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Formal Verification of Statecharts Using Finite-State Model Checkers
Qianchuan Zhao and Bruce H. Krogh, Fellow, IEEE

Abstract—This brief concerns the formal verification of proper-
ties of statecharts, a hierarchical state machine formalism for de-
signing control-system logic. Various semantics have been defined
for statecharts in terms of the microsteps that determine the tran-
sitions between statechart configurations. We show how compu-
tation tree logic (CTL) specifications for a statechart can be ver-
ified using a finite-state model checker such as SMV. The inputs
to the model checker are a model and an associated expansion of
the CTL formula that reflect the semantics. A Kripke structure
with marked states provides the formal relationship between the
expanded model and the original statechart structure and CTL
specification. The results apply to a general class of semantics and
statecharts with bounded behaviors. The approach is illustrated
with a small example.

Index Terms—Control logic, discrete control, formal verifica-
tion, statecharts.

I. INTRODUCTION

HIS brief presents a method for using existing model-
T checking tools to verify properties of statecharts [10], one
of the most popular representations for control logic design.
Model checkers, which implement algorithms to perform formal
verification of properties of finite-state systems, have been ef-
fective in finding design errors for digital circuits and protocols
[2], [17]. The growing use of tools for computer-aided control
system design increases the possibilities for using these tools
to verify the correctness of control logic before it is realized in
software and implemented on a target processor.

Statecharts are graphical representations of discrete-state
transition systems based on hierarchical state machines. The
state of a statechart structure is commonly referred to as the
configuration and a state transition is referred to as a step. Steps
occur in response to input events. The statechart step-semantics
defines the admissible steps, usually in terms of microsteps that
define the sequences of intermediate configurations and vari-
able values leading from one statechart state to the next. Various
step-semantics have been introduced to precisely define the
admissible steps for a given statechart structure [1], [14], [18].
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Multiple semantic interpretations are possible for statecharts
because of the possibility of having multiple states enabled at
one time in the chart, and because changes in variables and
configurations can introduce new enabled transitions.

To use a model checker to verify properties of a statechart, it
is necessary to build a finite-state model of the statechart tran-
sition system [12], [13], [21]. Fig. 1 illustrates the proposed ap-
proach to verifying properties of statecharts using an existing
model checker. In this figure, the shaded constructs are concep-
tual. The upper section of the figure illustrates the verification
one wants to perform. A specification in computation tree logic
(CTL) for the statechart describes desired behaviors in terms
of statechart steps and states. If one were available, the state-
chart and the statechart CTL specification would be the input
to a statechart model checker. Such a statechart model checker
would analyze the possible sequences of statechart steps repre-
sented (conceptually) by an associated state transition system
called a statechart Kripke structure [7]. To take advantage of
existing model checking tools, the statechart step-semantics is
used to construct a microstep model for the statechart. This mi-
crostep model is constructed in terms of the input language for
the model checker. For example, for the model checker SMV
[3], [4], [19], the microstep model would be a collection of
concurrent state machines described using the SMV input lan-
guage. The statechart CTL expression is expanded into a CTL
expression for this microstep model based on the statechart step-
semantics. The model checker then analyzes the possible se-
quences of statechart microsteps represented (conceptually) by
an associated microstep Kripke structure. In this brief, we pro-
vide rules for constructing the expanded microstep CTL specifi-
cations and demonstrate the equivalence of the results obtained
by the microstep model verification and the desired results that
would be obtained by a statechart model checker.

Verification of statecharts has been studied by a number of
researchers [9], [20], [6]. The idea of formula expansion and
structure shrinking developed in this brief is similar to the ap-
proach used for analysis of the StateMate variant of statecharts
based on the step-semantics defined in [8]. Recently, Bienmiiller
studied the efficiency of model checking StateMate statecharts
using alternative approaches to microstep models [5]. The ob-
jective in this brief is to define an approach to statechart verifi-
cation that is applicable for a general class of step-semantics.

This brief is organized as follows. Section II presents the def-
initions and notation for statecharts, and defines step-seman-
tics for statecharts. Section III introduces Kripke structures as
transition system semantics for formal verification of statechart
properties. Section IV describes the verification of statechart
CTL specifications via specification expansion. An example in
Section V, illustrates the verification procedure and shows that
specification expansion is necessary. The concluding section
summarizes the contributions of this brief.
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Fig. 1. Overview of proposed approach for formal verification of statecharts using a finite-state model checkers.

II. STATECHARTS

This section describes statechart structures and statechart
step-semantics. We follow the standard definitions of [18]
augmented with Boolean variables to capture important
features of most practical implementations of statecharts [16],
[11].

A statechart structure is a tuple S = (Q, p, 7, 6, T') specifying
the topological aspects of the statechart graph. () is the set of
chart-states and 7" is the set of chart-transitions. The children
function p specifies a tree-like hierarchical relation on () with a
special chart-state r € () as the root of the tree. The root state r
is an ancestor of all other chart-states. The function § specifies
a default chart-state for each OR-state whose meaning is made
clear below.

A statechart is a tuple SC = (S, V, €, x, B, A), where: S is a
statechart structure (defined above); V = v!,...,v™ is the set
of m Boolean variables;! £ is a set of events partitioned into &y,
the set of input events, and £p, the set of broadcasted events; y :
T — Pgy defines the enabling conditions for the chart-transi-
tions, where Peyy is the set of predicates on the sets of events
and Boolean variables; B : T — 2¢5 associates broadcast

Valuations of all variables will be denoted by vectors v € {0,1}™, and
the ith component of a valuation vector v will be denoted by v(¢), which is a
valuation of variable v*.

Authorized licensed use limited to: Carnegie Mellon. Downloaded on October 24,

events with chart-transitions; and A : 7' x BVl — BIVI as-
sociates actions with chart-transitions, where B = {0, 1}.

In the graphical presentation of statecharts, chart-states are
boxes and chart-transitions are directed arcs, as illustrated in
Fig. 2. If a chart-state s is immediately contained in a chart-
state s’ (no other chart-state in between), s is called a child
of §'. In this case, s € p(s’) and s’ is called a superstate. In
Fig. 2, r and P are examples of superstates, with P € p(r)
and PO € p(P). Chart states that do not contain other chart-
states are called basic chart-states. Superstates are either as AND-
states or OR-states, which represent concurrent or sequential
components of the statechart, respectively. The children of AND-
states, shown as dotted boxes, are active simultaneously. The
children of OR-states and basic chart-states are shown as solid
boxes. In Fig. 2, r is an AND-state, P and () are OR-states.
Default chart-states of OR-states are indicated by arrows with
open tails.

The state of a statechart structure is determined by a set of
active chart-states, called the configuration of the statechart and
a valuation of the statechart variables. A statechart responds to
a set of input events by firing a sequence of chart-transitions
and the system configuration and variables change accordingly.
A complete transition in the statechart state in response to an
input event is called a step.

2008 at 16:42 from IEEE Xplore. Restrictions apply.
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Fig. 2. Statechart with variables.

Configurations are defined as maximally consistent sets
of chart-states, which are sets of chart-states satisfying the
following conditions: the root state is included; each AND-state
included in the configuration also includes all of its chil-
dren; and each OR-state included in the configuration also
includes exactly one of its children. The set of valid con-
figurations is denoted by C. For the statechart in Fig. 2, the
set of configurations is C = {C;,i = 1,2,3,4}, where
C1 = {T7P7Q7P07Q0}702 = {T7P7Q7P07Q1}703 =
{r,P,Q, P1,Q0},and Cy = {r, P,Q, P1,Q1}.

The logical behaviors of a statechart are specified by asso-
ciating conditions and actions involving events and variables
with the chart-states and chart-transitions. For each chart-tran-
sition ¢ € T, the associated enabling condition is specified by a
Bachuss normal form (BNF) expression [15] of the form

X"/ B A(t, v)"}]

where optional items are enclosed by [ and ], and v is a valuation
of the Boolean variables. Only those events and variable values,
such that the condition is true, enable the chart-transition. In
Fig. 2, the set of events is £ = {a, b}, there is one variable VV =
{v!}, and the condition of chart-transition ¢1 is x(¢1) = {a}.
The action of ¢1 on the variable is A(¢1,v) = {v' := 1}, where
v denotes the valuation of the variable before the action and v’
denotes the valuation after the action. In general, the actions on
variables can be a function of their current valuations.

When input events occur, the chart-state and outputs are
updated instantaneously with respect to the clock of the en-
vironment. A chart-transition is said to be enabled if 1) its
source chart-state is active (which means the chart-state is
contained in the current configuration) and 2) the predicate of
the chart-transition is true for the current values of Boolean
variables and the active events (including input events and
events broadcasted so far from the microsteps given by the
step-semantics for the statechart, as defined below). Only
enabled chart-transitions can be fired. The set of enabled
chart-transitions for a given configuration C' € C, values of

variables v € B!V, and set of input events X C & is de-
noted by enabled(C, v, X). In Fig. 2, enabled(C4,0, {a}) =
{t1},enabled(C3,1,{a}) = {t3,¢2},enabled(Cy,1,{a}) =
{t2}, and enabled(C5, 1, {a, b}) = {t4,¢1}.

The firing of a chart-transition ¢ changes the configuration C
to a new configuration C’ which is determined by a configura-
tion transition function Q(C, t). The basic idea of obtaining C’
from C' is to deactivate the source chart-states affected by the
chart-transitions and to activate their destination chart-states. In
Flg 2, Q(Cl, tl) = 03, Q(Cg, t3) = 04, Q(C4,t2) = 02, and
0(Cy,t4) = C4.

‘When a set of enabled chart-transitions is in conflict, that is,
when the firing of one chart-transition in the set will disable
other chart-transitions in the set, there can be different ways
to define the next configuration. The rules for determining the
firing sequences for sets of enabled chart-transitions is known as
defining step-semantics of statecharts. Let 7 be the set of chart-
transition sequences with finite length (including the “empty se-
quence” e containing no transition).2 All definitions for step-
semantics of statecharts satisfy the following basic properties.
To produce step-semantics that have specific properties, such
as global consistency or compositionality, more restrictions are
needed (see [18], [21], and [14] for details).

Definition 1—Step-Semantics of Statecharts: A function « :
C x BVl x 281 — T* is a step-semantics of SC if « satisfies:

1) a(C,v,X) = ¢ (the empty string); or

2) Oé(C,’U, E) = {1ty ...tg, where t1,to,...,t € T,
such that there exists a sequence of configurations
Cy,C4q,...,Ck, a sequence of values of variables
Vg, V1, . . ., Uk, and a sequence of event sets Yo, ..., X
satisfying:

a) Co=C,vg =v,%9 =

b) t; € enabled(Ci_1,v;-1,%i_1);

c) C; = Q(Ci—hti),vi = A(ti,’l}i_l), and &, = &,_1 U
B(t;).

The function o defined above is a formal representation of
the rules for determining the next configuration and variable
values for each possible state of the statechart. The ordered set
of chart-transitions «(C, v, Y) that is taken by the statechart in
response to the external inputs Y is called a step, and the firing of
each chart-transition in a(C, v, X) is referred to as a microstep.
SC, will denote a statechart SC with a given step-semantics .
The result of applying « from a give statechart state (C,v) and
for an input event set . will be denoted by the next-step-map
Ba(C,v,5).

To illustrate the concepts of steps and microsteps, consider
the situation in Fig. 2, where &7 = {a}. At the state (C3, 1),
where C5 = {r, P,@Q, P1,Q0}, if event a occurs, both ¢3 and
t2 are enabled. According to the MATLAB Stateflow step-se-
mantics, chart-transition #3 is fired first in this situation and
then ¢2 is fired. The chart-transition sequence in microsteps is
a(Cs,1,{a}) = t3t2t4. Note that chart-transition ¢4 is enabled
due to the broadcast of event b after firing of chart-transition ¢2.
An alternative step-semantics could be o/(Cs, 1, {a}) = 23,
where ¢2 is fired before #3. For this step-semantics, 4 is not
enabled.

2Note that while there is no bound on the lengths of the sequences in 7%, T*
contains only finite-length sequences.

Authorized licensed use limited to: Carnegie Mellon. Downloaded on October 24, 2008 at 16:42 from |IEEE Xplore. Restrictions apply.



946 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 14, NO. 5, SEPTEMBER 2006

III. KRIPKE STRUCTURES FOR STATECHARTS

Formal verification requires a formal semantics for the system
behaviors and a formalism for specifications to be verified. As a
formal semantics, we use Kripke structures [7]. A Kripke struc-
ture consists of a set of states, a set of transitions between states
(represented by a Boolean relation), and a function that labels
each state with a set of atomic propositions that are true in
the state. Although they are simple, Kripke structures are suf-
ficiently expressive to capture many aspects of temporal behav-
iors that are important for reasoning about reactive systems.

Definition 2—Statechart Kripke Structure: Given a statechart
with step-semantics, SC,,, its associat/e\d statechart Kripke struc-
ture is a tuple Ksc, = (M, g, R, AP, L), where

e M c C x BVl x 287 s a finite set of states;

* 1o = (Co, v, D) is the initial state, Cy € C is the initial
configuration of S, and vy is the initial value of the vari-
ables;

e RCMxM , the state transition relation, is defined as:
for (C,v, %), (C",v',Y) € M,((C,v,E),(C’,v’,E’)) €
R, iff (C",0) = Ba(C,0,%);

.« AP= Q |V is the set of atomic propositions (where @ is
the set of stategl\lart states in SC,,) and;

e L : M — 2°P s the labeling function identifying the
atomic propositions that are true for each state x =
(C,v,Y), defined by L(z) = C U {v/ € V|vI(z) = 1},
where v7 () is the value of variable v/ at state .

The labels for the states in the statechart Kripke structure are
the active statechart states and the variables that are true for
the given statechart configuration and variable valuations. We
now introduce an additional type of Kripke structure to rep-
resent the microsteps given by a. This provides semantics for
the microstep model used in the model checker uSC,, as il-
lustrated in Fig. 1. The microstep Kripke structure uses the no-
tion of a standard Kripke structure equipped with marked states.
These marked states provide the connection between the model
checking results for the microstep model and the desired verifi-
cation of the specification given for the original statechart.

Definition 3: A marked Kripke structure is a tuple K,,, =
(M, mg, My, R, AP, L), where:

e M is a finite set of states;

e My is the initial state;

e M,, C M is a set of marked states, with mq € M,,,;

e R C M x M is a set of transitions;

¢ AP is a set of atomic propositions, with marked € AP;

e L M — 22P is a labeling function that satisfies
marked € L(x) iff z € M,,.

The Kripke structure for the microstep statechart model is a

marked Kripke structure defined as follows.

Definition 4—Microstep Kripke Structure:
statechart with step-semantics SC, =
the microstep Kripke structure of SC,
Ksc, .m = (M, mg, M,,, R, AP L), where:

e M c C x BVl x T* x 251 is a finite set of states;

* mog = (Co,vo,¢,0) is the initial state, Cy € C is the
initial configuration of &, and vy is the initial value of the
variables, where ¢ is the empty string in 7

e R C M x M is defined as: for z =
and /' = (C',V,7"%) € M, (z,2")

Given a
<87 V? 57 X>’
is defined as

(C‘/ /U‘/ T‘/ Z)
€ R, iff

there exists a sequence of states x1,...,x;, with
z; = (CLv 74, %Y),i = 1,...,l and [ > 03 satis-
fying the following conditions:

1) z; = z and z; 1 = ' for some 4 such that 1 < ¢ <

l—1;
2) 11 = (Ct o', 71,31 is such that 71 = ¢ and
a(C vt X £ ¢
3)for 5 = 1.0 = lLazjg =
(CIFL I+l i+l 3+l s such that 7! =
a(CY, v, X", and
(CIHL i tL pitly
JQUCT ), Aty v7) by b)), T =t R >
- (Q(Oj7t1)7A(t1,11j)76)7 iij:tl

and YY1 = ¥/, where |7| is the number of chart-tran-
sitions in 7 and {2 is the configuration transition func-
tion for SC,,. It is straightforward to verify that x; =
(CY ol 71 58 s such that (C,v!) = B4(C, v, X").
* M, C M is defined recursively as follows:

1) (00,1)0,&‘, @) € M,,;

2) ' = (C')W,e,Y) € M, if there is a x =
(C,v,e,%) € M, such that (C',v") = B,(C,v,X);

3) all marked states are obtained by 1) and 2).

* AP = AP U {marked};*

e L: M — 22F is defined for = (C,v,7,%) as L(z) =
L(C,v,%) U {marked} if 7 = ¢; otherwise, L(z) =
L(C,v,%).

The states in the above structure are all states reachable from
the initial state of the statechart SC,. The arcs are microsteps
of SC,. The structure is well defined since from the defini-
tion of step-semantics of statecharts «(C, v, 3) is finite for all
(C,v,%) € C x Bl x 287, The labelling function identi-
fies the marked states with the atomic proposition marked. We
use simply the notation XC,,, to indicate the microstep Kripke
structure for the statechart under consideration. The following
lemmas follow directly from the definition of marked states in
Definition 4.

Lemma 1: Suppose M and M, are the state and marked state
sets of K,,. For a state z = (C,v,7,%) € M,z € M,, iff
T = €.

Lemma 2: Forastate z € M — M,,, there is only one z’ € M
such that (z,z') € R.

To make the connection between the statechart Kripke struc-
ture and the microstep Kripke structure, we introduce the fol-
lowing shrink operation for a marked Kripke structure.

Definition 5—Shrink of a Marked Kripke Structure: The
shrink of K,,, = (M, mg, M,,,, R, AP, L), denoted by K, isa
Kripke structure (M, g, R, AP, L), where:

1) M ={(C,v,%)|(C,v,e,%) € M,,};

2) 7?]‘0 = (CO7U07®);

3) RisaBoolean relation defined as: forz, 2’ € M, (x,2') €
R, iff there is a sequence of states 7 = wx1,...,x; in M
such that 1 = z,x; = 2/, (25, x41) € Ryi=1,...,1 —
1, and z; ¢ My, forj=2,....,1—1,butz; € M,,;

4) AP = AP — {marked};

5) The labeling function L(z) = L(z) — {marked}.

3From the assumption that a(C', v', &) = &, we know that in fact I > 2.
4We assume that marked ¢ AD.

Authorized licensed use limited to: Carnegie Mellon. Downloaded on October 24, 2008 at 16:42 from |IEEE Xplore. Restrictions apply.



IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 14, NO. 5, SEPTEMBER 2006 947

(root
- - - T T \\
: Gear_state |
) |
] R t1:up_shift 4 :
] L
] |
1 2 |
: 9 t2:down_shift 9 |
) |
l J . !
| |
- !
r- - - ------"-""""""""""7"-"""-"""""F/""""/-"="¥"""""""="-"=""7-""""""=-= \
: Select_gear I
! |
: t3:speed_low t4:speed_high :
: ‘ wait :
! I
|
| L I
! downtest uptest I
: t5:fail I
! |
! [
: t7:sucess/down_shift t8:sucess/up_shift |
|
e )
A\

Fig. 3. Statechart for part of the gear shift controller.

In words, the shrink of a marked Kripke structure is a Kripke
structure considering only transitions between marked states.
To verify statecharts, it is not necessary to build either the mi-
crostep Kripke structure or the shrink of the microstep Kripke
structure. These constructs are introduced as the semantics for
establishing the correctness of the specification expansion and
verification defined in the following section. A microstep state-
chart model is built only for the target model checker, as shown
in Fig. 1. The following lemma follows from the definition of
the shrink operation.

Lemma 3: Suppose M and M, are the state and marked
state sets of KC,,,, respectively, I is the state transition relation of
K, and R is the state transition relation of K. For two states
z,1' € M, if (z,2') € R, then (x,2’) is a step of SC,,.

This lemma provides the basis for the following proposition,
which states that the shrink of the marked microstep Kripke
structure is equivalent to the Kripke structure for the statechart,
where equivalence here means the two structures are identical:
they have the same sets of states, transitions, atomic proposi-
tions, and identical labeling functions. Proofs of this proposition
and subsequent results are given in the Appendix.

Proposition 1: I@m =K.

IV. STATECHART VERIFICATION VIA SPECIFICATION EXPANSION

Given the statechart Kripke structure as the semantics for
statecharts, it is straightforward to introduce temporal logic
specifications called CTL formulas [7].5 CTL formulas describe

50ther temporal logics could also be used, such as CTL* or linear time logic
(LTL). We use CTL since it is the specification formalism for the SMV model
checker.

properties of computation trees for Kripke structures in terms
of the atomic propositions that are true at states along paths in
the computation tree. The computation tree is formed (concep-
tually) by unwinding the Kripke structure from its initial state
into an infinite tree with the designated state at the root. The
computation tree shows all of the possible executions starting
from the initial state. For our statechart Kripke structure, CTL
formulas describe properties of sets of possible executions of a
statechart starting from the initial configuration. The syntax for
statechart CTL expressions is given as follows.

Definition 6—Statechart CTL Specification: Given a state-
chart SC,, the set of CTL specifications defined on the state-
chart Kripke structure K of the statechart, denoted CTL(SC,,),
is given by:

1) AP c CTL(SC,);

2) if 01,00 € CTL(SC,), then the following are in

CTL(SC,):
* —01,01 V02,01 N\ 09;
* {AIE}|[{X(01)|F(01)]| G(o1)|01Uo2}.

3) all expressions in CTL(SC,,) are defined by 1) and 2).

In the expressions above, A and E are universal and existen-
tial path quantifiers, respectively, and X, F, G, and U are the
temporal operators next, future, global, and until. Detailed in-
formation about CTL specifications can be found in [7]. The
statechart verification problem now can be stated as follows.

Definition 7—Statechart Verification Problem: For a given
statechart SC,, and a given specification f € CTL(SC, ), de-
termine whether f is true for all possible executions of SC,
from the initial state; i.e., determine if 71 F ¢ f, where K is the
Kripke structure for SC,, and my is the initial state of K.
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Fig. 4. Marked Kripke structure for the statechart in Fig. 3; marked states are indicated with solid borders.

As illustrated in Fig. 1, we solve the statechart verification
problem by expanding the given CTL expression so that it ap-
plies to the microstep Kripke structure for the expanded mi-
crostep model 4SC,, delivered to the model checker. CTL speci-
fications for the microstep model, denoted CTL(uSC,, ), are de-
fined using the set of atomic predicates for the microstep Kripke
structure /C,,, for the statechart SC,; that is, using the atomic
predicates AP. The expansion of a statechart CTL expression
into a CTL specification for the microstep model is defined as
follows.

Definition S8—Expansion Operator for Statechart CTL
Specifications: The expansion operator A : CTL(SC,) —
CTL(pSC,) is defined by the following production rules. For
pE AP s fi,f2 € CTL(SC )

/\(p) = p;

* AMfi A f2) = Af1) A A(fa);

* A(=f1) = ~A(fr);

* MEX/f1) = EX E(- marked U(marked A A(f1)));

* MEG/f;) = EG(marked — A(f1));

* MEfiUf;) = E[(marked — A(f1))U(marked A
M)

The image A(f) for f € CTL(ST,) is called the expansion of
f

The expansion function A is well defined since all the ele-
ments in CTL(SC,) can be built recursively by sequentially
applying the two logic operators A, -, the path quantifier E, and
three temporal operators X, G, U [7].

The following proposition states that the verification of a
given CTL specification for a statechart can be accomplished
by verifying the expanded specification for the associated
microstep model.

Proposition 2: For each statechart CTL formula f, mg ':75
(f) if and only if mg Ex,, A(f).

V. EXAMPLE

In this section, we illustrate the concepts in the previous sec-
tions using the MATLAB Stateflow step-semantics for a stat-
echart model of a gear shift controller, shown in Fig. 3. This
example is part of a demonstration example in the Stateflow
toolbox. In Fig. 3, two gear levels g1 and g2 are considered. The
gear shift controller works as follows. When the gear state is g1
the low gear, and the event speed_high occurs, the controller
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enters a testing mode uptest, to make sure the up_shift
command should be issued. The test is performed by an external
function that issues the fail or success input to the State-
flow diagram. If the success input is received, the up_shift
event is broadcasted from the transition from the uptest to
wait state and this triggers the transition to g2. On the other
hand, if fail is received, no gear shift is triggered by the tran-
sition to the wait state. A similar transition sequence occurs
when the gear state is g2 and the speed_low event is re-
ceived, passing in this case through downtest state rather
than uptest. We have for this example, the input event set
Y1 = {speed_high,speed_low,success,fail} and broad-
casted event set Ypc = {up_shift,down_shift}. We assume
that the input events are mutually exclusive, i.e., only one event
can happen at a given time instant.

Fig. 4 shows the microstep Kripke structure X, corre-
sponding to MATLAB Stateflow step-semantics. In /C,,,
we use the pairs of basic states in Gear_state and Se-
lect_gear to represent the configurations. Thus, for ex-
ample, the initial configuration given by the default states is
(gl ,wait) = {root ,Gear_state,Select_gear,gil, wait}.

Consider a specification f = EF((gl,uptest) A
EX(g2,uptest)). In words, this specification checks whether
there is a path with two configurations (gl,uptest) and
(92, uptest) in sequence in the Kripke structure of SC,,. If it
were true, then there would be a fault in the gear shift controller,
since it would not respond to the speed_low event when the
gear shifts to state g2. This could be a dangerous situation that
would block the automatic downshift action.

This specification (without expansion) is true for marked
Kripke structure C,,, in Fig. 4, but this is an incorrect result
because the specification is true only during the execution of the
microsteps. To verify f on K, we need to check the following
expanded specification A, (f) on KC,y,:

A, (f)=EF(marked A (gl1,uptest, marked)
AEXE(- marked U(g2,uptest, marked))).

Here, we have used the fact that EF f = E(true Uf) [7] and
the initial state of XC,,, is marked. This specification is false when
we check it on KC,,,, which means our design in Fig. 3 is correct
in the sense that the gear shift controller will not stay at uptest
after gear state transitions from gl to g2.

VI. CONCLUSION

This brief presents a Kripke structure and CTL temporal
logic specification language for a broad class of statecharts. To
perform verification using a standard finite-state model checker,
we show how the CTL expression can be expanded so that it
applies to the microstep model of the statechart semantics. We
developed a tool sf2smv that generates the microstep model of
Stateflow diagrams based on the MathWorks step-semantics
for the symbolic model checker SMV [7]. The work presented
here formalizes the operation of sf2smv for general statechart
step-semantics.

Verification using a finite-state model checker relies on two
results in this brief. First, we show that the statechart Kripke

structure representing the macro behavior of a statechart is iden-
tical to the Kripke structure involving only the marked states of
the microstep Kripke structure for the detailed microsteps de-
fined by the statechart step-semantics. Second, we show that the
CTL specifications for the statechart are true if and only if the
expanded specifications are true for the microstep model. These
results hold for statecharts with a finite number of input events,
a finite number of variable values, inter-level transitions, and
internal event broadcasting. We assume deterministic step-se-
mantics, since determinism is usually desired for control ap-
plications, particularly when real-time control software will be
generated directly from the statechart model.

With a slight increase in notational and computational com-
plexity, the approach in this brief can be extended to handle state
history (that is, the ability to reactivate a state transition struc-
ture in an OR state that was active when the OR state was previ-
ously deactivated) and nondeterministic step-semantics, albeit
nondeterministic step-semantics are useful when statecharts are
used for requirements specifications. We assume the number of
microsteps required to execute any possible step in the possible
behaviors for the given statechart is bounded. As with nondeter-
minism, the assumption of bounded behavior is not restrictive
for models of real-time control logic. Even if the step-seman-
tics admits unbounded behaviors, statecharts that would lead to
an infinite-length microstep sequence for a single step are nor-
mally disallowed through rigorous style specifications that pro-
hibit such behaviors. We assume the statecharts being verified
adhere to such guidelines.

APPENDIX
SKETCH OF THE PROOFS

Proof of Proposition 1: According to definition, the state
set M of K consists of those states that can be reached by
steps from the initial state. It is clear that M and M,, have a
one-to-one correspondence. From Lemma 1 and the construc-
tion of marked state set M,,, of K,,, we know that the set of
marked states (C,v,e,X) consists of those states that can be
reached from the initial state and satisfy the common condition
T =¢.So M and M,, have a one-to-one correspondence.

Next, we show that ((C,v,%),(C",v'.%)) € R
iff ((C,v,e,%),(C",v",e,%")) € Rp. It is straight-

forward to show (C,v,%),(C",,¥) € R implies
((Cyv,e,%),(C",v",e,%")) € Ry,. To show the re-
verse, suppose ((C,v,e,%),(C",v",e,¥) € R, It

follows that (C’,v") = [(,(C,v,X’'). This implies
((C,v,%),(C",v',%)) € R. Hence, M and M have a
one-to-one correspondence. To complete the proof, observe
that L(C,v,e,%) = L(C,v,¢,%) — {marked} = L(C,v,Y).
|

Proof of Proposition 2: From Proposition 1, we only need

to prove that for every f for the Kripke structure /C,,, , g Fx f
is true if and only if mo Ex_ A(f). Since each CTL formula
can be expressed in terms of three CTL operators EX, EG and
EU with the help of logic operators — and A, we perform in-
duction on the nested layer f of CTL operators. Let CTL(SC);,
denote the set of formulas f with & layer nested CTL operators
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EX,EU, and EG and logic operations — and A. Assume that
CTL(SC)o = {p|p € AP}.

Fork =0, f = p, withp € AP.Forallx € M,,,,x F%m f
iff p € L(z) = L(z) — {marked} since marked ¢ AP. It
follows from A\(f) = A(p) = p thatz Ex, f.

Now suppose that for a given k > 0, for all z € M,,,z F
fiff z Ex,. A(f) holds for every f € CTL(SC)y. To prove
that this holds for every f € CTL(SC)g41, let f/, f1, fo €
CTL(SC)g. There are five cases: 1) f = =f";2) f = f1 A fa;
3) f = EGf's4) f = E(fiUf); 5) f = EX[f’. Case 1)
and Case 2) are straightforward. We give details for Case 3); the
proofs for Cases 4 and 5 are similar.

Case 3) Let f = EGf', f' € CTL(SC).x F%m fiff

there is a path m = x1,%2,..., in Ko, St @ FEW =
1,2,..., where x1y = . From the induction assumption,
x; B, AMf"),i = 1,2,.... Since there is exactly one seg-

ment m; = Tj, Tiy,...,Tj, in /C,,, such that Ty = T;,T; =
Tiy1,Ti; § My, j = 2,...,k — 1, we have marked € L(z;)
and for each segment 7;, marked ¢ L(z;,),j = 2,...,k — L.
Thus, z;; Fx,, marked — A(f'),i=1,2,...,7=2,... k.
Thus,  Fx, EG(marked — A(f’)). Conversely, if
x Ex EG(marked — A(f’)), thereisapathm = z, 2o, ..,
in Kpp,, s.t., x; F,, markded — A(f),7s = 1,2,..., where
x1 = x. That means if x; € M, then x; Fx,, A(f’). By the

™m

induction assumption, z; ':E f'. Since marked € L(z;) iff

r; € M,,, wehave that 7’ = x; ,2;,, ..., whered; <is <,...,

st, xx ¢ M, for k ¢ {iy,is,...,} is a path in K,,. This

implies © F=  EG(f’). ]
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