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Abstract—Performance of VLSI is, first of all, its high operation
speed determined by a clock frequency. Developing of VLSI is
oriented to maximal possible clock frequency under correct
functioning. Clock frequency estimation is reduced to finding paths
with maximal delays (critical paths) among logical components of
VLSI. But some of the selected paths may be false. It means that the
path has no impact on component functioning. It is necessary to
find such paths in order to exclude them from consideration when
we determine clock frequency. Detecting false paths may increase
VLSI operation speed. The precise method of finding false paths in
a sequential circuit based on finding test pairs for non-robust path
delay faults (PDFs) is developed. The length of a transfer sequence
delivering the test pair from the initial internal state is not more the
given value /. The method is based on applying operations on
ROBDDs extracted from the combinational part of a sequential
circuit. Experimental results illustrate the suggested method.

Keywords—sequential circuit, transfer sequence, Reduced
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1. INTRODUCTION

If changing of input signal of the path does not generate
changing of output signal of the path for any input Boolean
vector of a circuit, the path is false.

It is known that the number of false paths among critical paths
may reach 80% [1]. Determining clock frequency without
seeking for false paths may decrease operation speed.

There are heuristic methods of finding false paths in
combinational circuits [2-5].

In [6] a precise method of detecting false paths in a sequential
circuit is suggested. It is based on finding test pairs (vi, v2) for
non-robust path delay faults (PDFs) and confirming existence of
transfer sequence delivering such test pairs from the initial
internal sate. The length of the transfer sequence is not more
given value /. A disadvantage of this method consists in applying
an equivalent normal form (ENF) in order to find test patterns v,
of test pairs (vi, v2) that detect non-robust PDFs in the
combinational part of a sequential circuit.

Here we overcome this disadvantage applying only operations
on ROBDDs. The ROBDDs are obtained for fragments of
combinational parts of sequential circuits. We derive all test
patterns v, for rising and fallings transition of a path considered
in a combinational part of a sequential circuit. These test patterns
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are compactly represented by two ROBDDs (for rising and
falling transitions separately). We find out existence of transfer
sequences (with length not more /) delivering test pairs from the
initial internal state. We don’t find the transfer sequence itself,
but only confirm its existence. It allows executing some
operations on ROBDDs depending on only state variables of a
combinational part of a sequential circuit.

For finding of false paths we suggest considering only non-
robust PDFs. If there is no test pair detecting non-robust PDF
neither for rising, nor falling transitions in a combinational circuit
(in the combinational part of a sequential circuit), the path is false
for the combinational circuit and for the sequential circuit. For
detecting false paths in a combinational circuit it is enough to
find only vector v, for one of the test pairs. If we have v, , any
vector that differ from v, by the variable marking the beginning of
the path considered is vi. For sequential circuit we have to find
both vectors (vi, v2) for test pairs for rising or falling transitions.
In this case, we consider a path as false one if there is no a test
pair detecting non-robust PDF neither for rising nor falling
transition under condition that this test pair is reachable from the
initial internal state go by a transfer sequence with length not
more /.

Note that the values of the variable corresponding to the
beginning of the path must be mutually inverse in test pairs (vi,
w2): vector vy is previous one and vector v, is next one. After
getting test pairs (vi, v2) it is necessary to confirm existence of
transfer sequence that delivers the proper test pair from the initial
internal state go.

II. DERIVING BOOLEAN DIFFERENCE FOR PATH ot

Represent path a of one output combinational circuit C with
inputs xi,..., x, by sequence of symbols: x;, ui, ua,..., Ug-1), Ur
Here r is path a length, x; is the path input (circuit C input), ui,
u,..., ug-1), Uy — the path element (gate) outputs. Output u, is the
circuit C output. Circuit C may belong to a combinational part of
a sequential circuit.

Let wu;, ug1) be outputs of neighbor elements of path o.
Consider sub-circuit C, of circuit C with output #; and inputs

X1,..., Xn, Ug.1). Here u.py is input variable of sub-circuit C, and

at the same time is input variable of the element with output u;.
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Note as D, / D”('—n Boolean difference of the function

implemented by sub-circuit C, with respect to variable u(.1).

To calculate D, / D"(—n it is necessary to execute the

following steps.
1. Derive ROBDD R(f, ) representing the function of sub-
circuit C, . The ROBDD depends on variables xi,...

The ROBDD is obtained by using variable u.1) as the first one of
Shannon decomposition.

s Xn, U(-1).

2. Obtain from R( fu,) two ROBDDs:

R(f, " B
R( f:“’”:l) which roots are children nodes of ROBDD R(f, )

root. These ROBDDs implement functions that are obtained from
function f, by changing variable w1y for constant 0, 1,

accordingly.

3. Multiplications f”" »=0 ful j"’”=l, and f”" »=! fulj""’zo
are executed and results are merged being represented by
ROBDD R(D, /D, ):

UGi-1y

R(D, /D, V=R, &RF, v

“( -1)

Uiy =1

VR &R (1)

Note that ROBDD operations have a polynomial complexity.

Execute multiplications:

R(D, /D, ) & R(D
R(D, / Dx’) .

) &.& R(D, /D,) &

Ui 1) ”( -2)

As a result we obtain Boolean difference D,u, for path o
representing it by R(Dpam).

Boolean vector p turning R(Dpun) into 1and circuit C into 1 is
vector v, for rising transition. If vector p turns circuit C into 0, it
is vector v, for falling transition [7].

If R(Dpa) is empty, path o is false as for combinational
circuit and for sequential circuit.

If R(Dpam) 1s not empty, path a is not false in combinational
circuit. However, for sequential circuit it is necessary to deliver
test pair (vi, v2) from the initial internal state go of a sequential
circuit by a transfer sequence with length not more /. The values
of the variable corresponding to the beginning of path o must be
mutually inverse in the test pairs (vi, v2). It is not always possible.

Note that vectors (vi, v2) represent full states of sequential
circuits. Parts of their full states correlated with input variables of
a sequential circuit represent last but one and last elements of the
transfer sequence from initial internal state g, correspondingly.

III. DERIVING ALL TEST PATTERNS FOR RISING AND FALLING
TRANSITIONS FROM ROBDD R(D 1)

Thus, ROBDD R(Dp.n) presents test patterns for rising and
falling transitions all together. It is necessary to divide them.
ROBDD for rising transition call Rg:

nse R(Dpath)&xl (R(Dpalh)& X )
ROBDD for falling transition call Rz
Rsatt = R(Dpan)& X; (R(Dparn) &xi).

Consider the combinational circuit in Fig. 1.
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Fig. 1. Combinational circuit C

Let path o includes gates with numbers 3, 4, 6, 8, 9. The
beginning of the path is marked by variable d. The path o may
be represented by the sequence of symbols: d,us,uy,ug,ug, ug .

Calculate Dy for o representing results by SoPs.
D, =(us Vv (ug =1)) ® (us Vv (ug = 0))=1us

=bvevacvad .

D, /D, =(us=1)&u; ®(us =0) &u; =u;=b v d .

D, /D,=(@vh@®@vo)=a.

D, /D;=(c&)®(c &0)=c.

Dpa,h=(1;\/Evacva;l)&(l;v;l)&a&5=aa;va5&?.

Find SoP,i., representing all vectors v, for rising transition
and SoPy, representing all test patterns for falling transition.

SoP,i. = (ach v acd) & d =acd .

SoP =(ach v acd ) & d = achd .

IV. REVEALING OF TRANSFER SEQUENCE EXISTENCE

Pick out from ROBDD R, internal states and form from
them the sum of products (SoP). Obtain ROBDD R* using this
SoP. The ROBDD represents all internal states that are contained
in full states represented by vectors v, among test pairs (vi, v2) for
rising transition of path o. Note that we have to deliver test pair
(v1, v), first vector v, and then vector v, from initial internal state
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qo. Full states represented by these vectors surely differ by
inverse value of the variable marking the beginning of path .
The variable may be either internal or input one.

Thus, we have to reveal existence of the transfer sequence
with the length not more / under the above mentioned restriction.

Procedure of revealing existence of the transfer sequence
from initial state go to some state from a set of internal states of a
sequential circuit is suggested in [8]. A correction of this
procedure oriented to the restriction is proposed in [6].

If there is no the transfer sequence for internal states
generated by Ry, it is necessary to reveal existence of the
transfer sequence for internal states generated by Ry If there is
no the transfer sequence in this case, path a is considered as false
one.

V. EXPERIMENTAL RESULTS

Experiments on MCNC benchmark sequential circuits were
performed. For each circuit, 100 paths of maximum length from
primary inputs to primary outputs were chosen. If the number of
paths is less than 100 then all paths were considered. The test
patterns for rising and falling transitions (R and Ryu) for each

TABLE L EXPERIMENTAL RESULTS
- num_ [ num | num num_f MAX_ 1 | AVG_leng | num_t s_1
cireuit i 0 ff P ength th (%)
il Ml BN O3]

S01494 8 19 8 1 20 10.82 12.4
bbara 4 2 4 3 6 2.5 30.8
bbsse 7 7 4 7 9 3.44 252
bbtas 2 2 3 2.63 5 2.09 40.3

beecount 3 4 3 6.5 3 1.3 74.8
cse 7 7 4 10 7 2.81 433
dk14 3 5 3 1 3 1.27 72.88
dkl15 3 5 2 0 2 1.24 76.1
dk16 2 3 5 7 4 244 8.33
dk17 2 3 3 3 4 1.93 42.28
donfile 2 1 5 8 4 2.4 20
exl 9 19 5 9 8 221 45.38
ex2 2 2 5 4 6 2.66 23.68
ex3 2 2 4 2 3 1.84 31.36
ex4 6 9 4 4 14 6.86 13.12
ex6 5 8 3 3 2 1.41 58.82
ex7 2 2 4 3 4 2.45 19.73
keyb 7 2 5 6 7 2.19 57.03
kirkman 12 6 4 17 9 4.03 14.29
lion 2 1 2 0 4 1.71 53.66
lion9 2 1 4 15.7 4 233 31.94
mark1 5 16 4 15 6 3.09 18.92
me 3 5 2 3.7 3 1.54 58.43
opus 5 6 4 6 6 2.18 53.49
planet 7 19 6 29 22 10.51 14.44
sl 8 6 5 1 5 297 18.92
sla 8 6 5 0 5 2.43 43.82
s8 4 1 3 0 3 1.82 29.58
sand 11 9 5 6 4 1.86 37.25
scf 27 56 7 15 15 10.43 4.28
sse 7 7 4 7 9 3.44 25.18
styr 9 10 5 11 7 3.13 39.16
tav 4 4 2 0 3 1.25 84.06
tbk 6 3 5 0 3 1.56 50.57

path were obtained. Existence of transfer sequences for each
example with the length not more 100 is identified. Results are
presented in Table I. Here are the name of benchmark circuit
(circuit), the number of inputs (num_i), the number of outputs
(num_o), the number of flipflops (num_f£f), the number of false
paths in percent among of all chosen paths (num_f p(%)), the
maximum length of transfer sequences (MAX length), the
average length of transfer sequences (AVG_length), the number
of transfer sequences with length equal to 1 in percent
(num_t_s_1(%)).

Experiments show that up to 29% of the paths are false
(planet). The average length of transfer sequence among all
circuits is 3.12. The number of transfer sequences with length
equal to 1 is up to 84.06% (tav).

VI. CONCLUSSION

The precise method of finding false paths in a sequential
circuit is developed. It is based on getting test pairs for non-
robust PDFs. The test pair is delivered by the transfer sequence
from the initial internal state of a sequential circuit. The sequence
length is not more given value /. All test patterns v, from test
pairs are derived separately for rising and falling transitions of the
path with using operations on ROBDDs. Test patterns are
compactly represented by two ROBDDs. Transition sequences
are also found by using operations on ROBDDs.
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