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Abstract

This paper discusses the prominent features of
PROOFS, a super-fast sequential circuit simulator
used in VLSI fault simulations. It touches upon the
salient aspects such as the PROOFS algorithm, com-
parison with other contemporary simulators and ex-
perimental results. Also, PROOFS uses the advanta-
geous features of differential, concurrent and parallel
fault simulation techniques and uses the single fault
propagation model. Moreover, it also reduces the soft-
ware complexity, memory usage and the time required
for simulation. It is demonstrated that PROOFS needs
only 20% of the memory required for concurrent fault
simulation but runs 6 to 67 times faster on certain
ISCAS benchmark circuits.

Keywords : VLSI Testing, PROOFS, Fault Simu-
lators.

1 Introduction

Gordon Moore predicted in 1965 that the number
of transistors per square inch on integrated circuits
would double every year since the integrated circuit
was invented.With tremendous strides in VLSI tech-
nology, Moore’s law is valid even today. Moore pre-
dicted that this trend would continue for the foresee-
able future. However, in subsequent years, the pace
did slow down a bit, but the data density has doubled
approximately every 18 months, and this is the cur-
rent definition of Moore’s Law. The amount of logic
circuitry and the complexity has also grown propor-
tionally.

To test such a large number of components using
only a few hundred pins on the chip is an extremely
difficult task. This calls for design tools and other soft-
wares and one amongst them is the fault simulator. A
fault simulator [1, 2] is used to develop manufacturing

tests, i.e., it can simulate the circuit output response
even in the presence of faults.

The fault list supplied(or generated, as the case
may be) determines the coverage of a given set of input
vectors for a given fault list. A good fault simulator
is one that has a very high fault coverage for a very
few input vectors. Also, because of the complexities
of the circuits involved in present day VLSI chips, it
is of paramount importance that the simulator also
complete the job as quickly as possible. This can be
done in various ways by inferring the data generated
from the fault coverage. The simulation time can be
reduced by not simulating faults that have already
been detected while detecting another fault. Hence,
fault simulators are used to find unproductive(vectors
which can be eliminated without reducing fault cover-
age) test vectors; dropping of such vectors can hasten
the test generation process.

To perform all these operations for complex VLSI
circuits, we require fault simulators that are fast, and
use memory efficiently.

1.1 Strategy for Fault Simulation

All fault simulators are based on a common philoso-
phy. The essential tasks of a fault simualtor are de-
scribed in Table 1.

The table is a description of m faulty machines and
n test vectors [3, 4]. Each column corresponds to one
of the test vectors and each row corresponds to a fault-
free or faulty machine. The primary task of the fault
simulator is to generate the primary output values for
each one of the (m+1)n machine status and thereby
determine which faulty machines have output vectors
different from the good machine.

The usual strategy is to develop generate every ma-
chine status using a different test vector of the same
machine. This is illustrated in Table 1. For instance,
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Table 1: Tasks of a Fault Simulator

V1 ... Vi Vi+1 ... Vn

Good G1 ... Gi Gi+1 ... Gn

Bad1 B1,1 ... B1,i B1,i+1 ... B1,n

Bad2 B2,1 ... B2,i B2,i+1 ... B2,n

. . ... . . ... .

Badk Bk,1 ... Bk,i Bk,i+1 ... Bk,n

Badk+1 Bk+1,1 ... Bk+1,i Bk+1,i+1 ... Bk+1,n

. . ... . . ... .

Badm Bm,1 ... Bm,i Bm,i+1 ... Bm,n

we can generate B1,i+1 from B1,i by simulating the dif-
ferences of their test vectors as the initial event sources
and events inside their circuits.

Serial fault simulation, Parallel fault simulation [5,
6], deductive fault simulation [7] and concurrent fault
simulation methods [8, 9] generate each machine sta-
tus as described above. Concurrent fault simulator
is the fastest but every line in the circuit is associ-
ated with a list, which requires a large amount of
memory. Deductive fault simulation requires a spe-
cial set of operations which have a large time over-
head. Parallel simulation, simulates N (for a N bit
machine) faulty machines per pass but does not have
the ability to drop detected faults. Differential sim-
ulation [10] determines Bi, j from the state Bi − 1, j.
This simulation requires less memory but suffers from
the inability to drop detected faults easily because
subsequent faulty machines rely on differences from
previous faulty machines. Single fault propagation
generates each machine state from its reference ma-
chine state in the same column, however restoring the
state of the good machine before every faulty machine
simulations results in a performance overhead. Single
fault propagation with word level parallelism is par-
allel pattern single fault propagation technique. Effi-
cient heuristics haev been proposed to trace the fault
effects in combinational circuits, which will not be use-
ful for sequential circuits. All the drawbacks discussed
above are overcome by PROOFS.

An alternative and more efficient approach is to
generate each machine status from its reference ma-
chine status , i.e., using the same test vector but
from a different machine. Some of the other fault
simulators are differential fault simulator(DSIM),
SSIM(a software levelized compiled-code simulator)
and ROOFS(a forerunner of PROOFS).

DSIM can record value differences at state elements
with minimla overhead. However, in sequential cir-

cuits, a fault can be detected across several time-
frames and it is difficult to trace it. Hence, every
faulty machine has to be simulated explicitly and the
overhead to restore the fault-free machine status back
might become difficult. Hence, what is done is that
the reference machine in DSIM is not the fault-free
machine but the previous machine simulated. How-
ever, SSIM uses the fault-free machine as the reference
machine. Hence any particular kind of ordering of the
fault has no effect in SSIM.

ROOFS stands for RestOrative Order-independent
Fault Simulator. This technique sets the fault-free ma-
chine status before performing a faulty machine sim-
ulation. The salient feature of ROOFS is the restora-
tion of the fault-free machine status every time and
this has to be efficient lest it penalize the simulation
time. Hence the restoration procedure is discussed in
some detail in the ensuing subsection.

1.2 Restoration of fault-free machine

status

There are three copies of the circuit status at all in-
stants. The first copy holds the fault-free machine
status which is a result of true-value simulation. Fur-
ther, every faulty machine status is assigned a simula-
tion ID by which we can identify a particular fault in
a machine. So, when a deviation from a fault-free ma-
chine status is detected, the faulty value is recorded
in the second copy and the corresonding simulation
ID in the third copy. There is a possibility to generate
2N simulation IDs in a N-bit word processor. Hence,
this does not cause any problems in the simulation
time. Also, since the first copy contains the fault-free
machine status, there is no time penalty in restoring
it.

The restoration procedure is shown below and is
self-explanatory.

For every test vector
{
Do true-value simulation;
for every undetected faulty machine
{
Give a unique simulation ID;
Inject current fault;
recover current states;
do event-driven simulation;
if the fault is detected, drop the fault;
}
}
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2 PROOFS

PROOFS is an acronym for Parallel ROOFS. This is
because of the parallel nature of execution of ROOFS.
N-bit word length can be exploited by simulating N
simultaneous logic gate operations. This is the tech-
nique of parallel simulation. A combination of parallel
simulation and ROOFS is used in the PROOFS fault
simulator.

2.1 Terminology

2.1.1 Fault Dropping

A certain fault is said to be dropped if that fault is de-
tected and removed from current list of faults. Fault
dropping reduces gate evaluations and speeds up sim-
ulation. If a fault is not detected, then all the state
nodes with values different from the good machine val-
ues are stored in the linked list associated with the
fault for the next vector.

2.1.2 Fault Grouping

The dynamic fault grouping strategy [11] regroups
the remaining faulty machines into groups of N ma-
chines(because of the N-bit word length) for each vec-
tor that is applied to the circuit. In order to reduce
the overall processing time, faults that cause the same
events should be grouped into the same packet. In
PROOFS, faults are ordered by a depth first search
from primary outputs towards primary inputs during
processing time.

2.1.3 Inactive Fault

If the stuck-at value of a single event fault f and the
good value of the faulty line are identical, the fault f is
not activated. Hence, it does not need to simulate the
fault. These kinds of faults, called inactive faults, are
not injected for parallel fault simulation. The concept
of inactive faults has been further extended, in the
later version of PROOFS. If a single event fault f is
active, the fault f is attempted to propagate one (or
two) level further. If the fault does not propagate to
any gate in the next one (or two) level, the fault f is
not injected.

2.1.4 Fault Injection

Faults are injected into the circuit by the fault sim-
ulator. In PROOFS, s-a-1 fault is injected by using
an extra OR gate in the circuit and s-a-0 is injected
by using an extra AND gate in the circuit. As shown

Figure 1: Fault Injection

Figure 2: Gate Evaluations

in the Figure s-a-1 fault at A in 2nd bit position is
introduced by inserting OR gate at line A with other
input of OR gate connected to a dummy gate whose
input is all zeros except 2nd bit position.

2.2 Data Format

Four valued (0,1,X,Z) algebra is used in PROOFS. Z
is used to depict bus conflicts in BUS nodes. Two
bits are used to code the four values. 0 is coded as
(1,0), 1 as (0,1), X as (0,0), and Z as (1,1). Figure
2 shows the logic used to evaluate different gates, 32
faulty machines at a time.

Fault-free and faulty machine values consists of two
32-bit words, V0 and V1, where each bit is used to
store a different faulty machines value. Group id is
stored in a 32 bit word. This allows more than 232

faulty machine simulations without requiring to clear
the older values.
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2.3 The Algorithm

A synchronous sequential circuit can be decom-
posed into flip-flops and combinational logic blocks.
The outputs of FFs are called pseudo-primary in-
puts(PPIs) and inputs of FFs pseudoprimary out-
puts(PPOs). Under the zero gate delay model, the
sequrntial behavior of the circuit can be simulated by
repeating the simulation of the combinational logic
blocks in each time frame. After simulation of one
group of faults, the PPOs which have different values
as compared to good circuit are stored. The states of
PPOs become PPIs in next time frame. The complete
algorithm of PROOFS is shown in the Fig.3.The main
loop which reads the next input vector, does the good
machine evaluation. Group Id is incremented and a
packet of N faults are injected together with previous
vector state node events and simulated using bit paral-
lelism of a computer word for that time frame. Faults
detected at POs are dropped, and state node events
are stored for next input vector. This is repeated un-
til all the faults are simulated. Then the next vector
is taken, group id is incremented and above steps are
repeated. Good fault grouping strategy simulates all
the faults in minimum number of passes thus reducing
the iteration count in the inner loop and speeds up the
simulation.

3 Results

A cross-section of the results of the PROOFS fault
simulator are shown here. The PROOFS algorithm
was implemented and run on many of the ISCAS se-
quential benchmark circuits. Figure 4 shows a sum-
mary of the circuits and test vectors used to evaluate
the fault simulator. The vectors were generated using
the sequential circuit test generator.

Figure 5 shows a comparison of of PROOFS versus
Concurrent. As we notice, the speed-up ratio varies
greatly and can vary as less as 7 to as high as 67 for
different benchmark circuits.

4 Conclusion

Parallel ROOFS was found to be very efficient in re-
ducing events by 12% to 67% and time by 13% to
65%.

When compared with earlier fault simulators like
differential fault simulator and concurrent fault sim-
ulator, PROOFS is definitely a better fault simula-
tor in terms of speed and memory usage. Although
new fault simulators based on parallel pattern single

Figure 3: Flowchart depicting PROOFS algorithm
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Figure 4: Descriptions of various Benchmark Circuits
and vectors

Figure 5: A comparison of PROOFS with Concurrent

fault propagation PROOFS is faster for large circuits.
Fault simulator, HOPE, uses the idea of screening out
of faults with short propagation paths through single
fault propagation. Effective fault injection methods,
better dynamic fault grouping strategies and taking
advantages of PARIS at the expense of memory are
some directions for the improvement of PROOFS fault
simulator.
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