a circuit with
n input/output terminals, there can be 0(2n) paths
and twice as many path delay faults. It is therefore
important to have efficient tools for delay test gener-
ation and delay fault simulation.

Efficient algorithms for delay testing and delay
fault simulation have been reported in [l,4, 5, 61.
These algorithms work at the gate-level of abstrac-
tion. Hierarchical techniques for test generation have
been studied in the recent past [2, 3, 8, 71. In this pa-
per, our objective is to describe a module-level fault
simulator called HIDEFS. The fault simulation algo-
rithms used in HIDEFS are discussed in Section 2.
The implementation of HIDEFS and results on ex-
ample circuits are discussed in Section 3. Conclusions
and scope of future work are described in Section 4.

2 Hierarchical Fault Simulation

The approach taken in this paper towards delay
fault simulation consists of three steps. (a) Comput-
ing the number of possible path delay faults in the
hierarchical circuits (b) Finding the number of paths
activated by each test in the test set (c) Estimate
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Figure 1: Module-external and module-internal paths
in a half-adder cell

the fault coverage FC from the knowledge derived in
steps (a) and (b) above. Let F be the set of all delay
faults associated with the given circuit. Let F(t) be
the set of delay faults detected by a delay test t. The
fault coverage FC for a test set Tis given by

FC = (1)

2.1 External and internal paths

Consider a logic block M in a module-level circuit.
Given an input MI to the module and an output
terminal MO of the module, there may be a num-
ber of module-internal paths between MI and MO.
A path in the complete circuit may be of the form
• • • MI MO . . .. We shall refer to such a path as a
module-external path. If a delay test t activates a
module-external path P, the user will appreciate that
it may actually activate one or more module-internal
paths from MI to MO. In Figure 1, the test vector
< a = Ul, b = Sl > applied to the half adder circuit
activates the module external path from a to S. It also
activates the module-internal path a 3 6 7 s. We need
to distinguish between module-external and module-
internal path delay faults. Let Lij be the number of
module-internal paths from input i to output j of a
library cell. In order to account for module-internal
paths without having to expand the internal structure
of the module, we create a virtual fanout stem at i,
as shown in Figure 2 with Lij fanout branches. After
this modification, there is only one module-internal
path from any virtual fanout branch to any output
terminal of the module.

2.2 Counting the number of paths in a
module-level circuit

Consider a module-level circuit (MLC) comprised
of library cells. Assume that virtual fanout branches
have been added at the inputs of the library cell.
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Figure 2: Adding a virtual fanout branch
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Figure 3: Computing the number of paths in a
module-level circuit

Consider a library cell with inputs il,iz,..,ik a n d

outputs jl)j,,
.
 :in-Let N,(jk,o,) be the number

of paths from line j, to primary output o, of the
MLC. Let @ be a concatenation operator for paths.
For every path p from jk to o,, there is also a path
U '. . jk@p, where il is an input terminal of the cell.
Let Lirjb be the number of module-internal paths from
il to jk. Therefore, the number of paths from il to o,
is given by the following recursive equation.

Np(&,o,) = Li,j, X Np(jk,%) (2)

For a fanout stem i with branches i l , 12, ••-,«/ at the
input of a module, the number of paths from i to
primary output o, is given by

N(i,om) =^2Np{it,om) (3)

To terminate the recursion, we have the equation

Np(om,0,) = 1 (4)

We can use the above equations to compute the num-
ber of paths from every primary input of the MLC
to every primary output of the MLC. We start from
the primary outputs and work our way backwards
until we reach the primary inputs. This procedure
is illustrated for an example in Figure 3. There are
3 + 7 + 7 = 17 paths in this circuit and 34 path-delay
faults.

2.3 Fault Coverage due a single test

The set of paths activated by a delay test t=<
Vl, V2 > can be found through a 5-valued logic simu-
lation [4]. 5-valued logic system consists five logic val-
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procedure FaultSimulate
begin

Step 1. Place z on all fanout branches of the MLC.
Step 2. Place t=< Vl, V2 > at the primary inputs i

of the MLC.
Step 3. for each module m whose inputs i

have been defined do
Step 3.1. Perform a 5-valued simulation of m and

determine the outputs of m
Step 3.2. Mark a path from each fanout branch i

feeding m to an output of m as
sensitized if the value on fanout branch
robustly propagates to the output of m.

end
Step 4. Repeat Step 3 until all primary outputs

are determined.
end

Figure 4: Procedure to mark the paths activated by
a delay test t

ues, namely, SO, Sl,UO,Ul, and XX. SO and Sl rep-
resent static 0 and static 1 respectively. Ul is inter-
preted as a 0 + 1 transition on the signal lines along
the path being tested. Similarly, UO is interpreted as
a 1 +> 0 transition on the signal lines along the path.
XX is interpreted as an unknown value. XX is said
to cover UO and Ul. UO is said to cover SO, and Ul
is said to cover Sl. The procedure FaultSimulate is
given in Figure 4. Before invoking the procedure, we
mark all module-internal path faults as undetected.
We illustrate the procedure in Figure 5 for an MLC
consisting of two instantiations of a half adder and
one instantiation of an OR gate. After adding the
virtual fanouts, there is exactly one module-internal
path from every module input to every module out-
put. The test vector t=< SlUlUl > is considered.
5-valued logic simulation determines the logic values
at all intermediate terminals and the primary outputs
of the circuit. Referring to the half-adder circuit, we
see that the transition on the primary output C prop-
agates through the paths b3 c2 C and a3 c2 C. We
mark these paths as sensitized. We now label the
output C to which the fault has propagated with the
label [l]. We work our way backwards to the primary
inputs through the sensitized paths and label the ter-
minals on our way. The label of c2 is [l] since there is
only one path from c2 to C which has been sensitized.
The labels of a3 and b3 are similarly found as [l]. The
label at a fanout stem is the sum of the labels of its
branches. Thus we obtain the labels of a and b as [I].
The total number of faults detected by the test vector
is therefore 1+1=2.
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Figure 5: Fault simulation of an MLC

2.4 Fault Coverage of a Test Set

To compute the fault coverage of a test set, one
can apply the procedure of Figure 4 repeatedly for
every test. However, this requires us to check if any
nezu path delay faults are covered by a test. A test
t covers a new path delay fault if a path sensitized
by t includes a line 1 and a transition type r such
that the combination <1,~>does not appear in
any of the paths counted previously. We shall refer
to the line 1 as a physical line and the combination
< 1, I- > as a logical line. Thus, in a half-adder cir-
cuit, a and b are examples of physical lines. < a,?>
and < b, J> are examples of logical lines. Thus, we
count a path sensitized by t as a new one if it includes
a logical line that has not been covered by previously
counted paths. A pessimistic estimate of the number
of new path delay faults detected by t can be found
by considering a path as a new one if it includes a
physical line that has not appeared in the previously
counted paths. With each physical line 1, we associate
two variables, ~1 and &. When we perform the fault
simulation of the MLC for a test t, ~1 indicates the
number of path faults detected by t on paths start-
ing from 1 and leading to some primary output. 61
indicates the number of similar faults that have been
already detected by previously applied test vectors,
including t. We are now ready to give a pseudo-code
description of the hierarchical delay fault simulation
procedure (see Figure 6).

3 Implementation and Results

We implemented HIDEFS, a HIerarchical DElay
Fault Simulator, which is based on the algorithms de-
scribed in the previous section. Our implementation is
in C programming language and requires about 3000
lines of code. The inputs to HIDEFS are a module-
level circuit described in a local format and a file con-
taining the delay test vectors. In order to obtain test
vectors, we used the MODET test generation tool [7].
We also generated pseudo-random test vectors using
a tool called RGEN. HIDEFS also reads functional
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procedure HierarchicalDelayFaultSimulation( 7)
{ 7 is the delay test set }
begin
Let 4 be the set of all logical lines in the MLC;
FaultsCovered = 0;
for each test tE7 do begin
FanltSimulate(t);
F = Set of lines activated by t;
for each physical line 1 do
111 = 0; 61 = 0;

end
Queue := NIL;
for each primary output z
that has been activated do
s,= 1;
Enter z into Queue;

end
while (Queue# NIL) do begin

Delete entry e from Queue;
Suppose e is the output of module M;
Let a be the set of logical fanout branches

feeding A4 such that they have transitions;
for each i £ a do

pb = &; bb = 6 , ;

if b E r then begin
pb = Pb + bb;

Sb = 0;
if pb# 0 t h e n
<t> = < £ - { & } ;

end
end

Let s be the fanout stem of cu;

Table 1: Results for Parity Check Circuits using De-
terministic Test Set

, 6

end
Let p be the set of primary inputs;
FaultsCovered = FaultsCovered +

end
end

fij\

Figure 6: Hierarchical Delay Fault Simulator

behavior of the library cells described in the Berkeley
Logic Interchange Format (BLIF) and the test vectors
for activating the module-internal paths in the library
cells. The outputs of HIDEFS are (a) the number of
path delay faults in a gate-level realization of the cir-
cuit, and (b) the fault coverage obtainable using the
specified test set.

We tested HIDEFS against several MLCs such as
ripple carry adders with different levels of hierarchy
and parity check trees with two levels of hierarchy.
The results obtained for the parity check tree cir-
cuits for deterministic tests are summarized in Table
1. PClc refers to an z-bit parity check tree circuit. In
the table, Ft denotes the number of path delay faults
in the gate-level realization, as printed by HIDEFS.

M L C

PC8
PC16
PC32

Ft

128
512

2048

t”

20
44
92
188

FC
%

62.5
29.7
15.6
8.2

Level 1
Exec M c m
0 96 8 94
2 35 27 63
6 40 96 77
18.99 421.51

Level 2
Excc M e m
1.34 15
3 73 58
12 09 269
42 67 1.509

tv is the number of test vectors. FC is the obtained
percentage fault coverage. Level 1 and Level 2 de-
note two different design hierarchies; the parity check
tree is constructed using XOR gates as library cells
in Level 1. In Level 2, XOR gates are further con-
structed using NAND gates. Thus Level 2 represents
a gate-level realization in the conventional sense. For
each design hierarchy, we report the execution time
Exec in seconds on a Sun SPARCstation with 16
MB main memory. We also report the memory re-
quirement of HIDEFS as page-clock tick product. We
see that the execution time and memory requirement
for a gate-level realization (Level 2) are significantly
higher. Similar observations can be drawn from Table
2 which reports the results on parity check trees for
randomly generated tests. For a 32-bit parity check
tree, HIDEFS took 42 seconds for a flattened gate-
level circuit description; it took only 19 seconds for a
hierarchical description. For this example, the mem-
ory requirement was about 50 times larger when we
used a flattened gate-level circuit description.

The results for ripple carry adders are reported in
Tables 3 and 4 for deterministic and random test vec-
tors respectively. rcax refers to a ripple carry adder
that can add two x-bit numbers. In these bench-
marks, we used four different realizations. Level 1
construction uses full adders as library cells. Level 2
uses half adders. Level 3 uses 2-input XOR gates and
NAND gates as library cells. Level 4 uses only NAND
gates. We see that the size of the fault set increases
sharply with the size of the benchmark. In contrast,
we see only a linear rate of increase in the execution
time of HIDEFS. Similarly, the memory requirement
of the fault simulator increases sharply with the size
of the benchmark and the level number. For a 32-bit
rca, the memory requirement of Level 4 is about 20
times that of Level 1. The advantage of using more
complex library cells is clearly brought out by com-
paring the execution times and memory requirements
in Tables 3 and 4. In fact, for the rca64 circuit, the
memory requirement of Level 4 was so large that ex-
ecution was rejected by the operating system.
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Table 2: Results for Parity Check Circuits using Ran-
dom Test Set

M L C

P C 4
P C S
PC16
PC32

F t

3 2
128
5 1 2

2048

t v

2 0 0
4 4 0
9 2 0

1880

F C
%

87.5
46.9
22.9
10.2

Level 1
Exec Mem
7.79 77.78

21.09 257.76
62.77 1038.69

205.36 5719.27

Level 2
Exec Mem
10.51 135
32.96 568

117.59 3170
454.91 23,716

4 Conclusions

In this paper, we have reported a hierarchical fault
simulation tool for estimating path delay fault cov-
erage. The advantage of a hierarchical fault simu-
lator is its lower execution time and lower memory
requirement. Most existing fault simulators flatten a
hierarchical description into a gate-level description.
This flattening itself consumes time. Our results indi-
cate that we can save this effort and gain significantly
by performing fault simulation at a module-level of
abstraction. In order to use our hierarchical simula-
tor, the extra effort involved is in the preparation of
data for library cells. Gate-level fault simulation is re-
quired for each cell. But considering that this is a one-
time effort, the benefits derived from hierarchical fault
simulation are still significant. The work reported in
this paper can be extended in many ways. The mod-
ules used in our experimental work have been small in
complexity, such as full adders and half-adders. We
intend to experiment with larger modules. Although
5-valued logic simulation was used in this work dur-
ing fault simulation of a single delay t,est, one can use
g-valued logic as in [5] to obtain further speedups.
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Table 3: Results for Ripple Carry Adder Circuits
tested using Deterministically Generated
Test Set

4
8
16
32

F t

2 7 4
9 3 0

3394
12930

t v

82
162
3 2 2
6 4 2

F C

54

47.2
45.9
45.7

Lev 1
Exec

1.8
5.7

24.7
159.9

M e
71

2 9 7
1855

19103

.2
5
y

8

Lev 2
Exec

2 .2
8.5

54.6

85
4 1 7

3654

8
b
1

L e v

2
10
6 4

3

8
8
3

123
123
1 2 3

t
i
i

Lev 4

5.8

285.4
218.2

M
3 0 5

2143
25092

Table 4: Results for Ripple Carry Adder Circuits
tested using Randomly Generated Test Set

Tl

4
8
16
32

F t

2 7 4
9 3 0

3394
12930

t v

8 2 0
1620
3220
6420

FC
%

57.3
31.8
17.3
10.1

Lev 1
Exec

55
144
7 1 8

4625

M e m
739

1714
24505

294834

Lev 2
Exec

6 1
2 1 6

1576
17085

M e m
9 5 3

2597
65730

982629

Lev 3
Exec

72
2 6 8

1824
18278

M e m

1250
3542

66646
1748934

Lev 4
Exec

140
3 9 0

6268

M e m

3666
13731

321007
-
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