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Abstract

A new approach to solving the false path problem
is proposed. The approach is based on an eztended
Boolean Algebra and is capable of modeling the logic
and timing behavior of logic networks in terms of mod-
ified boolean functions. By applying algebraic manipu-
lations, our approach can eziract correct timing infor-
mation such as path delays as well as the input veciors
to activaie the sensitizable paths. The approech has
been implemented and tested on ISCAS benchmarks.

1 Introduction

A timing analyzer’s major role is to extract criti-
cal paths of a logic network. Depending on the tech-
niques [1, 2, 3] used, the reported paths may involve
paths that are never activated by any input vector.
These paths are usually called false paths, while the
others are sensitizable paths. The presence of the false
paths cause some loss of accuracy, i.e. an overesti-
mated maximal delays. The false path problem, to
extract exact maximal delays or to report the sen-
sitizable paths, is one of the major topics in recent
researches in timing analysis.

Since the rising delay and the falling delay of a
logic element are usually different, to find the maxi-
mal delay of a logic network, the timing analyzer must
know not only the sensitizable paths but also the logic
states of all nodes on the paths. However, the exist-
ing researches [4, 5, 6, 8, 9] focus mainly on reporting
sensitizable paths which have no logic state informa-
tion and thus may derive longer delays. Consider the
logic network shown in Fig. 1. There are four physical
paths, namely A-F-G, B-D-E-F-G, C-E-F-G, and
C-G. According to existing false path detection algo-
rithms, the path B-D-E-F-G is false and the longest
sensitizable path is C-E-F-G. Therefore, it will re-
port 4 (rising delay of C2 + rising delay of C3 +
rising delay of C4) as the maximal delay. However,
by detailly considering the logic states of the nodes,
there are eight logical paths, which involve informa-
tion about the logic states of all nodes on the physical
paths; five of them are sensitizable, namely A-F-G,

A-F-G, C-E-F-G, C-G, and C-G, three of them are
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Figure 1: Path C-E-F-G is only sensitizable for G=0.

false, namely B-D-E-F-G, B-D-E-F-G, and C-E-F-
G. The longest sensitizable path is the logical path
C-E-F-G and its path length (delay) is 3 (falling de-
lay of C2 + falling delay of C3 + falling delay of C4).
(Note that the path C-E-F-G is a false path and its
path length is 4). From this example, we observed
that for a physical path in a logic network, there may
exist two or more logical paths, each of which may be
either sensitizable or false. Thus, to get precise tim-
ing information, the circuit delay should be calculated
based on logical paths and the timing analyzer should
report the longest sensitizable logical paths.

In this paper we present a new approach to solving
false path problem in timing analysis. The approach
is based on a formalism, called Timed Boolean Alge-
bra, which is derived from the conventional Boolean
Algebra by adding a delay operator for modeling the
delay aspects of physical logic elements. Through the
use of the Timed Boolean Algebra, the logic and tim-
ing behavior of each type of logic element and general
logic networks can be modeled as boolean functions
with delay operators. By performing algebraic ma-
nipulations and computations on the models, useful
timing information can be extracted. The features of
our approach are: (1) it reports circuits’ delays based
on logical paths, (2) the maximal rising and falling
delays of each node are extracted separately, and (3)
it derives the input vectors to activate the sensitizable
paths, which are very useful in timing analysis.

In Section 2, a brief introduction to the Timed
Boolean Algebra is given. In Section 3, the idea of



modeling the logic and timing behavior of commonly
used logic elements are presented. Section 4 describes
the modeling and reduction process of a logic network,
while Section 5 delineates the method of deriving max-
imal delays from the results of section 4. Section 6
discusses the practical implementation considerations
and Section 7 gives the experimental results. Finally,
a conclusion is given in Section 8. Note that due to
the limitation of space, all the proofs of the theorems
have been omitted in this paper.

2 Timed boolean algebra

The Timed Boolean Algebra is extended from con-
ventional Boolean Algebre with a delay operator. In
this section, we give a brief introduction to the ma-
jor elements of the Timed Boolean Algebra, including
some basic definitions, operators, and theorems.

Definition: Any variables, expressions and functions
which may involve the delay operator are referred to
as timed boolean variables, timed boolean ezpressions,
and timed boolean functions respectively.

Definition : Any boolean variable which represents
a primary input node of a logic network is called a
primitive timed boolean variable.

Definition : A primitive timed boolean ezpressionis a
expression which involves only primitive boolean vari-
ables, AND-operators, and OR-operators.

2.1 Operators and basic operation rules

The four operators and basic algebraic operation
rules in the Timed Boolean Algebra are described in
the following.

1. Delay operator ’[,]’ : The first operand is a timed
boolean expression B, while the second one is a
non-negative delay value d. [B, d] represents the
result of applying the delay operator on B with
ge{ay d. The formal definition of [B,d] is shown

elow.
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where B(t) and [B, d](t) are the logic values of B
and [B,d] at time ¢, respectively. The expression
[B,d] is called a ’delay term’. and the delay value
d is referred to as 'the delay of expression B’.

2. OR-operator '+’ and AND-operator *’; These
two operators perform boolean- OR operation and
boolean-OR on the operands.

3. NOT-operator !’ This operator performs
boolean-Not operation on the operand.

The precedence order of these operators is as fol-
lows:
Delay > NOT > AND > OR
Many rules for Boolean Algebra still hold in the
Timed Boolean Algebra. For instance, the operations
of operators '+’ and ’-’ still obey the commutative,
associate, and distributive laws.

2.2 TImportant theorems and definitions
Only the three theorems that have been applied in
our approach are presented.

Substitution theorem: Let 4, B;, By, - -+, and B,
be boolean variables or timed boolean expressions.
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1. If A = [B,t,] and B = [letl]]+ [Ba,ta] + -+
['Bﬂ!tﬂ-]: then A = [Blyta + tl + [B),tq, + tz] —|—
st [anta+tn}

2. IfA= [B,ta] and B = [Bl,tl]'[Bz,tz]" . "[Bn,tn],
then A = [By,to+11]-[Bs,ta+ta] -+ - [Bn,te+1n)

Maximal delay theorem: Let B; and B; be two
primitive timed boolean expressions, then
[Bl,tl} . [Bg,tz] = [B]_ . Bz, Max(tl,t;)]

Boolean propagation theorem: Let B; and B; be
two primitive timed boolean variables or expressions.
If t; < tg, then

(B1,t1] + [Ba,t3) = [B1,t1] + [(!1B1) - Ba, ta]

Finally, two important definitions are presented in
the following.
Definition [primitive delay term] : A delay term
is said to be a primitive delay term (Pterm), if its first
operand is a primitive variable or primitive boolean
expression without delay operator.

Definition [sum-of-Pterm form] : A timed boolean
expression is said to be a sum-of- Pterm expression if
the expression is composed of only Pierms and OR-
operators. The general form of a sum-of-Pterm ex-

pression is as follow:
n

(Pita] + [Py ta] + -+ [Payta] or D [Pyt
=1
where all [P;, ;] are Pterms. A timed boolean func-
tion is a sum-of-Pterm function if its right hand side
is a sum-of-Pterm expression.

3 Modeling logic elements

The logic and timing behavior of each element in
a logic network is represented in terms of a pair of
timed boolean functions; one models the rising behav-
ior of the output node of the logic element; while the
other models the falling behavior. In the following
subsections, the modeling concept and the models for
different logic element types are presented.

3.1 Modeling concept

For each physical node N in a logic network, there
are two logical nodes, denoted as N and N. N and
N model the behavior of the node N in logic state 1
and 0 respectively. Let N1 model the physical node
N1 in logic state v1 and N2 model the node N2 in
logic state v2. If the change of N1 from v1 to v1 may
cause N2 to change from v2 to v2, then there exists a
logical path from N1 to N2, denoted as N1-N2. We
use dyi,n2 to denote the path delay of N1-N2.

For any single output logic element with fixed sig-
nal flow direction, the logic relation between the logi-
cal nodes can be modeled by AND-operators and OR-
operators, while the delay relations can be modeled
by delay-operators. Thus, any logic element can be
modeled in terms of two timed boolean functions: one
function models the physical output node in logic state
1; the other models the physical node in logic state 0.



8.2 Modeling of simple gates

Let A; be the ith input node of an n-input gate, B
be the output node. The functions of an inverter and
an N-input NAND gate are as follows:

1. Inverter:
B [Al,dA B]
[Ah Ay B]

2. N-1nput NAND gate'
B (A1, dg; gl + -+ + [An, d ]
[Als Ay B] [A2a A:B] """ [AmdA B]

The models for other types of logic gates can be
derived in a similar way.

3.3 Modeling of pass transistors

The pass transistors with fixed signal flow direction
can also be modeled in terms of two functions. Assume
that the propagation delays through the channels are
given and the signal flows from the source terminal A
to the drain terminal C. Let B be the gate terminal,
and d,, be the delay time to turn on the transistor.
The functions of the N-type pass transistors are as

follows:
C [A dAC] [.B dm+dAc]
= [4,d3 5] [B,don + dz 5]
;I‘hle models of P-type transistor can be derived simi-
arly.
3.4 Modeling of output-wiring
The pass transistors’ outputs may be wired to-
gether (output-wiring) and the output-wiring is mod-
eled as a pseudo logic element. Let A; be the sth input
node and B be the output node, the timed boolean
functions are:
B'— [Ah ]+[A2:0]+ +[An10]
B [_-: Aﬂ, +o [Anr ]

4 Modeling logic networks

By using the models for logic elements, a N-output
logic network can be represented as a set of boolean
functions. This set of boolean functions can be fur-
ther combined and reduced into a set of sum-of-Pterm
functions by eliminating all non-primary input vari-
ables. After this process, the logic network is modeled
in terms of 2N sum-of- Pierm functions.

First, the example in Fig. 1 is used to demonstrate
the procedure of modeling of a logic network.

1. By the models for the logic elements, we obtain

D= [B,1] , D = [B,1]
=[D,2]-[C,2) E=[C,1]+[D,1]
F=[A,1]+[E,1] , F=[A,1]-[E,1]
=[F1}+[C] 52[7’1]'[611]
2. Reduce E = [D,2]-[C,2] and E = [C,1] + [D, 1].
E = [B3[C2 ,E=[B2+[C ]
= [B-¢,3]
3. Reduce F = [A,1]+ [E,1] and F F =[4,1]-[E,1].
F = [A1]+[B-C4
F = [4,1]-([B,3]+][C,2)

[A 1] - [B, 3]+[A 1]-[C,2]
[4-B,3]+[4-C,2]
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4. Reduce G = [F, 1]+ [C,1}and G = [F,1]-[C,1]
G = [C1]+[A,2]+[B-C,5
G = [C1]-([A-B,4+[A-C3)
= [C1]-[4-B,4+[C,1]-[4-C,3]

[4-B-C,4]+[4-C,3]
The formal procedure of modeling a logic network
is simple and can be stated as follows:
1. For each function whose right hand side variables
that are already modeled as sum-of-Pterm func-
tions, we perform following reduction process:

(a) Substitute the variables with their corre-
spondln sum-of- Plerm expressions.

(b) Apply the distribution laws to expand the
resultant expressions.

(c) Apply the maximal delay theorem to reduce
the resultant expressions into sum-of- Pterm
expressions.

2. Repeat step 1 until the functions for each output
node are ir the sum-of- Pterm form.

5 Extracting maximal delays

In this section, the method of extracting maximal
delays from the sum-of- Pterm functions is presented.
Theorem: For each Pierm [F;,t;] in the the sum-of-

Pterm function P = Y0 [P, 1], its sensitizability is

(Y m=r I &

VPJ)tJ<t' VPj, ti<ti

SENS([P;, t:))

If the sensitizability is not equal to 0, [P;,t;] is a sen-
sitizable term. Otherwise, [P;, ;] is a false term.
Definition [possible delay set] : The possible delay
set of a sum-of- Pterm function P = Y7 | [P;,1;] is the
union of delay value t; of all sensitizable terms [P;,;].
The maximal delay of P is the maximal value of its
possible delay set.

Again, the logic network in Fig. 1 is used to demon-
strate the delay extracting procedure. The two sum-
of- Pterm functions are _

G [C,1]+[A4,2+[B-C,35]
[A-B-C,4]+[4-C,3]

G
The sensitizabilities of all the Pterma are as follows:

SENS([C, 1 = C

SENS([4, 2)) = A-(C)=A-C
SENS([B - C, 5]) = B-C-(A+C)=0
SENS([4-C,3)) = 4-C

SENS([4-B-C,4)) A-B-C)-(4- C’) =0
So the maximal rising delay of node G is 2 and

the input vector must make A - € true. The maximal
falling delay of node G is 3 and the input vector must

make 4 - C true.

il

6 Implementation considerations

To apply the Timed Boolean Algebra in practical
timing analysis applications, the problem of manipu-
lating large timed boolean functions needs to be ad-
dressed. To reduce the number of in-memory Pterms
and hence the memory required, three rules have been
developed as follows:



Table 1: Experimental results

Table 2: Improved delays and node number

1. Remove false terms as early as possible.
Whenever the function of a logical node is de-
rived, the false Pterms are removed immediately.

2. Perform depth-first traversal.

As soon as the functions of some logical nodes are
no longer needed, i.e. all the succeeding nodes
have been processed, the memory used by the
functions is released.

3. Replace a complex timed function with a

single Pierm.
Given a sum-of- Pterm function P = Y 7, [P;,1;],
where all [Py,t;] are sensitizable terms, if n is
larger than a given threshold (Cutting Thresh-
old), it is replaced by P = [P, Max]"_, ()]

Note that the third rules may cause some loss of
accuracy, but it can guarantee the extracted delays of
each logical nodes are the upper bounds.

7 Experimental results

A tool based on the procedures and rules presented
in previous sections has been implemented in C on
SUN4/60 workstations (SPARCstation1). The test
cases used are the ISCAS[10] benchmarks and the cut-
ting thresholds are assigned to be 2000. Without loss
of generality, all the logic elements in these circuits
are assumed to be of unit delay. The detailed ex-
perimental results, including the number of improved
nodes (whose extracted delay is less than the critical
delay), the CPU time, the memory size required, etc.,
are shown in Table 1. From this table, we see that (1)
many nodes have improved delay values, (2) the mem-
ory size required is reasonable éess than 25M bytes),
and (3) the run-time is acceptable. More detailed in-
formation about the number of improved delay units
and the number of nodes with improvement are shown
in Table 2.

Since the results obtained with different cutting
thresholds are different, a better way to perform tim-
ing analysis on a logic network is to analyze several
times by different thresholds and take the best result
among these runs as the final result.

8 Conclusion

To solve the false path problem in timing analysis,
we present a new methodology, which is based on a for-
malism called Timed Boolean Algebra. The operators
of the Timed Boolean Algebra facilitate the model-
ing of the logic and timing behavior of logic networks,
while the algebraic laws and theorems provide the the-
oretical basis for processing the models and extracting
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important timing information needed in timing anal-
ysis. There are two innovative ideas involved in our
approach: (1) use algebraic method to deal with the
problem of delay analysis, (2) the rising and falling de-
lays of each node are extracted separately. A tool has
been developed and tested on public ISCAS bench-
marks. The examples and experimental results show
that our approach is very practical and promising.
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