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Abstract

Reachability analysis is a powerful technique to extract information from finite state ma-
chine models of large sequential circuits. Approaches based on explicit representation of the
transition graph of the machine are limited to a great extent by the enormous size of the state
space. Symbolic representation using Binary Decision Diagrams (BDDs) are typically used to
overcome this state space explosion. But still, computing the real set of reached states is compu-
tationally expensive. Approximations, commonly in the form of abstraction are then introduced
to model the circuits, such that either an over-approximated or an under-approximated reached
set is computed. Different techniques for abstraction have been extensively studied over the
years, wherein the aim is to keep this approximated set as close as possible to the real set of
reached states.

Representation of such large circuits using partitioned transition relations (or functions)
rather than as a monolithic transition relation helps immensely in alleviating the space explo-
sion. The theory of reachability expressions provides a nice theoretical framework for analysing
the performance of different schedules in an unpartitioned asynchronous system having parti-
tioned transition relations.

In this work, we have built a BDD-based generic framework which extends the theory of
reachability expressions to a partitioned state space by adding labels to expressions. In our
framework, the state space is represented as a vector of BDDs, where an appropriate sequence
of intersections gives the over-approximated reachable set. The framework allows us to en-
code different schedules and analyse their performance. In addition, we have also tried adding
constraints on the Primary Inputs to tighten the over-approximation.

Exploiting structural and functional information about large circuits could also be helpful in
arriving at better approximation methods. We note some observations regarding the we found
in some of the large circuits taken from ISCAS-89 benchmark suite.

v



Chapter 1

Introduction

Our interest is to formulate a framework which allows us to perform reachability analysis of
large sequential circuits having atleast 500 state elements. Such large circuits are common in
the area of digital VLSI design, Determining reachability of large sequential circuits has been
an area of active research. In general, the existing literature [1, 2, 3, 4] is mainly confined
to relatively small sequential circuits having around 400 state elements and doesn’t scale up
well for the large circuits. Effectively then, attempting yet another technique for reachbility
of circuits of smaller size is an artificial problem. This chapter presents a brief overview of
sequential circuits, the problem of addressing reachability of large sequential circuits, related
work and outline of our problem definition.

1.1 Modeling of Sequential Circuits for Reachability Analy-
Sis
1.1.1 Sequential Circuits

Sequential circuits are composed of a combinational logic block and a set of storage elements,
most commonly flip-flops (henceforth called FFs), where the current output(s) depend on both
the current input(s) and previous state values. Figure 1.1 depicts a generic model of a sequential
circuit. PI refers to the Primary Inputs of the circuit, while PO refers to the Primary Outputs of
the circuit. A hardware realization (starting from an all-zero initial state of the FFs) computes
the output values from the current input values and the system state at every clock tick. Each
FF can store one bit per clock tick. The current clock FF output is fed back into the circuit and
is available for usage only at the ensuing clock tick. The state variables at a given clock tick
are called current state variables (denoted as X), and those in the next clock tick are called next
state variables (denoted as X').

1.1.2 Reachability Analysis

Given a gate level description of a sequential circuit, one can construct a state transition graph
of the circuit. Formally, a state transition graph is a Mealy Machine M = (Q, Qo, R, A, u) where
Q is the set of all states,

Qo is the set of intial system state,
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Figure 1.1: Generic Model of a Sequential Circuit

R C QO x Q is the set of edges,
A:Q — {0,1}" is the label for states,

u:R— 2{071}m+k is the label for the edges,

n is the number of state variables in the circuit, and

m and k are the number of PIs and POs respectively of the circuit. In the state transition graph
representation, each edge is hence annotated with the format: i1iy...iy,/0102,...0k, and each
vertex contains the current system state as x1xz...x,. The number of vertices in the transition
graph is 2"". More details about this can be found in first progress seminar report [5].

Given a state transition graph and an initial system state, the set of reachable states of the
system, denoted rchg, can be determined by traversing the state transition graph from the initial
set of states Qg, as shown
Vg € Qo,q € rchg, N
Vq € rchg,,q' € O A (q,4) € R= ¢ € rchy,.

Reachability analysis is then posed as a decision problem to determine if a designated set of
target states is reachable.

1.2 Background and Related Work

Explicit representation of the system as a transition graph may not be feasible for practical
circuits. An alternate representation often used is a Boolean Function. Boolean function rep-
resentations of the initial and target states are also termed as characteristic functions. Consider
a circuit, where [ is a vector of primary inputs, X is a vector of the current state variables and
X' is a vector of the next state variables. A Boolean function on 7, X and X’ can represent the
transitions in the transition graph and is called the transition relation.

A convenient and powerful data structure to represent Boolean functions is a Binary Deci-
sion Diagram (BDD) [6]. A Boolean formula on a set of state variables evaluates to either True
or False for valuations of the state variables. Let the set of states be S(X) and the transition
relation be T'(1,X,X’), then the next state computation is then made as

S/(X/) = erx’igl[S(X) A T([,X,X/>]

which is actually a series of nested quantifications, one for each variable in X. This is also
termed as relational product for image computation. Computing this efficiently is crucial to
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reachability analysis. Unfortunately it is often the case that the BDD for T'(1,X,X’) is very
huge. With repeated image computations, the entire set of states which can be encountered
from a set of initial states can be computed. Symbolic Model Checking (SMC) can be done
by using such an implicit representation using Boolean functions. Extensive research in SMC
using BDDs has been done and several heuristics have been developed that have improved the
size of systems that can be formally verified. Bryant [6] gives a number of algorithms to per-
form logical operations using BDDs. The complexity of these operations have been discussed
in the paper [6]. Among the operations, image computation has been found to be expensive
with complexity exponential in the number of variables being quantified. The bottleneck of
existential quantification has been studied by Trivedi et al. [7] and Joshi et al. in [8].

1.2.1 Approximation by Partitioning state space

Approximate traversal algorithms take a partitioned state space, traverse each sub-space sepa-
rately to compute the set of reachable states in its corresponding state sub-space, and the state
variables belonging to other partitions, but needed to represent the next state function for the
partition being traversed, can be treated as primary inputs. Hence, the set of reachable states
computed by these algorithms is an over-estimation of the set of real reachable states in the un-
partitioned system, guaranteeing that all the real reachable states are included in the computed
super-set of reachable states [2]. The accuracy of the approximate traversals also depends the
partitioning strategy.

Cho et al. in [2] present an algorithm to automatically determine a good partition of the
state space a metric called latch affinity. It is argued that both latch connectivity and latch corre-
lation (determined by circuit analysis) are crucial and hence a convex combination of both these
parameters is used to compute the latch affinity. Based on this measure, a latch affinity graph
is constructed. Then, an initial partition is computed by determining the connected components
from this graph. Each connected component forms one sub-FSM and any sub-FSM exceeding
a predefined bound is further partitioned into smaller sub-FSMs. Several seeding/clustering
techniques are experimented with.

Govindaraju et al. in [9] have shown that instead of having disjoint partitions of the state
space as was proposed by Cho ef al. in [1, 2], it greatly helps if overlapping partitions are
used as it leads to tighter approximations. The reason is that if there is any interaction among
the constituent sub-machines of the state space, with disjoint partitions either the two sub-
machines would have to be included in a single projection or the interaction will have to be
ignored in which there are greater degrees of freedom which reduce the quality of the approxi-
mation. In contrast by using overlapping projections, each such interaction can be modeled as
a sub-machine and achieve tighter approximations. A more general constrain operator, termed
multiple constrain is also introduced in [9] which allows for overlaping support-sets.

Govindaraju et al. in [10] propose addition of a set of auxillary state variables to the state
space which is chosen by studying the circuit structure such that this variables captures impor-
tant properties of many state variables into this one single bit. To choose the set of auxillary
variables, internal wires with high fainin and high fanout such that their fanin cone only in-
cludes state variables become ideal candidates. The results show at least an order of magnitude
improvement over their earlier results published in Govindaraju et al. in [9].



1.2.1.1 Image Computation for overlapping projections

Instead of using transition relations for image computation, Coudert and Madre [4] have pro-
posed a way of computing the image of a set by manipulating the vector of next state functions
T. Henceforth, our notation of Img(S,T) denotes the BDD for image of a vector of Boolean
functions T': [t1,12,...,%], when the domain is restricted to the set represented by S. Each indi-
vidual function ¢; is represented by a BDD 7;(X). Coudert and Madre proposed two algorithms
to compute the BDD for Img(S, T) without computing the transition relation. Both algorithms
are based on the constrain operator, denoted as | defined by them in [4].

The notations used here are borrowed from Govindaraju et al. in [9]. Let X = {x1,...,x,}
be the set of current state variables, X’ = {x},...,x),} be the set of next state variables, and I
be the set of Pls, Init(X) be the predicate for the initial system state, and S(X) be a predicate
with support in X, the image of S(X) under the next state transition function 7'(7,X) can be
computed as

Img(S(X),T(1,X)) =AX"3,X.(X' — T(I,X)) AS(X)

Img computes a predicate with support X', which evaluates to 1 iff X’ is in image of S under 7.
Also, the set of reachable states of the circuit would be computed by a least fixpoint iteration as

Reachable = Ifp S. AX. (Init(X)VImg(S(X), T(I,X)))

Suppose the state space is decomposed into a collection of k (not necessarily disjoint) sub-
sets, Y = {y1, y2, ..., yx} which may be overlapping. We can define two operations: approxi-
mation and concretization [9], denoted o and 7y respectively .

0 (S(X)) = AX. ex—y,S(X)

projects S(X) onto the variables present in y;.
The approximation operator ¢ operates as

o(S(X)) = (o (§(X)), 02(S(X)), ..., 04(S(X)))

and would return a k-tuple of the state space.
The concretization operator Y conjoins the collection of projections as shown

’Y(SbSZa"'?Sk) = /\ii]fsl

The approximation operator @, trades size for accuracy, while the concretization operator 7y
can result in a bigger BDD, so we would like to avoid computing Y(S1,S2, . . ., Sk) explicitly. We
need to compute the image of an implicit conjunction as an implicit conjunction of the elements
of a k-tuple.

Let Imgap(S,T) = (R1,R2,...,Rx) = a(Img(y(S),T(I,X))) compute the approximate projected
version of the image. Now, an overapproximation, Reachable,,(Init) of the reachable states
would be

Yo and 1 are the same as abstraction and concretization functions respectively used in the theory of abstract
interpretation for describing a Galois connection.



Reachableu, =1fp S. (a(Init) UImg,,(S,T))

where LI performs pairwise union of the k-tuple where [fp is the least fixed point iteration which
starts with S = (0, 0, ..., 0), and in each iteration joins the current approximate set with the ap-
proximate successor set. Finally upon reaching convergence, it returns a tuple S to Reachable,.
The overapproximate reachable states set is the implicit conjunction of y(Reachable,(Init)).
This set is an overapproximation because image at every iteration of the least fixed point routine
is an overapproximation. We would get the exact results in the special case when there is just
one subset, y; = X, in the collection Y.

Coudert and Madre in [4] have shown how to compute the image of a Boolean function vec-
tor using the generalized cofactor or constrain operator, denoted as |. The constrain operator
allows one to cofactor a function f, with respect to another function ¢, and reduces to ordinary
cofactor when c is a single variable. Intutively, given two Boolean functions f and c over n bit
variables, (f | ¢)(x) evaluates to the valuation of f(x) if c(x) is true. Else, it performs minimum
number of flipping of bit values (in a fixed and specified variable order) to map x to a new x’,
such that ¢(x) is true and returns the valuation of f(x').

For example, consider a Boolean space over three bit variables p, g, and r and a fixed
variable ordering p < g < r.

Example 1: Let f=p V rand c=¢q,then f | c=f=p V r.
Example 2: Suppose f=¢ A randc=p V (p A g AN r),thenf | c=pV (p A g A r).

Let R; = Img(y(S, o;(T(I,X))) be the set of predicates determining the next state for bits
in the projections y;. As computing the explicit conjunction of y(S) could result in a huge BDD,
it is tempting to do a serial constrain which involves computing o;(7) | S1 | S» ... | S).
This works well if the supports of S;’s are disjoint. McMillan has shown [11] that if g and &
have independent support, then f | (g Ah) = (f |g) | h. This method won’t work for
overlapping subsets. Govindaraju et al. [9] proposed the notion of multiple constrain which
computes f | (g Ah) = (f | h) | (g |h). Itis also shown how this can be extended to
constraining a Boolean function with a vector of Boolean functions.

1.2.2 Other BDD based approximation schemes

Hong et al. in [12] propose the usage of sibling substitution and node sharing which allows for
selectively minimizing sub-BDDs while the traditional BDD minimization techniques would
look to blindly minimize all sub BDDs. Cabodi ef al. in [13] introduce a new operator called
existential cofactor which allows to distribute quantification over conjunction and hence permits
selective cofactoring. This helps in reduction of peak memory usage and lowers the overall
memory consumption also. Ranjan ef al. in [14] propose several BDD variable reordering
heuristics, use of partitioning the state space, and some heuristics on choosing ordering of
clusters which minimizes peak memory usage.

Ravi et al. in [15] use a metric based on circuit analysis to decide whether to use implicit
conjunction or to split based on domain/codomain variable. They propose an algorithm based on
this dynamic collection of statistics of the behavior of BDD nodes. Cabodi et al. in [16] propose
another method for gathering usage statistics for each BDD node and record the involvement of
each node during recursive calls, cache hits etc.

Ravi et al. in [17] apply hints by constraining the transition relation of the system to be
verified. They specify possible values for (subsets of) the primary inputs and state variables.



Once all states reachable following the hints have been visited, the system is unconstrained and
reachability analysis proceeds on the original system. Given enough resources, the algorithm
will therefore search all reachable states, unless a state that violates the invariant is found.
Deriving the hints requires some knowledge of the circuit organization and behavior. There is
no guarantee, however, that a hint will be beneficial.

High-density reachability analysis by Ravi ef al. in [18] is based on the observation that
BDDs are most effective at representing sets of states when their density is high. The density
of a BDD is defined as the ratio of the number of minterms of the function to the number of
nodes of the BDD. Their approach tries to direct the exploration of the state space so that the
state sets have dense BDDs. Dense sets are obtained by applying subsetting algorithms in [18]
to the frontier states when the BDDs grow large. High density reachability is a fully automated
approach, which can be applied regardless of the knowledge of the system, but occasionally ex-
hibits erratic behavior. Also, it addresses directly the density of sets of states, but only indirectly
the difficulties of image computation that may be connected to the representation of transitions.
(When the intermediate products of image computation grow too large, they are subsetted. This
leads to the computation of partial images in [18].)

Cabodi et al. in [19] introduce the notion of A-latches. These are latches on which no other
state variables depend; they are constrained at their initial value until no new states are achieved.
Guided traversal subsumes this technique.

1.2.3 SAT based approximation techniques

SAT based SAT solvers enjoy several properties which make them attractive as a complement
to BDDs in SMC. Their performance is less sensitive to the size of the formulas. Typical SAT
solvers do not suffer from state explosion problem, and do not require an external variable
ordering to be supplied. Abdulla er al in [20] have shown how the strength of SAT solving
procedures can be exploited to increase the class of systems that can be verified using traditional
SMC methods. Representation of circuits is done using Reduced Boolean Circuits and SATO
is used as the back-end SAT solver. They have a tool FixIT which implements these ideas.

In Cabodi et al. [21], the central idea is to complement the initial over-approximate BDD
information with a final SAT-solver search, using BDDs to prune and focus the search. In
the first phase, they compute (in the forward and/or backward directions) an over-approximate
estimate of the traces connecting the initial state set to the target one. Then the estimate is
combined, as an additional constraint, with the Bounded Model Check problem, to be solved by
a SAT tool. Their target is to obtain an efficient pruning of the SAT solver search space, which
somehow mimics the contribution of conflict clauses, generated by means of conflict analysis in
state of the art SAT tools. Each new conflict clause specifies a subset of the state space in which
there exist no solution. Also, the over-approximate knowledge of reachable states restricts the
SAT solver state space. This information is presented as an initial pre-processing or learning
phase. They also introduce a set of strategies to store a BDD (in a monolithic or conjoined
form) as a CNF formula.



1.3 Problem Statement

Our interest lies in addressing the reachability problem for large sequential circuits, typically
having more than 500 FFs. We have already noted [5] that exact methods do give some compu-
tational efficiency, but they are not very significant for handling large circuits. Our current focus
is to develop a generic BDD-based framework which help us to analyse different approximate
traversal methods. Our framework is built on top of NuSMVDP [22].

1.4 Outline of report

In Chapter 2, we present labeled reachability expressions as a convenient way to manipulate a
partitioned state space.

Chapter 3 discusses our generic framework, encoding of a few state of the art traversal methods
in our framework and some results on large circuits and compare it with already reported results.
In Chapter 4, we try out another approximation technique called Input Constraining which
helps in tightening the approximations using our framework. We report orders of magnitude
improvement using this approximation method.

Chapter 5 presents our conclusions and future research plans.



Chapter 2

Labeled Reachability Expressions

The theory of Reachability Expressions [23] provides a framework for analyzing the perfor-
mance of different schedules in an asynchronous system having partitioned transition relations
and unpartitioned state space. Traversing large state spaces benefits from partitioning the state
space of the system [1, 2, 9]. We extend the theoretical framework of reachability expressions to
allow manipulation with a vector of BDDs (henceforth called a State Vector), one representing
each partition of the state space, and add annotations in the form of labels to the expressions to
tag expressions to the relevant component of the state vector. Two new operators are also added
to help formulate the different traversal algorithms as an encoding of these labeled expressions.
It is also noted that this can be easily extended to use with the theory of Reachability Matrices
[24] as well.

2.1 Background

A partitioned state transition system can be represented as a conjunctive decomposition of (par-
titioned)transition relations. Following the notation introduced in Chapter 1 in Section 1.2.1.1,
given k projections of the transition system, every step of image computation in such a parti-
tioned state system can be written as
S'(X") =T x{T(1,X1,X]) N ... N Tie(l, X, X)) N S(X)} where X and X] denote the set of
current state variables and next state variables belonging to partitioned transition relation 7}
respectively. Since this is a conjunctively decomposed representation, if a subformula doean’t
depend on any of the variables being quantified, it can be moved out of the scope of the quan-
tification using the idea of early quantification in [3], we can compute this expression as a
conjunction of image computations of S(X) under each partitioned transition relation. In other
words, we can conjunct each T;(,X;,X/) with S(X) one at a time and quantify out a variable
x; when none of the remaining 7} (I,X X ]’) depend on x;. The order in which the 7;’s are con-
juncted is very significant and affects the sizes of the BDDs generated to a great extent. We
refer to this formulation of image computation as the vanilla method of image computation and
refer to this order of conjunction as the cluster order in this work.

If in addition, the state space is also projected into k components, the image computation
can be written as
S;(X]/) = 317X_Xj{T1(I,X1,X1/) VAN Tj(I,Xj,X]{) VAN Tk(I,Xk,Xlé) A Sy (Xl) A Sz(Xz) Ao A Sk(Xk)}
And



S'(X) =v(S1(X]), ..., Si(X])) So, we need a mechanism where we can apply any arbitrary
transition relation to compute the image of any arbitrary set of states.

2.1.1 Reachability Expressions

The theory of Reachability Expressions [23] was developed as a framework for asynchronous
systems where it provided the ease of specifying different schedules and evaluate their perfor-
mance. We present the grammar of Reachability Expressions here.

2.1.1.1 Syntax

Given a set of states and a partitioned transition relation representation, syntactically a Reacha-
bility Expression over such a partitioned transition system can be obtained from the following
grammar:

E—E+E|E;E|EoE |(E) |«E |Th|...| Tk

where 7; indicates the operation of image computation of the set of states () under the transition
relation 7; and is denoted as Img(S, T;).

2.1.1.2 Semantics

The notion of evaluating reachability expressions can be formalized by defining their semantics.
The semantics of a reachability expression is defined with respect to an underlying state tran-
sition system, and is naturally described as a mapping from sets of states to sets of states. Let
o be a reachability expression over a partitioned transition system where Q is the set of states.
The semantics of ¢ is a mapping from 2€ to 29 and is denoted by [c]. Define & to be the
identity transition relation, i.e. [[§]](S) =S and O to be the null transition relation, i.e. [®] (S)
= (0. We give below an inductive definition of [c] (S) for S C Q.

o [T](S) = Img(S,Tp).

¢ [o1+020(S) = [o1](S)U [o2]($)

¢ [o1002](S) = [o2]([o1](5))

¢ [01;02](S) = [[(o1+8) 0 (02 +8)](S).
[(@)](S) = [a](S)

(6)? = & for any expression G.
(6)'= 6o (o)~ !, foralli>1.

o [xo](S) = UZol(o)'1(S).



2.1.1.3 Examples

Consider a set of states S. The following examples show the evaluation of a Reachability Ex-
pression G on S.

e Examplel:6=T71 + T
By the definition of the semantics, [T7 + T»] (S) =Img(S,T;) U Img(S,T>)

e Example2: 6=(T} + T7) o T3
By the definition of the semantics, [(T7 + T2) o ] (S)= [ ([(T7 + T)](S)) =
Img(lmg(sle) U Img(S,Tz),T3)

e Example3: 6=xT1 o T
By the definition of the semantics, [*7T1 o T2] (S) = [T ] ([*T1] (S)) = Img(Ui=o((Img(S,T1))"), T>).

Applying arbitrary transition relations on arbitrary sets od states is not possible in the frame-
work of Reachability Expressions. But this is one feature which is central to the idea of approx-
imations by partitioning the state space. Hence we need an extension of this framework which
would allow us to express such things. Specifically, we would need mechanisms which would
help in computing applications of arbitrary expressions over an arbitrary set of states. In the
next section, we discuss the use of labels which would allow us to specify the set of states on
which we want to apply an arbitrary transition relation.

2.2 Labels and Reachability Expressions

Given a partitioned transition system with projected state space, it is necessary for any frame-
work to allow specification of how to apply arbitrary transition relations on arbitrary sets of
states. We formulate this using the use of labels which would be used to tag expressions to
signify which set of states they apply to. Also, we would also need to store the result of com-
putation of some arbitrary expression and possibly use it in some other expression evaluation.
Syntactically, a Labeled Reachability Expression over a partitioned state transition system
with partitioned state space is a terminal string obtained from the following grammar:
LE — LE+LE |LE;LE |LEoLE |[LEALE |LE|LE |L:LE |(LE)_ |(LE) |«LE | T} |
T |0 ]|O
L—L | Ly | ..., | Ly
where 7;’s denote the application of the /mg operator, i.e. evaluate the image of the state compo-
nent, S (X)) under the transition relation 7;(1, X;, X/), and is denoted as Img (Sx(Xx), T;(1, X, X!)).
Define O to be the null transition relation, i.e., T (I, X, X ! ) = 0 and 9 to be the identity transition
relation, i.e. T(1,X,X') = (x1 = X)) A(xa = x5) A ... Alxy < X),)).
Note that in our current work, we do not use expressions derived from LE ; LE. But, it is re-
tained in the syntax for the purpose of ensuring that Labeled Reachability Expressions subsumes
Reachability Expressions.
A Labeled Reachability Expression, A is defined over LE and L. Each Labeled Reachability
Expression can be viewed as a predicate transformer of a state vector to another state vector.
We now present the denotational semantics of A which is a mapping from gQ x22x ...x2¢

'
n

to gQ x29%x ...x 2% where 7 is the number of state components (or labels) and is denoted by

n
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[A]. Note that when n=1, this reduces to being the same as grammar for Reachability Expres-
sions without the use of the operators A and |. We also list how to operationally compute the
semantic value defined by the denotational semantics.

We denote the State Vector as S with n components, such that S; represents the set of states
for component labeled L;. We present the definition of [A] (S).

Define LI to be the operator which performs component-wise union. In other words, given two
state vectors Sl and Sz of length n, define a new state vector (also of length n) S3 = Sz L Sz as
Vi, S3;=81; U So;.

Define I to be the operator which performs component-wise intersection. In other words,
glven two state vectors §1 and §2 of length n, define a new state vector (also of length n) §3 =
Sz |_|S2 as Vi, S3; = S1; N S2;.

Define | to be the operator which performs component-wise constraining. In other words,
gjven two state vectors §1 and §2 of length n, define a new state vector (also of length n) §3 =
Sy | Szas Vi, §3;,=81; | S

o [Ti](S) = (Im(S1,T),. -, Sn).
This computes the image of the first component Sy under the transition relation 77 and
stores the result in Sy, leaving the rest of the state vector unchanged. The operational
procedure for this is
1. Extract the state component S

2. Perform image computation of S under 7;

3. Return a new state vector with the first component being the result of image compu-
tation of S; under 77 and the rest of the components remain unchanged

o [M+2]l(S) = [MIS)UR](S)
This computes the component wise union of the two state vectors. The operational pro-
cedure for this is

1. Perform [[A;](S) and [[A2](S), and store the result in new state vectors SZ and §'2
respectively.

2. Perform component wise union of the components of S} and S}, and store in a new
state vector S3, where S5, =S}, U S5,

3. Return the state vector 83
o [MAR]ES) = [MIES)N[A](ES)

This computes the component wise intersection of the two state vectors. The operational
procedure for this is

1. Perform [[A;](S) and [[A2](S), and store the result in new state vectors SZ and §'2
respectively.

2. Perform component wise intersection of the components of Sj and S}, and store in a
new state vector 83, where S5, =S}, N S5,

3. Return the state vector S

11



[MoR](S) = [R]([M](S) }
This evaluates A, on the state vector that is computed by the application of A on S. The
operational procedure for this is

1. Perform [[A;] (S) and store the result in a new state vector §'
2. Perform [, ]] (S’ ) and store the result in a new state vector S’
3. Return the state vector S’2

[A522](8) = [(M1+8) 0 (A2 +8)](S).

This is a derived operator which evaluates A, + 6 on A; + J over the state vector S. The
operational procedure for this is

1. Perform [[A; + 8] (S) and store the result in a new state vector §'
2. Perform [A; + 9] (S’ ) and store the result in a new state vector S’

3. Return the state vector S’2

[M)](S) = [AI(S)

The operational procedure for this is the same as that of [A] (S).

(A 1220 (S) = [M](S) L [A2] (S)
This computes the component wise constraining of the state vectors. The operational pro-
cedure for this is

1. Perform [[A;] (S) and store the result in a new state vector § .
2. Perform [[A>]] (S) and store the result in a new state vector S’

3. Compute and return the state vector S3, where S5, =87, | S5,

—

[A](S) = Lo [T (S).
We define A? —Sande > 0,A=A o AL

[Li:X](S) = §' where §'; = ([A](S)h, and §'; = ([ (5)), j€{1,2,....n}, j#i

-,

This allows storing the result of the evaluation of [A](S); in the state component labeled
using L;. The operational procedure for this is

1. Perform [A](S) and store the result in a new state vector §'.
2. Copy the contents of S| to the state component S i
3. Return the state vector S’
[AL](S) = [A](S), where S, = S;, and S'; = S;Vj € {2,...,n}
This permits applying arbitrary transition relations on arbitrary sets of states by allowing

a way to specify which state vectoer component is to be considered for evaluating the
expression. The operational procedure for this is

12



1. Copy the contents of the state vector S to a new state vector S/

2. Copy the contents of S’; into Sy, i.e. changing the sets of states on which the ex-
pression A is to be evaluated

3. Evaluate [[A]] (S') to get a new state vector S”. Return the state vector S”.

2.2.1 Examples of Labeled Reachability Expressions

Given a Labeled Reachability Expression A defined over LE and L, we present a few examples
here. Assume for sake of simplicity that the state vector S has three components (S;, S, S3).

e Example 1: If L = L3 : §p,
By definition of the semantics and the operational procedure, this is evaluated as follows:
1. Evaluate [8.,] (S1, S, S3). This would return a new state vector R = (S2, S, S3)

2. Since the label for the expression is L3, next copy the contents of R into R3. So, the
state vector now becomes R = (S2, 2, S7)

3. Return the state vector R.

Hence, [[L3:8r, ]| (S1, S2, S3) = (S2, S2, S2). This shows how the labels can be used to
update or change different state components.

Example 2: IfA=L;: (TI)L2 + Ir: (TQ)L1
By definition of the semantics and the operational procedure, this is evaluated as follows:

1. Evaluate [Li: (Th)L ]] (S1, S2, S3). This would return a state vector

= 8(52,T1)7 2,53)

2. Evaluate [Ly: (T2)r, ]| (S1, S2, S3). This would return a state vector
Q= (Img(Sl,T2>71mg(SI,T2>aS3)

3. Compute and return the component-wise union of R and S,
ie. R U Q= (Img(S2,T1) U Img(S1,T2),S2 U Img(S;,T»),S3)

This example demonstrates the capability that Labeled Reachability Expressions provide
as it allows us to apply the transition relation 71 on S> and 75> on Sj.

Example 3: If A=L;: ((T1)1, | 61,)
By definition of the semantics and the operational procedure, this is evaluated as follows:

1. Evaluate [(71)r, | 8z,] (S1, S2, S3). This would return a state vector
R= (Img(S27T1)7527S3) ! (53752753) =
(Img(82,T1) | S3,82 | 82,83 | S3)=(Img(S2,Th) | S3,1,1)

2. As the label for the expression is L, copy contents of R into Ry. This does not
change the vector R

3. Return the state vector (Img(S,T1) | S3,1,1)

This example again demostrates a possible application of constraining and using the tran-
sition relation to find the image computation of an arbitrary set of states.

13



e Example4: If L= (T} A Tn)L,
By definition of the semantics and the operational procedure, this is evaluated as follows:

1. Evaluate [(T1 A T2)1,] (S1,52,83) = [(T1 A T2) ]| (S2,52,83).

2. Evaluate [[Tl ]] (52,52,53) M [[Tz]] (82,82,83) = (Img(Sz,Tl),Sz,S3) M (Img(Sz,Tz),Sz,S3)
= (Img(Sy,T1) N (lmg(Sz,Tz)),Sz N S,83N83)= ([mg(Sz,Tl) N (Img(Sz,Tz)),Sz,S3).

3. Return the state vector (Img(S2,71) N (Img(S2,72)),S2,53).

2.3 Properties

We list a few properties of Labeled Reachability Expressions with their proofs.

Let A, A1, A;, and A3 be labeled reachability expressions defined over LE and L. Let S, Rand
Q be state vectors, and [A; ] (S) =R, and [A2] (S) = Q. We say that A =, iff Vi€ {1,...,n},
R; C Qiand Q; C R;.

We have the following properties

LA+A=2A
Let S be any state vector. By definition [[A + A](S) = [A](S)U [A](S) = [A](S).
Hence, A + A = A. This is the idempotent property.

2.7»1—_|}—7»2:7u2+7\,1 ~ ~
Let S be any state vector. By definition [A; + A (S) = [M](S)U [A2] (S). Due to
commutativity of set union, [A;](S)U [A2] (S) = [A2](S)L [A1](S). Hence, Ay —+
A2 = A2 + Ay. This is the commutativity property.

3.0 Ady = M A M
Let S be any state vector. By definition [A; A 2] (S) = [A1](S) M [A2] (S). Due to
commutativity of set intersection, [A1](S)M [A2](S) = [A2]] (S) 1 [A1](S). Hence,
A1 AAy = Ay A Ay This is again the commutativity property.

4. M —_'|—(7\,2 —}-7\,3) = (kl —|—7w2) + A3 .
Let S be any state vector. By definition, [A; + (A2 4+ A3)](S)=[M](S) U{[A2] (S) U
[A3](S)}. From the definition of associativity of set union, the property follows.

5.0 A (7»2 N 7\,3) = (7»1 A 7\,2) A A3
Let S be any state vector. By definition, [A; A (A2 +A3)] (S)=[M](S) N{[A2] (S) M
[A3]](S)}. From the definition of associativity of set intersection, the property follows.

6.L0® =0 oA =0
By the definition of semantics for @, for any state vector S, [@] (S) = ®, which is the
null state vector, i.e., all components of it are ¢. Hence, [A o ®] (S) = [®] ([A] (S)) =
®. Also, [® o L] (S) = [A]([©](S)) = ®. This is the zero element.

7.Aho0d =80k =A7A . L
By the definition of semantics for J, for any state vector S, [[8] (S) = S. Hence, [A o
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12.

13.

14.

15.

16.

— —

8] (S) = [8](IA](S)) = [A](S). Also, [8 oA](S) = [A]([8](S)) = [A](S). This

is the identity element.

.M O(?wz +7»3) = (7»1 07»2) —|—(7»1 o 7\,3)

Let S be any state vector. By definition, [A1 o (A + 2\;3) 1(S) = [A + A3 I([M](S)
= [A]([MT(S) U [A](TMI(S) = [A1 o A][(S) U [Ar o A3]|(S). This proves
the property and indicates that o distributes over + on the left.

M _}—i— 7»2) oN3 = (7»1 07\,3) + (7\.2 o 7»3) - B
Let S be any state vector. By definition, [ + 7%) oM (S)=[As ]]_g [+ 22)](S))
= [MI(TMI(S) U [A2]1(S)) = [M o A](S) U [A2 o A3](S). This proves the
property and indicates that o distributes over + on the right.

A+0 =17
Let S be any state vector. By definition of the semantics, [A + ®](S) = [A](S) U

-

[©](S) = [A] (S). Hence, A +© = A.

M 2(7»2 oA3) = (A1 oA2) o A3 B
Let S be any state vector. By definition of the semantics, A1 o(Ay © X32 1S)=[[(A2 o
M) [ (AT (S) = [A ] ([A2]1 ([A2](S))). Similarly, [(Ar 0A2) o A3} (S)=[A3] ([M1 ©

—

] (S) = [A3] ([A2] ([R2] (S))). Hence, the operator o is associative.

M+ AR3) = (M +22) A(M + As)

Let S be any state vector. By definition of the semantics, [A; + (A2 AA3)](S)=[A](S) L
[ AM)]S) = [(Aa AX)](S) U [A](S) due to commutativity of set union.
Hence, A; + (A2 AA3) = (M +2X2) A (A + A3). The operator + distributes over

A on the left.

MOA (7L2 —|—7L3) = (7\,1 /\7@) + (kl VAN ?u3)

Let S be any state vector. By definition of the semantics, [A; A (A2 +A3)] (S)=[A](S) M
[ +23)](S) = [A2 +23)](S) M [A](S) due to commutativity of set union.
Hence, A\; A (A2 +X3) = (M AXy) + (A A A3). The operator + distributes over

A on the right.

M g()uz N ?u3) = (kl o 7L2) N (7\,1 o 7L3) .
Let S be any state vector. By definition of the semantics, [A; o (Ax AX3)](S)=[(A2 A

W) ]([M]S) = 20 (MDS) 1 [AI([MTE) = [ 0 A)](S) NI o

A3)] (S). Hence the property holds true. This shows that the operator o distributes over
A on the left.

AlA=1
This follows from the definition of the constrain (]) operator [4] and the definition of
semantics.

(M AA) A3 = (M LA3) A (M2 | A3)

McMillan in [11] has proved that constrain operator distributes over A on the left. Using
this result and the definition of semantics, the property follows.

Follows from a similar result proved by McMillan in [11] and the definition of semantics.
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17. (M +22) LA = (M LAs) + (A2 | As)

24

McMillan in [11] has proved that constrain operator distributes over + on the left. Using
this result and the definition of semantics, the property follows.

Labeled Reachability Expressions and Reachability Ma-
trices

A Reachability Matrix [24] is another framework which permits operations over state vectors.
A Reachability Matrix R of order k x k is a matrix with k? terms, each of which is a Reachabil-
ity Expression. The Reachability Expressions are applied column-wise to the state vector and
are aggregated to get an element of the transformed state vector. Formally, let R be a Reach-
ability Matrix which takes S as an input state vector and computes a new state vector S'. The
application of R on S is denoted as [[R]| (S) and is evaluated as shown

rrn ... g

M ... g
R= i

e -+ Tkk

[[R]] S, 82, ..., Sk)=( /1, /2, cee S;() WhCI’CViS?Z [[1”1,']] (Sl) U [[”21’]] (Sz) J...u [[rki]] (Sk)

2.4.1 Operations on Reachability Matrices

We briefly describe some operators and (operational) semantics of Reachability Matrices taken
from [24].

® is the additive identity matrix where each element ®;; = ©.

A is the multiplicative identity matrix where each element A;; = dif i = j and A;; = ©
otherwise.

Given two Reachability Matrices R and Q, define a Reachability Matrix P =R + Q, where
Pij = Rjj + Qjj.

Given two Reachability Matrices R and Q, define a Reachability Matrix P =R o Q,
where Pj; = + ;‘ZIRH o Q.

Given a Reachability Matrix R, define RY as A. Also, R‘ = Ri"! o R, > 0. Define %R
= _|_ ORl

Given two Reachability Matrices R and Q, define a Reachability Matrix P=R ; Q to be
R+ A4)o(Q +4).

Semantically, the following hold true [24]. We omit presenting proofs of the same here.

¥S [R + Q] (S) = [R](S) U [Q](S)
¥S [R o Q](S) = [QI(IR](S)
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2.4.2 Properties of Reachability Matrices

We mention some properties of Reachability Matrices here. Given Reachability Matrices Ry,
R, and R3, the following properties hold [24]:

e R +(R2 + R3)=(R1 —|—R2) + Rjy
(Ri +Ry)=(R> + Ry)
(Rl +‘D)=(¢' + R1)=R1

Ri +R; =Ry

R; o(Ry o R3)=(R; oRy) o R3

R; o A=A o R =Ry

R; o(R2 + R3)=(R; oRy) + (R; o Ry)
° (R1 +R2) o R3=(R1 OR3) + (R2 o R3)

It is clear from the operators and properties of Reachability Matrices that like Labeled
Reachability Expressions, these also allow for applying any arbitrary transition relation on any
arbitrary sets of states by writing the suitable Reachability Matrix and applying appropriate
matrix operations to get the resultant state vector.

We claim that Labeled Reachability Expressions without the use of two operators: A, and
| can be completely cast as Reachability Matrices using the following translation. Assume
for ease of explanation that the length of the state vector is 3. It is possible to give a general
translation scheme. We are working on the proofs which are not put in this report for lack of
time. Given two Labeled Reachability Expressions A; and A, over LE and L, we can formulate
equivalent Reachability Matrices M| and M; of order 3 as shown

e If A; = T}, the corresponding matrix representation for M| would be

7 6 0
M=| © 6§ O
® 0 9§
Evaluating [[T1] (S1, S2, S3) = (Img(S1,T1), Sz, S3). The same effect would be captured

by evaluating [M; ]| (S1, S2, S3).

e Given two Labeled Reachability Expressions A; and A, with equivalent Reachability Ma-
trix formulations M and My, evaluating [A; + A2 ] (S1, S2, S3) would be the same as
evaluating [M; U M2 ] (S1, S2, S3) = [M1] (S1, S2, S3) U [M2] (S1, S2, S3).

e Given two Labeled Reachability Expressions A and A, with equivalent Reachability Ma-
trix formulations M; and My, evaluating [[A; o A2 ] (S1, S2, S3) would be the same as
evaluating [M; o M, ] (S1, Sz, S3).
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e Given two Labeled Reachability Expressions A and A, with equivalent Reachability Ma-
trix formulations M; and My, evaluating [[A; ; A2] (S1, S2, S3) would be the same as
evaluating [M; ; Ma] (S1, S2, S3).

e Given a Labeled Reachability Expression A; with equivalent Reachability Matrix formu-
lation M, evaluating [*A; ]| (S1, S2, S3) would be the same as evaluating
[*My ]| (S1, S2, S3).

e Given a Labeled Reachability Expression A; with equivalent Reachability Matrix formu-
lation My, evaluating [[ (A1), ] (S1, S2, S3) would be the same as evaluating
(M ] ([M2] (S1, S2, S3)), where M}, is the following Reachability Matrix Formulation

® 6 06
M,=| ® & ©
® ® 9§

e Given a Labeled Reachability Expression A; with equivalent Reachability Matrix formu-
lation M, evaluating [[Ly : A1 ]| (S1, S2, S3) would be the same as evaluating
(M ] ([M2] (S1, S2, S3)), where M, is the following Reachability Matrix Formulation

O © 0
M,=| 6 ® O
® 0 9§

This shows that without the use of the two operators A, and |, Labeled Reachability Ex-
pressions can also be represented using Reachability Matrices. For our work, we these two
operators are of prime importance in dealing with large circuits. Additionally, formulating a
Reachability Matrix is a cumbersome experience. Writing traversal techniques using Labeled
Reachability Expressions is more intuitive. We are yet to implement the translator of a Labeled
Reachability Expression to its corresponding Reachability Matrix.

2.5 Implementation of Generic Framework

Figure 2.1 shows the Layered Architecture of our generic framework. The framework is built
on top of a BDD-based reachability engine, NuSMV which performs the very basic operation
of image computation only. Though we have currently used NuSMV as the back-end, it is
possible to extend the framework to be integrated with any SAT solver. The middle layer in-
terprets the search techniques encoded as a Labeled Reachability Expression. Additionally it
also provides some Boolean and set-theoretic functionality. The topmost layer is the one that
allows us to write meta-programs to encode different search techniques. Each Labeled Reach-
ability Expression is a meta program. We conjecture that any search method based on least
fixpoint formulation can be used with our framework by only translating the technique into its
equivalent Labeled Reachability Expression. This layer provides tremendous flexibility to the
framework by allowing us to write different search techniques and analyse and compare their
performances.
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Meta —Programming

Language

Interpreter for Labeled

Reachability Expressions

NuSMV

Figure 2.1: Layered Architecture of Framework

Additionally, we conjecture that using this framework we can completely capture a restricted
version of modal p-calculus (without greatest fixpoint negation operators). We are yet to inves-
tigate if everything that can be captured using modal mu-calculus would also be allowed by our
framework. This would then help us to reason about a whole class of least fixpoint based search
techniques. The use of labels allows the flexibility of applying any arbitrary transitions on any
arbitrary sets of states. The main contribution of having such a framework is that specification
of any new search technique will be done at the meta-programming layer, without having to do
any modifications in the reachability engine (back-end). This is in stark contrast to the earlier
work reported by Cho et al. in [1] and Govindaraju et al. in [9] who had to build separate model
checkers for each traversal technique that has been analysed.

Next, in Chapter 3, we discuss encoding of a few state of the art traversal algorithms using
our framework.
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Chapter 3

Encoding Traversal Algorithms in Our
Framework

In Chapter 2, we discussed our framework based on Labeled Reachability Expressions. In
this chapter, we discuss how a few state of the art approximate traversal algorithms [1], which
are taken from a class of least fixpoint approximation methods can be encoded in our generic
framework. We also note that our framework would allow analysing the performance of any
search technique which can be encoded using Labeled Reachability Expressions.

3.1 Approximate Traversal Algorithms

We discuss the algorithms presented in Cho ef al. in [1]. Assume the partitioning of the circuit
as was explained in Section 1.2.1.1 in Chapter 1. We provide intuitive descriptions of each
strategy and least fixpoint approximation characterization as given by Moon et al. in [25] for
each of these algorithms.

3.1.1 Use of Constrain operator in Image Computation

Given a set of states S and a transition relation 7, Coudert and Madre in [4] have shown that
Img(S,T)=1Img(1,T | S), i.e., the problem of finding the image of S under 7 now reduces to
the problem of finding the range of 7 | S. For a large transition system with say two overlapping
projections 1 and S», we can write the image computation as follows:

Img(Sl N Sy, T) = Img(Sl,T l Sz).

3.1.2 Use of labels in encoding search methods

Labeled Reachability Expressions help in choosing any arbitrary state component by means of
referring to its corresponding label. This feature is very useful in encoding the search techniques
discussed in this chapter. Some state components can actually be used to store the results
of intermediate computations and they need not represent the state space of the circuit. We
highlight such state components while explaining the encoding of the different search methods.
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3.1.3 Machine by Machine Traversal

This strategy traverses the partitions serially and iteratively, until a fixpoint in the computation
of the reached set is obtained. MBM initially sets the reachable states of all submachines to
tautology and computes the reachable states of each submachine in turn. In each iteration, the
transition relation of the submachine being traversed is constrained by the reachable states of
the other submachines obtained from the previous iteration. The process is repeated until the
sets of reachable states stops shrinking. It is hence computing a greatest fixpoint computation
with least fixpoint computations (reachability analyses of the submachines) performed at each
iteration.
This can be characterised as a least fixpoint formulation as shown

M =1

i = J B8 Img(S,0(T(LX. X)) ANy Myt it j = p(0)
I Mt otherwise
j

where p(i) is defined as
p(0)=0

: i i1
o(i+1)=4 P it My i) 7 My
(p(i) + 1)mod k  otherwise

This selection function ensures that MBM takes each submachine to convergence before
switching to another submachine.

3.1.3.1 Encoding as a labeled reachability expression

Assume for ease of explanation, that we have only two projections of the system. Let the
state vector S = (S1, S2, S3, S4), where the first two components are the state components
and the last two components are used during intermediate computations but don’t represent any
component of the state space of the circuit. In the i’" iteration, components S3 and Sy store
the reachable states obtained from the traversal of the projections 1 and 2 computed in the "
iteration respectively, while the components S| and S, store the reachable sets computed in the
(i — 1)™ iteration which are used to constrain the image computations in the i iteration. The
encoding is done as shown.

f((eLs: (T, | 81) +80) + *Le: (T)oy | 8,) +81)) o Lizdy, o Lp:
d7,) Assume that the state vector S is initialised to tautology. This encoding computes the
reachable states of partition 1, denoted by %Lz : (((7T1)r, | Oz,) + Or,) and stores the set of
reachable states in the state component S3. The state vector component S is not affected by
this computation. The resultant state vector is then transformed to also contain the reachable
states of the second partition by applying *L4 : (((T2)z, | 8r,) + 9z,). This computes and
stores the set of reachable states in this partition in the state component S4. Next, the labels

are updated before the iteration completes. The contents of the state component Sy is copied in

21



the component S,, while the contents of S3 is copied in §;. This completes one iteration of the
strategy. The procedure terminates when the state vector S reaches a fixpoint, i.e. each state
vector component reaches its fixpoint. The over-approximated set of reachable states is then
returned as Y(S1,52).

This encoding incorporates the same selection function as is used in MBM. We provide an
inductive argument to show that this encoding produces the same set of reachable sets as its
corresponding least ﬁxpomt approximation formalism.

Let predicates r'; ; and q denote the reachable sets from the least fixpoint characterlzatlon of

MBM and our encoding respectively for the j** partition at the end of the i iteration. To start
off, r(l) and r(z) are both initialised to tautology. In our encoding too, q(l) and qg are initialised to
Tautology (T). Assume that both the representations compute the same set of states at the end
of the i"" iteration. At the end of the i + 17" iteration, MBM computes the reachable sets as

rtt = pS.(rh v img(S,0u(T) A 1)), and

’“ = pS.(ry v img(S,aa(T) A "))

The current approximated reachable set for the system as (r} i+l ’2+1) which is returned if a
fixpoint of each of the reachable states has been attained. The same computation is done with
our encoding too. At the end of the i + 1" iteration, it computes the reachable sets as
gy = uS.(q} v img(S,1(T) | ¢5 ")), and
q5" = uS.(¢5 V img(S,ea(T) | ¢y")), and
and the current approximated reachable set for the system as (g ’+1, q’2+1) This would be true
for any number of ensuing iterations till a fixpoint has been generated. Hence, our encoding is
a correct representation of the MBM strategy.

3.1.4 Frame by Frame Traversal

In this strategy, instead of traversing partition M; before partition M;,|, one step of image
computation is done for every sub-space, then all sub-spaces move one time frame ahead, and
then another image computation is performed (one per sub-space). The algorithm terminates
when a fixpoint in the computation of the reached set is obtained. Depending on how the
constraints are updates, there are two variants: Reached FBF and To FBF.

3.1.4.1 Reached FBF

RFBF initially sets the reachable states of each submachine to its respective initial states. It
then interleaves the reachability analyses of the submachines by computing one image compu-
tation for each submachine in turn. It also constrains the transition relation of each submachine.
When computing the i'" step of reachability analysis for a submachine, the accumulated reach-
able states of the other submachines from tghe previous iteration are used. The computation
continues till the sets of reachable states stop growing.

This can be characterised as a least fixpoint formulation as shown

-1
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R. =

{ uS.I;\ Img (S,0(T(1,X, X)) A N\ RV i j =i mod k
J

R’j’1 otherwise

The selection function used here picks one submachine at a time and performs one image
computation in each to complete an iteration.

3.1.4.2 Encoding as a labeled reachability expression

Assume for ease of explanation, that we have only two projections of the system.

RFBF uses as constraints the reachable sets computed in the previous iteration. So we
would need two more state components to keep track of the constraints to be imposed in every
iteration, but are not representing the reachable states of the circuit. Let the state vector S =
(S1, S2, S3, Sa), where the last two components are used to store the reachable sets computed
in the current iteration to be used as constraints in the next iteration. The encoding is done as
shown.

#((((L3: (M), L 8r,) + 8r,) o La: ((T2)r, | 81y) + 81,)) © (Li:81y) o (L2:8y,))

Assume that the first two components of the state vector S are intialised to their projected
versions of the initial state. Components S3 and S4 are intialised to the projected versions of
projection 1 and 2 respectively. This encoding first performs image computation of partition 1,
denoted by (L3 : (((T1)z, | Or,) o dr,)) and stores the set of reachable states after one image
computation in the state component S3. The state vector component 5> is not affected by this
computation. The resultant state vector is then transformed to also contain the reachable states
after one image computation of the second partition by applying (Ls: (((T2)r, | dr,) + 91,)).
This computes and stores the set of reachable states after one image computation in this partition
in the state component S4. Next, the labels are updated before the iteration completes. The
contents of the state component S4 is copied in the component S», while the contents of S3 is
copied in S;. This completes one iteration of the strategy. The procedure terminates when the
state vector S reaches a fixpoint, i.e. each state vector component reaches its fixpoint. The over-
approximated set of reachable states is then returned as y(S;,S). i This encoding incorporates
the same selection function as is used in RFBF. We provide an inductive argument to show
that this encoding produces the same set of reachable sets as its corresponding least fixpoint
approximation formalism.

Let predicates r§~ and q§~ denote the reachable sets from the least fixpoint characterization of

RFBF and our encoding respectively for the j/* partition at the end of the i’” iteration. To start
off, ”(1) and rg are initialised to a (Init) and oy (Init), where Init is the intial set of states in the
system. In our encoding too, q(l) and qg are their respective projected values of Inif. Assume
that both the representations compute the same set of states at the end of the i’ iteration. At the
end of the i + 17" iteration, RFBF computes the reachable sets as
rtt = pS.(rh v img(S,0u(T) A r5 1)), and
ot = pS.(r v img(S,00(T) A 1))
Due to the selection strategy, one image computation per partition is performed in each iteration
and the set of reachable states is stored to be used as constraints in the next iteration.

The current approximated reachable set for the system as y(r’i“ ) ré“) which is returned if a
fixpoint of each of the reachable states has been attained. The same computation is done with
our encoding too. At the end of the i + 1" iteration, it computes the reachable sets as
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gy = (g, v img(S,ou(T) | ¢5 ")), and

g5 = (gh v img(S,00(T) | ¢y ")), and

and the current approximated reachable set for the system as y(q’ﬁl, qé“). This would be true
for any number of ensuing iterations till a fixpoint has been generated. Hence, our encoding is
a correct representation of the RFBF strategy.

3.1.4.3 To FBF

Unlike RFBF which uses the reached sets as constraints, this method uses the 7o sets (i.e. the

images themselves) from the previous image computation to constrain the transition relation.

Since this uses the smallest constraint set, it gives the smallest reached set upon convergence.
This can be characterised as a least fixpoint formulation as shown

-1

X to_j
L’j’ ! otherwise

Lo { pS.IVL, . if j=imodk

where

L;'O_j =Img(S,0;(T(1,X,X")) A /\I#L;_ll) depicts the to sets.
The selection function used here again picks one submachine at a time and performs one

image computation in each to complete an iteration.

3.1.4.4 Encoding as a labeled reachability expression

Assume for ease of explanation, that we have only two projections of the system. TFBF uses as
constraints the to sets computed in the previous iteration. We would need two state components
which keep track of the constraints to be imposed in every iteration. In addition, we would also
two more state components to update the set of reachable states of every component after the
current iteration completes. So, the state vector S = (S1, S2, S3, S4, Ss, S¢), where the set of
reachable states is the implicit conjunction of the first two components. Components S3 and Sy
are used to store the to sets of projections 1 and 2 respectively, while components S5 and Sg
are usec to store the reachable sets of projections 1 and 2 respectively. The encoding is done as
shown.

#(((((Lr = (La: ((T1)zy 1826) + 81y) © Lo (La: ((T2)r, | O1s) + 81,))) © (Ls:8ry) o (Ls:
6L4>)

Assume that the first two components and the last two components of the state vector S are
intialised to their projected versions of the initial state of projections 1 and 2 respectively. Also,
S3 and Ss are intialised to the projected versions of the initial states of projection 1, while S4
and Sg are intialised to the projected versions of the initial states of projection 2. This encoding
first performs image computation of projection 1, denoted by Ly : (L3 : ((T1)z, | 8r,) + 01,)
and stores the set of reachable states after one image computation in the state component Sy.
Also, the to set is stored in the state component S3. The other state vector components are
not affected by this computation. The resultant state vector is then transformed to also contain
the reachable states after one image computation of the second partition by applying Ly : (Lg :
((I2)r, | dr5) + 9Or,). This computes and stores the set of reachable states after one image
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computation in this partition in the state component S, and the o set is stored in S4. Next, the
labels are updated before the iteration completes. The contents of S3 is copied into S5 and those
of S4 1s copied into S¢. This completes one iteration of the strategy. The procedure terminates
when the state vector S reaches a fixpoint, i.e. each state vector component reaches its fixpoint.
The over-approximated set of reachable states is then returned as y(S1,S2).

We provide an inductive argument to show that this encoding produces the same set of
reachable sets as its corresponding least fixpoint approximation formalism. Let predicates rl!
and q{ denote the reachable sets from the procedure TFBF and our encoding respectively for

subset i at the end of iteration j. Also, let predicates to_r{ and to_q{ denote the to sets from the
procedure TFBF and our encoding respectively for subset i at the end of iteration .

To start off, ”(1) and rg are initialised to o (Init) and oy (Init), where Init is the intial set
of states in the system. In our encoding too, ‘](1) and qg are their respective projected values of
Init. Assume that both the representations compute the same set of states at the end of the i*"
iteration. At the end of the i + 17" iteration, TFBF computes the reachable sets as
rtt = pS.(rt v img(S,0u(T) A tors ")), and
ot = pS. (v v img(S,00(T) A tori™h))
where the fo sets are as shown
z‘o_r’i+1 = img((ri,ocl(T) A to_r.’;l)), and
to 5™ =img((rh,00(T) A tori™")). Due to the selection strategy, one image computation per
partition is performed in each iteration and the set of 7o states is stored to be used as constraints
in the next iteration.

The current approximated reachable set for the system as y(r’i“ ) ré“) which is returned if a
fixpoint of each of the reachable states has been attained. The same computation is done with
our encoding too. At the end of the i + 1" iteration, it computes the reachable sets as
a\"' = (q} v img(S,a1(T) | tog; ")), and
qé“ = (g5 Vv img(S,aa(T) | to_q"l_l)), and
where the fo sets are as shown
tog\"" = img((4},ou(T) A togy ")), and
togs™ = img((¢gh,2(T) A tog™")). and the current approximated reachable set for the
system as ¥(¢}"", g5t!). This would be true for any number of ensuing iterations till a fixpoint
has been generated. Hence, our encoding is a correct representation of the TFBF strategy.

3.1.5 TMBM

This is a hybrid traversal method, which starts off as TFBF and after a specified number of
iterations switches to MBM. Use of TFBF at the start of traversal gives the benefit of accuracy
in image computation, while MBM helps in faster convergence.

First, TFBF runs for ¢ time frames. The reached set is saved, and MBM uses the fo set (fron-
tier) at time 7 as the initial state set. When MBM reaches a fixpoint, the reached set computed
by MBM is added to the saved reached set computed by TFBF to give the final reached set.

3.1.5.1 Encoding as a labeled reachability expression

Assume for ease of explanation, that we have only two projections of the system. Let the state
vector S = (Sy, Sz, S3, S, Ss, S¢, S7, S8, S9, S10), where the set of reachable states is returned
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as Y((S1 U S9),(S2 U Sjp)). The remaining components are used to update the constraints and
the reachable sets accordingly. The encoding is done as shown.
((((((Ls: (L= ((T1)r, 18g) + 81y) o Le: (La: ((T2)1, | Br,) + 81,)) © (L1:81,)) o ((La:
85)) o ((L7:8g)) o ((Lg:81,))) o =( *(Lo: ((T)es | 8y) +81)) + =
(Lio: (T2)zy | 8ry) +814)))
Here ¢ is the number of iterations of TFBF before switching over to MBM strategy. This encod-
ing first performs ¢ iterations of TFBF and stores its reachable states in the state components S
and S>. The components S3 and S4 store the 7o sets. Next, MBM starts off by using the o sets as
initial states and iterates till a fixpoint is obtained. The reachable states computed by MBM are
stored in Sg and Sj¢. Finally the set of reachable states is returned as y((S1 U Sg), (S2 U Si0)).
Proving that this encoding truely computes reachable states according the TMBM strategy
is trivial and follows from the fact that our encodings of MBM and TFBF are correct.

3.2 Salient Features of our Generic Framework

Shown in Figure 2.1 is the layered architecture of our generic BDD-based framework. The
back-end engine used is NuSMV [22]. The search techniques are encoded as a meta program
involving Labeled Reachability Expressions which is interpreted by the layer for Interpreter
of Labeled Reachability Expressions. Each Labeled Reachability Expression allows us to ap-
ply arbitrary transition functions on arbitrary sets of states. If as we conjecture, we are able
to encode every Labeled Reachability Expression as a modal u-calculus expression, then we
can develop a prover component within our framework which would assist in checking certain
kinds of relations between the semantics of two different Labeled Reachability Expressions by
appropriately encoding them as two modal p-calculus formulas, and checking for implication
between these formulas. This would help immensely to also check if the semantics of any en-
coded search technique is correct by checking its relation in this prover component with the
vanilla search technique which is the most inefficient traversal method but is nevertheless a
correct formulation of computing the reachable states.

Also, our interpreter uses natural operational semantics of manipulating a state vector. Eval-
uating a Labeled Reachability Expression on a state vector involves the three following steps:

1. Select the state component on which the expression is to be applied, and

2. Perform the application of the expression on the selected component. The other compo-
nents remain unaffected, and

3. Generate a transformed state vector which reflects the application of the expression.

Reachability Expressions do not provide the facility of applying arbitrary transitions on arbitrary
sets of states.

3.2.1 Comparison with NuSMV

Our framework is much more powerful than NuSMV. Coding up such a facility of embed-
ding different traversal methods in NuSMV would require lot of familiarity with the functions
available and the parameter passing required. As compared to that, learning to use our meta-
programming language is much easier, more intutive and less cumbersome.
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Table 3.1: Circuit Details: This presents details of the circuits we ran our experiments on.
They are picked from ISCAS-89 benchmark of sequential circuits. The last column contains
the number of clusters in each of the circuits which we got from Gaurishankar Govindaraju and
are the same ones used by him [9], except for the circuit s35932.v. We explain our method of
determining the clusters for this circuit.

Circuit Details
Ckt PI | FF #clusters
s13207.v | 31 | 669 | 47
s15850.v | 14 | 597 | 64
$38584.v | 12 | 1452 | 205
$35932.v | 35 | 1728 | 54

It would be extremely difficult to implement a prover for equivalence or implication be-
tween different search strategies in NuSMV because these search strategies are specified as
pieces of code, and so one would need a full-blown sequential program verifier. On the other
hand, we conjecture that Labeled Reachability Expressions allow us to get away with a decision
procedure for modal p-calculus, and the decision problem here is known to be in EXPTIME.

Also, our framework allows flexibility in choosing different cluster orders and choice of a
different back-engine. It hence is an extensible framework which can also be integrated with
any SAT solver instead of a BDD package at the bottom-most layer of the framework (i.e. the
reachability engine).

3.3 Results

We have implemented the traversal algorithms using labeled reachability expressions on top of
NuSMV [22]. We have run all experiments on a machine having Intel Pentium-IV 3.0 Ghz
processor, IGB RAM, 160GB HDD with Fedora Core Linux 3.4.3-6.fc3 installed. Our results
match up with those reported by Govindaraju ef al. [9] in most cases. We note our observations
about the other discrepancies.

Table 3.1 presents details of the circuits we ran our experiments on. They are picked from
ISCAS-89 benchmark of sequential circuits. The last column contains the number of clusters in
each of the circuits which we got from Gaurishankar Govindaraju and are the same ones used
by him [9]. Table 3.2 presents the results obtained from our framework. We have chosen these
circuits to run our experiments as they have allowed us to compare our results with the already
published ones by Cho ef al. in [1] and Govindaraju et al. [9].

The columns A and C list sat_fr (satisfying fraction) of the reachable state results from
Govindaraju et al. [9] for disjoint and overlapping projections respectively. It is computed
as the ratio of the reachable states and the total state space of the circuit. Columns B and D
list results from our implementation for disjoint and overlapping projections respectively. We
experimented with different ordering of the partitions (i.e. the order of choice in the selection
function) and report our best results. The iter columns contain the number of iterations it
has taken for the method to converge. For TMBM based traversals, the ifer column lists the
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Table 3.2: Traversal Results: Columns A and C list sat_fr (satisfying fraction) of the reachable
state from Govindaraju et al. [9] for disjoint and overlapping projections respectively. It is com-
puted as the ratio of the reachable states and the total state space of the circuit. Columns B and
D list results from our implementation for disjoint and overlapping projections respectively. We
experimented with different ordering of the partitions (i.e. the order of choice in the selection
function) and report our best results. The ifer columns contain the number of iterations it has
taken for the method to converge. For TMBM based traversals, the iter column lists the number
of TFBF iterations + the number of iterations it took MBM to converge.

Traversal Results

Ckt Method | A iter B iter C iter D iter

s13207.v | TMBM | 3.42e-106 | 10+6 | 3.02e-106 | 10+6 | 1.13e-115 | 1045 | 1.03e-116 | 10+8

s15850.v | TMBM | 5.84e-102 | 10+5 | 5.98e-100 | 10+8 | 3.94e-102 | 10+4 | 2.81e-101 | 10+6

s38584.v | TMBM | 6.49e-41 | 1042 | 5.96e-41 | 1045 | 5.76e-57 | 1045 | 4.93e-57 | 10+5

s35932.v | TMBM | - - 4.3e-71 1045 | — — 3.99-71 | 1045

Table 3.3: Additional results: This table shows the comparison of the Peak BDD node count
and traversal times published by Govindaraju et al. in [9] and those obtained from our frame-
work. Govindaraju et al. have not revealed their results of traversal times. The Time column
lists the total time it takes for the traversal in seconds.

Peak Memory Usage (BDD nodes) & Traversal times(in secs.)
Ckt A B Time (secs.) | C D Time (secs.)
s13207.v | 161447 | 173215 | 1265.0 198779 | 219769 | 1427.4
s15850.v | 271093 | 400125 | 2193.5 336048 | 496117 | 3095.3
s38584.v | 646258 | 831054 | 6352.7 1853461 | 235198 | 7996.9
s35932.v | — 96543 | 20811.3 - 1015639 | 25811.4
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number of TFBF iterations + the number of iterations it took MBM to converge. For circuit
s13207.v, we experimented with different cluster orderings and have reported our best results.
In the case of circuit s15850.v, we are unable to match results with Govindaraju et al. [9]. As
we have shown that our implementation is a correct translation of the traversal algorithms, we
attribute this difference to possibly the difference in the BDD packages used for implementation.
Govindaraju et al. [9] use David Long’s BDD package [26]. For the largest circuit s35932.v,
Govindaraju et al. [9] doesn’t report any results as they were unable to get the same partitions
as were used by Cho ef al. in [1]. We have some knowledge of the structure of this particular
circuit by looking at the dependency plot of this circuit.

The dependency plot shown in Figure 3.1 between the next and the current state variables in
the circuit s35932.v, reveals a lot about the structure of this circuit. We observed that the circuit
is built up of nine boxes which are functionally equivalent. In each of the nine boxes, we were
able to identify 6 groups of state variables which have have similar next state equations as their
corresponding groups in other boxes. Only the state variables belonging to the first box depend
on the Pls.

We have used each group of variables as a partition of the circuit and have hence got 54
clusters in this circuit, which incidentally is also the same number of clusters mentioned by
Cho et al. in [1] but like Govindaraju et al. in [9], we were also unable to generate 54 clusters
based on the partitioning strategy proposed by Cho ef al. in [1]. To generate projections for
our experiment with this circuit, we chosen some random state variables as the overlapping
variables across the disjoint partitions. We are yet to fully investigate the benefits of such a
regular structure which can be exploited to get better traversal results.

Shown in Table 3.3 are details of the Peak BDD nodes in the traversal results and the total
traversal time it takes in seconds. Govindaraju et al. in [9] report their Peak BDD node counts
but no data regarding their traversal times was made available. Columns A and C list their Peak
BDD node counts for disjoint partitions and overlapping projections respectively. Columns B
and D list the Peak BDD node counts from our framework for disjoint partitions and overlap-
ping projections respectively. The columns of Time denote our traversal times in seconds. We
observe that our Peak Node counts are higher than those reported in [9]. This is expected as
the framework incurs the overhead of storing constraints which are to be used in the next itera-
tion of traversal as temporary state components. The largest circuit $35932.v takes more than 5
hours for a complete approximate traversal.
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Chapter 4

Use of Input Constraining

In this chapter, we investigate the benefits of applying some constraints on the primary inputs
in an attempt to tighten the over-approximation of the reachable set.

4.1 Basic Idea

Computing the reachable state space in a partitioned system involves the following steps:

e Perform an exact image computation of each projection, update the constraints on the
state space suitably

e [terate till a fixpoint has been reached (individually) for all projections. If yes, then com-
bine the reachable states to get the final reachable set of states and terminate.

Whenever the states from different projections are combined or the constraints are updated,
it is quite likely that some undesired state combinations get added which would otherwise never
be a part of the reachable state space. In other words, states which can be obtained or reached
due to a particular combination of PIs only should not be combined with states that get generated
from other input sequences. In section 4.2, we illustrate this with an example.

4.2 A Motivating Example

Consider a small sequential circuit with three state variables {x, x, x3} and two Primary
inputs {i1, ip }, partitioned into 2 overlapping projections: P1 and P2, with {x|, x,} and {x2, x3}
respectively. Suppose the image computation starting from the initial state (0, 0, 0) is as shown
in Table 4.1.

Cases 1 and 4 result in generating an unnecessary over-approximation by including states
(000) and (001) respectively in their individual state spaces. Also, case 2 incorrectly generates
the state (011) as being reachable. This particular generation can be avoided if we club cases
1 and 2 under one input constrain, namely i and cases 3 and 4 under another input constrain,
namely i;. Alternatively, if we club cases 1 and 3 in one partition (with the constraint as i,) and
cases 2 and 4 in another (with the constraint as i), then the approximate state space generated
after one application of image operation would exactly be the same as the one listed in the
Actual column. So, it is seen even from this small example that choice of input constraints can
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Table 4.1: Example of Input Constraining

One step of Image computation
PIs (i1,12) | P1 (x1,x2) | P2 (x2, x3) | Approx. space | Actual possible space
Case1: 00 |00 01 000, 001 001
Case2: 01 (01 00 011 -
Case3:10 (|10 11 111 111
Case4: 11|11 00 000, 001 000

greatly affect the quality of the over-approximation. Having some insight of the structure of
the circuit could be very useful in determining the input constraints. Choosing good constraints
could be extremely helpful in tightening the over-approximation. Our experiments show that
this approach indeed gives better traversal results i.e. a better over-approximation.

In the next section we present a formal explanation of this approach and the modified least
fixpoint formulation of the approach.

4.3 Approach

Let Sf-‘j be the set of states obtained from the i'” projection in the k' using the j** input constraint.
Assume there are three projections and two input constraints. Assume all the sets are initialized
to the same initial state of the circuit (in the zeroth step) . In the first step, the states obtained
would be S}, S}, and S}, using the first input constrain and S},, S}, and S., using the second
input constrain. Next, we have to update the constraints carefully such that states that get
generated from the two different input constraints do not get merged. The central idea is that in
the k' step of image computation,

(Sf) x 85, x 8§ ) U (S}, x 85, x 85) € (87, UST,) x (85, US3,) x (85, US5,)

Further the constraints on the inputs should be chosen such that all possible input combinations
are covered. For instance, if there are p constraints on the set of primary inputs (I):

Ci(D), G (D), ... Cp(D),

then the following property should be satisfied by these constraints

—|(C1\/C2\/...\/Cp_1) —>Cp

There will not be any improvement in the efficiency of MBM algorithm by using constraints
on primary inputs. This is due to the fact that in MBM, before starting the traversal of the i'"
sub-space, the i — 1" sub-space has already been completely traversed and a fixpoint of the
same has been obtained. So, there is no real way to keep track of input sequences to be merged
in a way to disallow mixing of states which cannot get generated from the same input sequences.
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We present the least fixpoint characterization [25] for this approach using RFBF startegy
here
—1
Ry =1j

l = i—1  r= i—1 cp .
R = yS.Ij\/[mg(S,Ocj(T(I,X,X'))/\Cl/\\/l:leﬂ ':;zé];‘,r:lerl ) if j=imod k
7 le?l otherwise
where

C; is the I’ input constraint. Assume a total of p input constraints in the system.
The other strategies: TFBF and TMBM can be similarly characterized to accomodate the idea
of input constraining.

4.4 Encoding using Labeled Reachability Expressions

Assume for ease of explanation, that we have only two partitions of the system. The encoding
is done as shown.

#(Lo: (8, A 8r5) + (8, A 8r,)) o (Ls: ((Th)ry 181, L C1) + 81y) © (Le: ((Th)y |
8, L C2) + 81,) o (Lr: (T2)ry LBr, LC1) + 8p,) o (Lg: ((T2)ry 18y 1 C2) + 81,) ©
L1 :SLS e} L2:8L6 @) L318L7 @) L4:5Lg)

RFBF uses as constraints the reachable sets computed in the previous iteration. So we
would need four state components to keep track of the constraints to be imposed in every iter-
ation. In addition in the presence of input constraints, we would also four more state compo-
nents to keep track of the predicates Ri.l’s to avoid unnecessary mixing of states. Let the state

vector S = (S1, 82, S3, S4, Ss, Se, S7, S, S9), where the set of reachable states returned is
v(S1,S83) U Y(S2,S4) upon convergence.

Encoding the use of input constraints in our framework is very easily done by adding the
input constraint C; as constraining the next state function of the cluster being traversed. The
benefits of this strategy is due to the intelligent mixing of states to avoid some obvious over-
approximations.

4.5 Identifying constraints on Pls

In order to identify constraints to be imposed on the PIs, we observed the dependency plot
between the next state variables in the circuit and the PIs. Shown in Figure 4.1 is the dependency
plot of the state variables in circuit s13207.v on its PIs. It is easy to see that there are certain
groups of PIs which affect only a particular subset of state variables. Such plots can be indicative
of the input constraints that can be imposed to tighten the overapproximation. For instance, from
the figure 4.1, we see that a subset 5 PIs numbered from 23 to 27, affect only a very small part
of the state space (State variables numbered 212 to 250). We used 4 PIs from this subset to
generate the constraints and tried out all the 16 possible combinations of the PIs. Other subsets
of PIs that can be used to generate constraints could also be PIs numbered 21 and 22 which also
affect only a small subset of next state variables.

For all the circuits we ran our experiments on, we restricted ourselves to the use of con-
straining atmost 4 PIs from any subset of PIs chosen to impose constraints.
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Table 4.2: Traversal Results with Input Constraining: Column Method denotes the traversal
method being used. Columns E and F denote the sat-fr of the reachable space computed by
the method (after using input constraining) with disjoint partitions and overlapping projections
respectively. The columns iter-E and iter-F denote the number of iterations (number of TFBF
iterations + number of MBM iterations) it has taken for the reachable set to converge using
disjoint partitions and overlapping projections respectively.

Traversal Results with Input Constraining
Ckt Method | E iter .E | F iter_F
s13207.v | TMBM | 2.56e-120 | 10+6 | 1.39e-125 | 10+7
s15850.v | TMBM | 4.97e-108 | 10+6 | 3.32e-110 | 10+8
s38584.v | TMBM | 4.26e-59 | 10+6 | 5.25e-61 | 10+6
s35932.v | TMBM | 3.27e-75 | 10+5 | 2.93e-78 | 10+6

4.6 Results and Discussion

Columns E and F denote the sat-fr of the reachable space computed by the method (after us-
ing input constraining) with disjoint partitions and overlapping projections respectively. The
columns iter-E and iter-F denote the number of iterations (number of TFBF iterations + number
of MBM iterations) it has taken for the reachable set to converge using disjoint partitions and
overlapping projections respectively.

Note that it takes longer to converge with the use of input constraints, but we also get orders
of magnitude improvement in the quality of the approximated reachable set for all the circuits.
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Chapter 5

Conclusion and Future Research Plans

5.1 Conclusion

Large digital systems are designed by a team of designers. Each designer has a very detailed
understanding of the working of their own respective units and the way it interfaces with the
other units of the system. The understanding of the other units is generally at a higher level
of abstraction. So, even though the designer may not clear knowledge of the complete state of
the system, they are confident about the local properties relevant to their own unit. This idea is
central to the notion of using approximate methods for verifying large state spaces using par-
titioning. The key idea is to retain complete information about one partition and just sufficient
information about other partitions.

In this work, we have built a generic BDD-based framework using Labeled Reachability
Expressions which manipulate a state vector. This helps to unify the search techniques on large
sequential circuits. We conjecture that Labeled Reachability Expressions can be embedded
within a restricted version of modal u-calculus (which does not have the negation and greatest
fixpoint operators). It would help to test not only our traversal methods but also any other search
technique which can be cast in the form of a Labeled Reachability Expression.

We have shown how this framework allows us to experiment with different approximate
traversal algorithms and try out different traversal schemes. We have compared the results
obtained from our framework with already published ones in [1, 9]. We have tried out using
Input constraining as a refinement to tighten the overapproximation and we report orders of
magnitude improvement in traversal results. We have evaluated all the techniques on a public
domain benchmark suite of sequential circuits: ISCAS-89.

5.2 Future Research Plans

Our goal is to automate the process of reachability analysis using approximations with minimal
manual intervention.

e Abstraction using Encoding Decoding blocks: We had discussed this framework in
our first progress report [5]. This idea is based on the fact that there is enough statistical
correlation between the state variables in large circuits. This is not surprising as it is not
possible to build large circuits in a monolithic manner. Our initial observations about the
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circuit structure by using dependency plots does show that some large circuits are indeed
built by compositions of constituent smaller circuits in a well-defined manner. We are yet
to fully investigate this approach.

e Use SAT solvers to explore new ways to perform existential quantification: A lot
of research work is ongoing and is also available in literature. We want to use these
techniques and improve upon them to be used as the backend Reachability Engine in our
generic framework and also for the abstraction based on Encoding-Decoding strategy.

e Using the generic framework:

1. We would like to incorporate the prover component in this framework which would
allow us to determine the qguality of the traversal technique we want to analyse.

2. Also, leveraging other back-end support packages apart from NuSMV (which is
currently being used) like some SAT solver could prove to be very beneficial in
trying to extend this framework.

3. It would be beneficial to add the abstractions based on Encoding-Decoding of the
state variables also in the framework and analyse the performance of the traversal
schedules.

4. Build a completely automated integrated tool environment which would have enough
capability to decide what would be good partitioning strategies for the circuits, de-
cides between diferent traversal schedules, scales up well for large circuits, and
improving the flexibility of the framework by also providing ease of use. Any user
of the framework should only be required to do the appropriate translation of her/his
search technique as a Labeled Reachability Expression and all other details could
be kept hidden from her/him.
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