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ABSTRACT

Simulink/Stateflow is a popular commercial model-based development tool for many in-
dustrial domains. For safety and security concerns, verification and testing must be performed
on the Simulink/Stateflow designs and the generated code. We present an automatic test
generation approach for Simulink/Stateflow based on its translation to a formal model, called
Input/Output Extended Finite Automata (I/O-EFA), that is amenable to formal analysis such
as test generation. The approach automatically identifies a set of input-output sequences to
activate all executable computations in the Simulink/Stateflow diagram by applying three dif-
ferent techniques, model checking, constraint solving and reachability reduction & resolution.
These tests (input-output sequences) are then used for validation purposes, and the failed
versus passed tests are used to localize the fault to plausible Simulink/Stateflow blocks. The
translation and test generation approaches are automated and implemented in a toolbox that

can be executed in Matlab that interfaces with NuSMV.
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CHAPTER 1 Introduction

Simulink/Stateflow [1] is a popular commercial model-based development tool for many
industrial domains, such as power systems, aircraft, automotives and chemical plants. Simulink
is much better for handling continuous systems, whereas Stateflow is much better for handling
state based problems. Code generators are used within the Simulink /Stateflow to automatically
generate the embedded software for the target system from the Simulink/Stateflow diagram,
and thereby considerably increasing the productivity. Owing to the correctness, safety, security,
etc. requirements of such systems, methods to analyze the system designs are needed. Since
Simulink /Stateflow has originally been designed for the simulation purposes, automated test
generation and verification for Simulink/Stateflow diagram is greatly needed to identify the
errors.

Several authors have tried different ways of test generation and verification for
Simulink /Stateflow diagram. Scaife et al. [2] are able to translate a subset of Simulink /Stateflow
into Lustre and verify the model using a model checking tool called Lesar. Gadkari et al. [3]
have translated Simulink/Stateflow to a formal language, called Symbolic Analysis Labora-
tory (SAL), and they generate test cases based on SAL model checking. [4] [5] introduced a
mutation-based test generation method for Simulink. [6] proposed a transition coverage testing
for Simulink/Stateflow using messy genetic algorithm. [7] integrates different test generation
techniques to enhance the test coverage of Simulink/Stateflow models. Various commercial
tools have been developed for the verification/testing of Simulink/Stateflow. Simulink Design
Verifier [8] is a verification/validation toolbox in Matlab for Simulink/Stateflow based on formal
analysis. HiLiTE [9] is a requirements-based verification/testing tool for Simulink/Stateflow

developed by Honeywell. Reactis [10] and T-VEC [11] are two popular commercial tools for
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automated test generation for Simulink/Stateflow models. In our case, we derive the test suite
based on the translation from Simulink/Stateflow to an automaton, which preserves the dis-
crete behaviors (behaviors observed at discrete time steps when the inputs are sampled and
the outputs are computed).

In this dissertation, we present an automated test generation and verification approach
for Simulink/Stateflow. A recursive method is introduced to translate a Simulink/Stateflow
diagram to an Input/Output Extended Finite Automata (I/O-EFA), which is a formal model
of reactive untimed infinite state system, amenable to formal analysis. It captures each com-
putation cycle of Simulink/Stateflow in form of an automata extended with data-variables to
capture internal states and also the input and output variables. We then discusses the method
to generate test cases for the Simulink/Stateflow diagram based on the corresponding trans-
lated I/O-EFA. To provide coverage for all computation flows of a Simulink/Stateflow diagram
which corresponds to the execution paths in the translated I/O-EFA model, each execution
path is analyzed for feasibility and reachability, and test cases are generated accordingly. The
test generation approach is implemented by using two techniques, model-checking and con-
straint solving using mathematical optimization. An improved test generation method is also
described to use a compact model, analytically solve the computations, and reduce the test
generation problem to a reachability problem, so that the technique is effective in terms of
achieving test coverage and efficient in terms of test generation time.

Test generation based on the requirements is also discussed by translating the requirements
to an equivalent automaton. Test cases are obtained as acyclic executions accepted by the au-
tomaton and are applied to test the requirements. Validation methods are proposed to validate
the model-based tests against the requirements and the requirements-based tests against the
model for “fail/pass”. Finally, we develop an error localization approach that uses the failed

versus passed tests to locate the errors within the Simulink/Stateflow blocks.
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1.1 Existing Tools for Simulink/Stateflow Testing

Some of the prominent commercially available tools for generating test cases from
Simulink/Stateflow models are: Simulink Design Verifier (SDV) [8] from Mathworks, Reactis
[10] from Reactive Systems Inc., T-VEC [11] from T-VEC Technologies, and HiLiTE [9] from
Honeywell International.

Simulink Design Verifier [8] is a tool for Simulink to perform test case generation from
and prove model properties of SL/SF models. This tool can also show un-reachability of
certain model elements. Simulink Design Verifier can generate test inputs that satisfy standard
coverage objectives as well as user-defined test objectives and requirements. These test inputs
can also be combined with tests defined using measured data so that simulations are testing
against model coverage, requirements, and real-world scenarios. However, many of the Simulink
blocks are not supported, such as “integrator”; some design properties cannot be expressed
by the tool, such as true liveness properties; and, a pre-defined upper bound of the test case
length is required for the test generation.

Reactis tester [10] uses a combination of random testing and guided simulation. It can
generate test cases very fast, however, due to the randomness of the search, high coverage
is hard to achieve. Besides, this approach is heuristics without explanation and is limited
regarding the length of generating input signals, model size and complexity leads to lower
structural coverage.

T-VEC [11] generates test cases automatically from the domain testing theory. It produces
unit, integration and system level test vectors and test drivers necessary to verify implemen-
tations of models. The test selection process produces the set of test vectors in revealing both
decision and computational errors in logical, integer and floating-point domains.

HiLiTE [9] is a requirements-based verification/testing tool for Simulink/Stateflow. Each
block is specified with certain requirements (predicates over the signals). It uses a data-flow
model of the Simulink/Stateflow and can propagate through the data-flow model to find the
range for each signal. Model defects are detected and test cases are automatically generated

and executed to cover all requirements in the Simulink/Stateflow model. However, it cannot
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handle general feedback loops in the Simulink/Stateflow models.

1.2 Dissertation Contributions

The main contributions of the dissertation are the followings.

1. We have developed a recursive method to translate a Stateflow chart into an I/O-EFA
that preserves the discrete behaviors. The overall model of a Stateflow chart has the
same structure as the model of a Simulink diagram proposed in our previous work, which
makes the two models integrable. The translated model shows different paths to represent

all the computational sequences, which makes it easier for formal analysis.

2. We have developed a systematic test generation method for Simulink /Stateflow based on
I/O-EFA models that representing the computations of a Simulink/Stateflow diagram.
Two model-based test implementation techniques, model-checking and constraint solving,
are implemented and compared. A requirements-based test generation approach for

requirements expressed as safety LTL formula is proposed.

3. We have developed an automated translation and test generation tool within the Matlab
environment that is ready for use. The translated I/O-EFA model can itself be simulated

in Matlab (by treating it as a “flat” Stateflow model).

4. Test validation method is introduced and error localization approach is applied to locate

the error at the Simulink/Stateflow level.

5. We reduce the problem of test generation to that of a reachability problem by introduc-
ing the notion of a Computation-Succession automaton that is a discrete-time hybrid
automaton where a location is reached if and only if a target computation-path possesses
a test case that can eventually enable the computation-path. A reachability resolution
procedure is developed to refine the hybrid automata, so that reachability based on the
refined hybrid automata is equivalent to reachability in the underlying graph, ignoring

the dynamics. When the results of the multiple execution of the computation-paths are
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analytically determined, our approach yields a more effective and efficient technique with
higher test coverage and faster test generation time. A condition for the termination of

the reachability resolution is provided.

1.3 Dissertation Organization

The remainder of the dissertation is organized as follows: Chapter 2 presents the modeling
of Simulink/Stateflow (results also presented in [12] [13] [14]); Chapter 3 proposes the test
generation approach based on the translated model (results also presented in [15]); Chapter 4
introduces an improved test generation approach based on a more compact model (results also
presented in [16]); Chapter 5 describes the test validation and error localization following the
test generation; Chapter 6 summarizes the chapters and concludes with suggestions for further

research; and Appendix A includes a detailed description of the definition of bisimulation.
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CHAPTER 2 Modeling of Simulink/Stateflow

In this chapter, we present the modeling of Simulink/Stateflow. Both Simulink and State-
flow are translated to Input/Output Extended Finite Automata (I/O-EFA), which is a formal
model of a reactive untimed infinite state system, amenable to formal analysis. A brief in-
troduction of I/O-EFA is provided. Our previous Simulink translation work [12] done by
Changyan Zhou is described and the translation of Stateflow (event-driven blocks) is presented
to complete the modeling approach. We have also implemented our Stateflow translation algo-
rithm along with the Simulink translation approach in [12] into an automated translation tool
SS2EFA, written in the Matlab script. A counter and a complex motor control system have
been used as the case studies for the proposed translation method and the tool. The simulation
results show that the translated model simulates correctly the original Simulink diagram at

each time step.

2.1 Introduction to I/O-EFA

An I/O-EFA is a symbolic description of a reactive untimed infinite state system in form

of an automaton, extended with discrete variables of inputs, outputs and data.

Definition 1 An I/O-EFA is a tuple P = (L, D,U,Y, %, A, Ly, Dy, Ly, E), where

L is the set of locations (symbolic-states),

e D= D x---x D, is the set of data (numeric-states),

U=U; x---x U, is the set of numeric inputs,

Y =Y; x--- xY), is the set of numeric outputs,
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> is the set of symbolic-inputs,

A is the set of symbolic-outputs,

e Ly C L is the set of initial locations,

Dy C D is the set of initial-data values,

L., C L is the set of final locations,

E is the set of edges, and each e € F is a 7-tuple, e = (0¢, t¢, O¢, O¢, Ge, fe, he), where

0e € L is the origin location,

te € L is the terminal location,

0. € ¥ U {e} is the symbolic-input,

— 0 € AU {e} is the symbolic-output,

— G¢ C D x U is the enabling guard (a predicate),
— fe: D x U — D is the data-update function, and

— he: D x U — Y is the output-assignment function.

I/O-EFA P starts from an initial location Iy € Ly with initial data dy € Dy. When at a
state (I,d), a transition e € F with o, = [ is enabled, if the input o, arrives, and the data d
and input u are such that the guard G¢(d,u) holds. P transitions from location o, to location
t. through the execution of the enabled transition e and at the same time the data value is
updated to fe(d,u), whereas the output variable is assigned the value h.(d,u) and a discrete
output . is emitted. In what follows below, the data update and output assignments are

performed together in a single action.

2.2 Review Modeling of Simulink

In [12], a recursive modeling method is introduced to translate Simulink diagram to I/O-
EFA. Blocks in the Simulink library are treated to be “atomic” and two rules, connecting-rule

------ itioni aresformulated to build complex blocks by combining the simpler ones.
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[12] presented algorithms for (i) modeling an atomic- block as an I/O-EFA, (ii) combining
the I/O-EFA models of simpler Simulink diagrams to build the I/O- EFA model of a more
complex Simulink diagram, constructed using certain rules of composition. [12] introduced
the concept of a step (resp., step-trajectory) of an I/O-EFA to emulate the computation of a
Simulink diagram at a sample time (resp., over a sequence of sample times).

In such an I/O-EFA model, each transition sequence from the initial location Iy back to
the initial location [y through the time advancement edge e = (I,,,lo, —, —, —, —, {k := k + 1})
represents a computation sequence of the Simulink/Stateflow diagram at a sampling time.
Note for the time advancement edge e, it holds that he = {k := k + 1} that advances the
discrete time counter by a single step. Such a transition sequence is called a computation path

as defined next.

Definition 2 A computation path (or simply a c-path) 7 in an I/O-EFA

P=(L,D,U,Y, %X, A, Ly, Dy, Ly, F) is a finite sequence of edges m € {e’&...eﬁdfl € E*]oeg,te‘wﬂ_l

€ L07h6ﬂ,‘,1 ={k:=k+1}Vie[l,|r|=1]:0er =ter_ }.

Example 1 Consider the Simulink diagram ¥ of a bounded counter shown in Figure 2.1,
consisting of an enabled subsystem block and a saturation block. The output ys increases
by 1 at each sample-period when the control input w is positive, and y5 resets to its initial
value when the control input w is not positive. The saturation block limits the value of y5
in the range between —0.5 and 7. The translated I/O-EFA P using the method of [12] is
shown in Figure 2.2. Each c-path in P represents a possible computation of the counter at a
sampling instant. For example, the path m3 = ezegejpeizeizergespesr in I/O-EFA P represents
the “reset” behavior, which is the computation sequence of the Simulink diagram ¥ in which
the input is zero so that the subsystem is disabled and its output remains as the initial level
and hence the saturation is not triggered in the saturation block. There are totally 18 c-paths

in the I/O-EFA P, representing all 18 computation sequences in the Simulink diagram W.

[12] showed that the modeling approach is sound and complete: The input-output behavior

of an I/O-EFA model, as defined in terms of a step- trajectory, preserves the input-output
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behavior of the corresponding Simulink diagram at each sample time. Also due to the way the
models are composed to obtain the more complex models from the simpler ones, the approach

avoids any state-space explosion.

2.3 Modeling of Stateflow

For the modeling of Stateflow, we continue to use I/O-EFA as the target model for transla-
tion so as to retain consistency with the modeling of the Simulink diagrams. In order to have
our modeling process recursive, we treat the individual states of a Stateflow chart to be the
most elementary constructs for modeling, and define the atomic models for them. Next, two
composition rules are defined to interconnect the simpler models to form the more complex
models for the “AND” versus “OR” states, preserving their state execution and transition be-
haviors. By viewing the Stateflow chart’s hierarchical structure as a tree, we recursively apply
the two composition rules in a bottom-up algorithm to obtain the overall I/O-EFA model. Fi-
nally, the additional Stateflow features, such as event broadcasting and interlevel transitions,
are incorporated by refining the model at locations where the features reside. Furthermore, a
composition rule between Stateflow and Simulink models is introduced to combine them into

a single complete model.

2.3.1 Atomic Model for States

States are the most basic components in a Stateflow chart in that a simplest Stateflow chart
can just be a single state. Stateflow allows states to be organized hierarchically by allowing
states to possess substates, and same holds for substates. A state that is down (resp., up)
one step in the hierarchy is termed a substate (resp., superstate). We represent the most
basic components of a Stateflow chart as atomic models, which are the smallest modules that
are interconnected (following the semantics of the hierarchy and other Stateflow features as
described in the following sections) to build the model of an overall Stateflow chart.

Consider a Simulink diagram of a counter system shown in Figure 2.3. The counter itself

is a Stateflow chart, which gets the input from the signal source “pulse generator” to switch
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between the “count” and the “stop” mode. The saturation is a Simulink block that sets the
lower and upper bounds for the output values. The Stateflow chart consists of six states with
two parallel top-level states and two exclusive substates for each of them. This hierarchical
structure of the states is shown in a tree format in Figure 2.4. Each node of the tree can be

modeled as an atomic I/O-EFA model, which we describe below in this section.

=+
T >
— = - Scope
Pulse Saturation
Generator1 counter

[u>0)/dataUpdate.count output
eny=d;
u<=0]/dataUpdate.stop duy=d;
exy=2;

count_[count reset

Figure 2.3 Simulink diagram of a Counter system (top) and the Stateflow
chart of the counter (below)

AN
________ | OR |’

ireset i output

Figure 2.4 Hierarchical Structure of Conuter’s Stateflow chart
The behavior of a Stateflow state comprises of three phases: entering, executing and exiting,
where
e Entering phase marks the state as active and next performs all the entry actions;
e Executing phase evaluates the entire set of outgoing transitions. If no outgoing transition
is enabled, the during actions, along with the enabled on-event actions, are performed;

o Exiting-phase-performs all the exit actions and marks the state inactive.

www.manaraa.com



12

According to the above behaviors, an individual state s of a Stateflow can be represented

in the form of an I/O-EFA of Figure 2.5.

[d=21en,, d =1, df:=-1or 1}

entry [dF=0]{ex,]

fo during Kl*/ ext b
[dHSZ] AT (\/{E:DEZS} ge)]{d”sv dls":_] or ]}

Figure 2.5 Atomic Model for a Stateflow state

As can be seen from the figure, the atomic I/O-EFA model has three locations I§, I, I7,
for differentiating the activation versus the deactivation process, where the transition

e [§ — [ captures the activation process, including the state entry and during actions, and
the transition

o [/ — [, captures the deactivation process, including the state exit actions and the
transitions to higher/lower level.

The atomic model has internal data-variables df, dj, {d®|o. = s} for controlling the execu-
tion flow, where

e d is to determine if the particular state is inactive/active/newly active as captured by
the three values (0/1/2),

e dj is to determine the direction of flow in the hierarchy: down/same/up as captured by
the three values (-1/0/1), and

e d° is to determine if the outgoing transition e is active or not (0/1).

A formal description of this atomic model is given in the following algorithm.

Algorithm 1 A Stateflow state s can be represented as an I/O-EFA
(Lsa st Ty Ty Ty T {l(s)a f}a DS? {lzsa fn}u ES)7 Where
o L7 =105, 03,5},

e D? is the set of data variables consisting of {d, d}} U {d®|o. = s},

e Dj is the set of initial data values, and

www.manharaa.com




13

o £ ={I5,17,[d; =2],{ens,d; :=1,d} := —1 (if s has a substate) or 1 (otherwise)}}
UG, &, [de = 1A (Vo =) 9e)]s {dus, dj := =1 (if s has a substate) or 1 (otherwise)}}

UL, 55, [df = 0], {exs}}, where

727°mMm>

eng is the entry actions of s,

— dusg is the during actions of s,

exs is the exit actions of s, and

— ge is the guard of the transition e.

The above atomic model captures a Stateflow state’s behavior as follows:

e When the Stateflow state s is newly activated and the location is transitioned to [§, d%
is set to 2 (as described later). Accordingly, initially the transition labeled “entry” is enabled,
and the state entry action eng is executed, and also d; is set to 1 to notate that the state has
already been activated; dj is set to -1 (if s has a substate and so the execution flow should be
downward into the hierarchy to a substate) or 1 (if s has no substate and so the execution flow
can only be upward to a superstate) to indicate that the state has finished executing in this
time step, and execution flow should go to another state;

e Once the state has been activated, d; equals 1 and upon arrival at [j if none of the
outgoing transitions is enabled, the transition labeled “during” is executed causing the state
during action dus to be executed; d) remains unchanged since the state is still in the execution
phase; dj is set to -1 or 1 as described above in the previous bullet;

e When leaving the state, dj is set to 0 (as discussed later), so upon arrival to [J the

transition labeled “exit” is executed, causing the execution of the state exit action exs.

Example 2 Consider the counter system of Figure 2.3. Figure 2.6 shows an example of the
atomic model for the bottom-level state “outputAssignment.output” in the Stateflow chart of
the counter. The entry action, during action, and exit action are represented by three edges

in the I/O-EFA model following Algorithm 1.
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[df=21{v:=d: d f-=1;df:=1}

@) K@ [df=0]{y-=2} 76

m

[df=1 n— (u==0){y:=d; df:=1}

Figure 2.6 Atomic Model for State outputAssignment.output in the
Counter

2.3.2 Modeling State Hierarchy

Stateflow provides for hierarchical modeling of discrete behaviors by allowing a state to
possess substates which can be organized into a tree structure. The root node of the tree is the
Stateflow chart, the internal nodes are the substates of the Stateflow chart, and the leaves are
the bottom-level states with no substates of their own. As described in the previous section,
each state, which is a node of the tree, is modeled as an atomic model of the type shown in
Figure 2.5. The next step in the modeling is to connect these atomic models according to the
type (AND vs. OR) of the children nodes.

In case of AND substates, all substates must be active simultaneously and must execute
according to their execution order at each time step, whereas in case of OR substates, at most
one of the substates can be active at each time step, and one of the substates is deemed default
substate which gets activated at the first time step its superstate becomes active. For the
execution order of a state with substates, two rules must be followed: 1) The substates can be
executed only when their superstate is activated, and 2) A state finishes execution only when
all its substates have been evaluated for execution.

After the execution of a transition labeled “entry” or “during” of a state, all its outgoing
transitions are evaluated for enablement (if no outgoing transition is enabled, another execution
of “during” action is performed). The enabled transition with the highest priority is selected
for execution, and the particular transition is activated. Also the exit phase of the state is
initiated. Exit phase generally has the following execution sequence: The condition action
of the activated transition, the exit actions of the leaving state, the transition action of the
activated transition and the entry action of the entering state. Furthermore, if there are

multiple exit actions to be executed (i.e. the leaving state has substates), then those are
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ordered according to the following rule: The leaving state, along with all its substates, exits
by starting from the last-entered state’s exit action, and progressing in reverse order to the
first-entered state’s exit action.

With the above knowledge of the semantics of the AND/OR hierarchy, we can now model
the hierarchical behaviors by defining the corresponding composition rules. We first introduce

a few notation to make the presentation clearer.

Definition 3 A complex state 5 is the state system consisting of the state s and all its imme-
diate substates. s is said to be an AND- (resp., OR-) complex state if it possesses AND (resp.,

OR) substates. We define |5] to indicate the number of substates in the complex state s.

Following the state transition semantics, the modeling rule for a state with OR-substates
can be defined by the following algorithm. For an OR-complex state s we use s* to denote its

default state.

Algorithm 2 An OR-complex state S can be represented as an I/O-EFA
(L3, D%, —, —, —, = {1,15}, D§, {12,15,}, E®), where
° Lg = USE?LS’
[ ] DTS\ = HSE§D87
o Df = [1ies D
e FF=F Uses E°, where E is all newly introduced edges as shown in Figure 2.7:
Uregf{s}{lf’ 67[ ls =-1A d; > 0]7 _}
U{, 83 17 = =1 A (N\esgay (d = O)] {5 == 2}}
Ures— 153100, 17, [dG = 0], {df; := 0;dj := —1 (if s has a substate) or 0 (otherwise)}}

Ures— (st {ei0o=ry 100, U5 [dG = TAge Nd > 0], {cae; df := 0;d° := 1;d] := —1 (if s has a substate)
or 0 (otherwise)}}

UTE?—{S}{L?? lfv [d;‘ = 1], {d? = 1}}
UTE'S\—{S}{l:n» I, [d; = 0], {dz9 = (]}}

[dS > 0N d® = 1], {tae; dls :=2;d° := 0;dj := —1}}, where
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— ¢e is guard condition of the transition e,
— cae is condition action of the transition e,
— ta, is transition action of the transition e, and

— 0. (resp., t.) is the origin (resp., terminal) state of edge e.

State s

Substate 1 i
(default state)| |

Substate k=|g|

Figure 2.7 OR-Complex state modeling. vr e 5§ — {sh
sBx, = [d) = 0{d}, := 0;d] := —1or0}; Ve : 0, € 5 — {s}:
subCone = [d3e = 1AgeNdy > 0l{cae; d3e := 0;d° := 1;d}* := —1or0},
and subTransA. = [dS > ONd® = 1]{ta; dlf := 2;d° := 0;d; := —1}

For an AND-complex state s, its substates, although simultaneously active, are executed
in a certain order. With a slight abuse of notation we use r to denote the substate whose

execution order is 7 among all the substates of 5. Also for simplicity of notation let k = |s].

The modeling rule for a state with AND-substates is defined as follows.

Algorithm 3 An AND-complex state § can be represented as an I/O-EFA

(L*,D°, —, —, —, =, {I5,12}, D§, {12,15,}, E®), where

m

o L¥=Uses L%,
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i DO H565D07

o« F°=F Uses E°, where E is all newly introduced edges as shown in Figure 2.8:
{5,018, [ds = —1Ads > 0AdL > 0],—}
U, 05, [d; = ~1 Adh = 0], {vr € 5— {s} : d == 2}}
U, 13, df =11, {d} = 1}}
Ures o {0161 [d) = 1), -3
Ures— (3 l0- 45 [dG = 1 A dg = 0], {dj; := 0;d} :=1 (if s has a substate) or 0 (otherwise)}}
U{es, b, [df = —1nds =0Adk > 0], -}
Ures- {s, 1}{lr lo~ L--)

U{l,ln,lf, {dls = O})}

[df=-1Ad =0 d}F>0]

State s

Substate with
execution
order 1

Substate with |
execution '
order k=]

Figure 2.8 AND-Complex state modeling. vr e 5§ — {sh
subParaFEx, = [d, = 1 A d} = 0{d}, := 0;d] := —1or0}

With the above two composition rules, an overall model of a Stateflow chart, capturing
only the state hierarchy feature, can be obtained by applying the rules recursively, over the

tree structure of the state hierarchy, in a bottom-up fashion.
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Example 3 Consider the counter system of Figure 2.3. We start from the two bottom level
OR-substates “dataUpdate.stop” and “dataUpdate.count”, and compose them using the OR-
state connecting rule (Algorithm 2) to obtain the OR-complex state “dataUpdate” and “out-
putAssignment”. The results are shown in Figure 2.9 and Figure 2.10 respectively. Next a
model for the top-level AND-complex state (the Stateflow chart) is obtained by composing the
models of Figures 2.9 and 2.10 using the AND-Connecting Rule (Algorithm 3); the result is

shown in Figure 2.11.

’ [al;.::_!__a. da3=l5,". da“:ﬁ]{dai.-:‘ﬂ !
A ¥ ; @ |

[d=1 Acountrdy = 0]{d, - =0; Fl=1; df =0} e =0] {ai*-
[ =2){d=0;dt =1  d =1} @ =I{di=1}  [df>0aa=

rar_.-!:,g]

Figure 2.9 Modeling of OR-Complex state dataUpdate within Statechart
of Counter

2.3.3 Model Refinement for Other Features

Besides the state hierarchy, Stateflow provides many additional features, such as events,
historical node and interlevel transitions. We capture these features into our model by refining
the I/O-EFA model obtained by recursively applying Algorithms 1-3. We illustrate the model
refinement by modeling one of the important features of Stateflow, namely a local event which
is a commonly used event type.

A local event is triggered at a certain source state as part of one of the actions, where along

with the event name, the destination states for the event broadcast are also specified. When
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[d7=-1 A df=0
[ =21{di =1 di =1}

di=-1 A di=0.1 df=0)fd, =2 !
[ =1]{d?=-1} !

[de? =0 Adf=1l{datalpdate.count;
dyf=2;d7A =0 d7 =0

[dP=-f ndi>0

[d=0] {dF =1
o =2{dS =1 dP =1}
[dr =T~ w=0dr =17

[ =1 Au>0nd,>0){d, =0 &#:=1; d7 =0} [d>01df=1
[df=21{y:=d; df:=1; df:= 1} [df=1fd?-=1}  df:=2;d#=0;

[d#=0] {d:=0}

[¢f=0]

Figure 2.10 Modeling of OR-Complex state outputAssignment within
Statechart of Counter

an event is triggered, it is immediately broadcast to its destination state for evaluation. At
this point, the destination state, including all of its substates, is executed by treating the event
condition to be true in all of the guard conditions where it appears. Then the execution flow
returns to the breakpoint where the event was triggered and resumes the execution.

The Stateflow event semantics permits an infinite chaining of events since each event can
cause an action in its destination state that triggers a new or the same event. Such recursive
behavior cannot be captured in the I/O-EFA modeling framework. However, practical systems
avoid infinite chaining of events by way of satisfying the following requirements [3], which we

assume to hold:

e Local events can be sent only to parallel states,
e Transitions out of parallel states are forbidden,
e Loops in broadcasting of events are forbidden, and

e Local events can be sent only to already-visited states.

For local event ev that is triggered in some source state src of a Stateflow chart, let e®¥ € E

castis the event ev. The model refinement step for modeling the local

www.manharaa.com



20

Ho=:,lp} =0
pue {{1— =: [pi0 = T} = Jpvi = 0
= {i—-=po=2} o= apvi=zplad}
Y=o < zpvo = Jpvi— = lpl'Yysi ond
-WIS I0] PRjYIluo oIv S[@Qe[ IR PUR SOUI[ Poljop Sk UMeIP
OIR ‘POUSIIRS IOAOU OIR SPIRNS 9SOUM ‘SoFpo SUIMO[[0] YY)
‘¢ pue g 314 ur sSumeds Juissiu ore sooe[d ure}
-180 (IDJUNOY) JO }IRYDSIRIG UM AUDIRISIY 93RS SUIPPON [1°g oIN3Lq

S
S}
(&)
o
o
®
c
)
€

fo=2¢p ‘1="a “0=""P} o< " vo=>nv [=7] {o="4p ‘1="pap '0=""0} 0 <0 vdors v 1= ,7p]

{0=",'p 0=""p}0=,77]

fo="g'p‘0="5"PHo="7] :
T ] 1 [
To=771 ol [ \ ! & \
{o="/7} lo="F] I="yp ‘p="0}{p=>7m) —v 1=;"P {1="4'p ‘r+p="p}{{dors) —v 1=,7BFP
(X doio=rdpie=p  A1=4pfr=4r] {=p =" p="0r=,"p] r=:7] =2 T="TF o=p}i=,"F]
SPv <] {o="Jp ‘1="wp 0=""P}o <P vp<nv [=7P] Co="dp 1= 0="p} 0= "pviunos v 1= p]

| o=Po=S— | L T NN | e TS T e 4“
m {r=cpllg=n) —v =] TT=2pIunes) —v =% m
{1=-7p 1= pz=P] |

{=pio="Fdpir=14"p
wnorsmpdnowpl[[=Jpvo< Pl NN 7

" - —.5 e e ' T T AT T T -
| {r="7Pllr="P1 ™~ / (1= P} r= >~
o [o=/7] ;

4
_
“
S-L@T.@:Tﬁ 6 m
,._w.u..uu_&auu_uéumuf-umw h h h m
........ B WONRSR R RE i St S AR lo<fe v i=F = !

[o=/7]

[o=/"pv 1-=:/P]




21

event behavior requires replacing the event-triggering edge e’ with a pair of edges between the
event source state src and the event destination state des, one in each direction (see Figure 2.12
for illustration). Also letting E°’ denote the set of edges in the destination state’s I/O-EFA
model where the event ev is received, then for each edge e € E, its event label o.(= ev) is
replaced by the guard condition [d®” = 1], where the binary variable d°¥ captures whether or

not the event ev has been triggered.

Algorithm 4 Given an I/O-EFA model (L,D,—,—,—,—, Lo, Do, Ly, E) obtained from re-
cursive application of Algorithms 1-3, an edge e®¥ € FE that broadcasts an event ev to the
destination state des, and a set of edges E°¥ in the destination state that receive the event (i.e.,
Ve € E? : 0, = ev), the refined I/O-EFA model is given by (L, D, —,—, —, —, Lo, Do, Ly, E'),
where

o ' = [E\{oe [dev=1]lec Eev} —{e}]

U{oeev, 1des, —, { Pre Event Action, d®’ == 1}, —}

U{1de8, teeo, [des = 1 A d® = 1], {d®¥ := 0; Post Event Action}},

where PreFEventAction (resp., PostEventAction) denotes all the guard conditions and actions
appearing on the event-triggering edge prior to (resp., after) the event-broadcast label, and
El{s.—[dev=1]jecE,} is the set of edges obtained by replacing the event label o.(= ev) of each edge

e € E°Y by the guard condition [d®” = 1] (no relabeling is done for the remaining edges in F — E<)..

Event destination state des
Event source state src

{Pr eEventAcrton de‘ 1} State des

[dees=1 A d~ =I{d":=0;

Figure 2.12 Modifying the model capturing state hierarchy to also model
local events

Recursive application of Algorithm 4 with respect to each event-triggering edge is required

torcompletesthesmodel-refinement step for modeling the local events. Additional features such
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as historical node and interlevel transitions can also be modeled by similar refinement steps,
conforming to their respective Stateflow semantics. Due to space limitations, those are not

included.

Example 4 Consider the counter system of Figure 2.3. There are two local events “count” and

9

“stop” in the “outputAssignment” state with the destination “dataUpdate” state. Following
Algorithm 4, the two edges of Figure 2.11 labeled by the events “count” and “stop” respectively,
and shown in bold in Figure 2.11, are broken down into two parts with corresponding parts

re-routed as shown in Figure 2.13, where the re-routed edges are shown in bold and the original

edges are drawn in dotted lines.

—d+1; df:=1}

AdAm I AR A d O —— e ,5
{d#:=0; d2:=1; df:=0,} [d;>0 A di=1{d" :=1}

=Dl

Figure 2.13 Modification of Fig 2.11 to capture the local events within
Statechart of Counter

2.3.4 Final Touches: Finalizing the Model

At the top level, a Stateflow chart is also a Simulink block (the distinction being that it is
event-driven as opposed to time-driven). So to be consistent, at the very top level, the model

of a Stateflow chart ought to resemble the model of a time-driven Simulink block as introduced
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in [12]. Accordingly, the model of a Stateflow chart obtained from applying Algorithms 1-4
is adapted by adding another layer as shown in Figure 2.14. As is the case with the model
of a time-driven Simulink block (see [12] for the details), the final model of a Stateflow chart
is composed of two I/O-EFA parts that are linked by a “succession edge” (connects the final
location of 1st I/O-EFA to initial location of 2nd I/O-EFA) and a “time-advancement edge”
(connects the final location of 2nd I/O-EFA to initial location of 1st I/O-EFA and increments

a time-step counter k). The final model of a Stateflow chart is obtained as follows.

Algorithm 5 Given an I/O-EFA model (L, D, —,—, —, —, Lo, Dy, —, E') obtained from recur-
sive application of Algorithms 1-4 and model refinement concerning other features, the final
I/O-EFA model P? of a Stateflow chart ¢ is composed of two I/O-EFAs connected through

succession and time-advancement edges as in Figure 2.14.
e The 1st I/O-EFA model is given by (L_,D_,U_,Y_, —, — {lo—}, Do—, {lm—}, E_), where
- L =LU {l0—7lm—}7
— D_=D,
— DQ_ = Do, and
- b= {lo—vlgtv _v {dZt =2, 1}

UG b, [ = 1]}

e The 2nd I/O-EFA model is given by (L4, —, Ut+, Y4, — —, {lo+}, — {lm+}, F+), where

- L+ = {l0+, lm+}, and

- E+ = {ZO+7lm+7_7 _}

Figure 2.14 depicts the final model of a Stateflow chart, ready to be integrated with models
of other components. The 1st I/O-EFA model goes down the state hierarchy to perform
the Stateflow computations. When the Stateflow computations of the current time step are
completed, the first I/O-EFA model returns to its final location in the top layer. The 2nd

I/O-EFA model is vacuous and is only included to retain consistency with the Simulink model.
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fho=k+1)}
Time Advancement Edge

Figure 2.14 Finalized model of Stateflow chart
Example 5 Consider the counter system of Figure 2.3. It can be translated into an I/O-EFA
model as follows:

1. Modeling states: We first construct atomic model for each of the seven states (including
the Stateflow root) of Figure 2.4.

2. Modeling state hierarchy: We apply OR Complex State Composition Rule (Algorithm 2)
on the models obtained in step 1 of the two bottom-level OR complex states, and AND Complex
State Composition Rule (Algorithm 3) on models obtained in step 1 of the top-level AND
complex state. The result is as shown in Figure 2.11.

3. Modeling local events: Each edge in the model obtained in step 2 containing the event
“count” or “stop” is replaced with a pair of edges to connect the source state “outputAs-
signment” and the destination state “dataUpdate”, in either direction. At the same time the
evaluation of “count” (resp., “stop”) is modified to d*°“™ = 1 (resp., d*!’ = 1). The result is
as shown in Figure 2.13.

4. Obtaining final model: The model obtained in step 3 is augmented by applying Al-
gorithm 5 to obtain a final model (this step introduces four extra locations, and a few extra
edges as shown in Figure 2.14. Finally, the I/O-EFA model for Stateflow chart (of counter) is

combined with.the I/O-EEA model of Simulink block (of saturation) using the connecting rule
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introduced in [12]. The result is shown in Figure 2.15.

2.3.5 Correctness of Stateflow Modeling

In order to show that the I/O-EFA model preserves the Stateflow discrete behaviors, we
introduce the concept of a feasible c-path (c-path is defined in Definition 2) in the I/O-EFA
model of a Stateflow chart. We say that a c-path is feasible if it can be enabled under some
input(s) and initial data value(s).

Given an I/O-EFA model, its behavior is defined by its set of feasible c-paths. We show
that an I/O-EFA model at a sampling time correctly models the discrete behaviors of the
corresponding Stateflow chart at the same sampling time. In the correctness proof below, we
only provide a sketch of the proof-steps; the details are intentionally omitted, as those are

notationally cumbersome and do not add any extra insight.

Lemma 1 Given a Stateflow state s, its discrete behavior is correctly modeled by its I/O-
EFA model, that is there is one-to-one mapping between each of s’s discrete behaviors and the

feasible c-paths in its I/O-EFA model.

Proof: The possible discrete behaviors of a Stateflow state consists of “entering phase”,

“during phase”, and “exit phase”. From Algorithm 1 (also refer to Figure 2.5),

e entering phase is represented by the c-path: {I§,7, [d] = 2], {ens,d] :=1,d] := —1 or 1}},

a

and

e during phase is represented by the c-path: {i§,17,[d5 = 1 A _‘(V{e:oe:s} ge)], {dus, df ==
—lor1}}, and

e exit phase is represented by the c-path: {I7,17 ,[d} = 0], {exs}}.

1727m?

Each of the three discrete behaviors of a Stateflow state map one-to-one to the above
c-paths. [ |
For simplicity in the following proofs the c-paths (sequences of edges) are represented as

sequencesyoflocations I there is unique edge between the consecutive locations, the location
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pair represents the unique edge. If there are multiple edges between the consecutive locations,

the location pair represents the edge which is feasible.

Lemma 2 Given an complex state s, its discrete behaviors are correctly modeled by its I/0O-

EFA model.

Proof: First we prove the state transition behavior of a complex state §'is correctly modeled
by its I/O-EFA model, that is each discrete behavior of § is mapped one-to-one to a feasible
c-path in its I/O-EFA model.

(i) If the complex state is an OR-complex state, from Algorithm 2 (also refer to Figure 2.7),

e cntering default substate 1 is represented by the c-path: I§ — 7 — 7 — l(l) — l,L-1 — 17,

and

e entering active substate s; is represented by the c-path: [§ — 15 — [' — [7* — [$, and

e leaving substate s; is represented by the c-path: [§ — 1§ — [} — ] — [5i — [7, and

e switching from substate s; to substate s; is represented by the c-path: I§ — 15 — [} —
0= 13— 18 =1y =177 =13, and

e leaving OR-complex state § with active substate s; is represented by the c-path: [§ —
e e R F A R

Also note all the above c-paths possess the correct sequence of guards and updates (details
omitted).
(ii) If the complex state is an AND-complex state, from Algorithm 3 (also refer to Fig-

ure 2.8),

e entering substates is represented by the c-path: I§ — I = 1§ =1} =18 — ... = 1F ! -

IF — I¥ — I (edges of substates with execution order between 1 and k are omitted), and

e leaving AND-complex state 5 is represented by the c-path: I — IJ — l’g — lf — Ik -
l’g_l = = 2= =1 = 1L — 15 — 15, (edges of substates with execution order

omitted).
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Also note all the above c-paths possess the correct sequence of guards and updates (details
omitted). Since the discrete behaviors of a complex state consist of transitions to substates, as
correctly modeled above, together with the evolution within each substate, which by Lemma 1
has been proven to be correct, the discrete behaviors of a complex state s is correctly modeled
by its I/O-EFA model. ]

Next we prove the correctness of Algorithm 4 that is used to refine the model that captures

also the local events.

Lemma 3 The local events within a complex state 5 are corrected modeled by its modified

I/O-EFA model obtained by applying Algorithm 4.

Proof: We first prove that the discrete behavior of each local event ev is correctly modeled

by its modified I/O-EFA model. From Algorithm 4 (also refer to Figure 2.12),

e execution of each event ev in its source state transition ocev — deev is modeled by the
c-path: ogev — lges — lfes — = l;ies — teev, where the first transition of the c-path
passes the control to the destination state and also sets the binary data variable d®’ to 1,
that serves as a guard of the subsequent transitions of the c-path that occur, respectively,
at the destination state and its substates, whereas the last transition of the c-path returns

control back to the source state.

Thus the local event behavior is correctly modeled by the modified I/O-EFA model. Since
the discrete behaviors of a complex state with local events consist of the event behavior and
the complex state behaviors without any local events, where the latter are correctly modeled
by the I/O-EFA model prior to modification of Algorithm 4 (as proved in Lemma 2), we can
conclude that the discrete behaviors of a complex state with local events is correctly modeled
by the modified I/O-EFA model of Algorithm 4. [

Using the above three lemmas, we can prove the main theorem that proves the correctness

of the final I/O-EFA model.

Theorem 1 Given a Stateflow chart block ¢, the discrete behaviors of ¢ is correctly modeled

bywits I/ O-EFAsmodel-P?-0obtained from Algorithm 5.
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Proof: From Algorithm 5 (also refer to Figure 2.14), the c-paths of the I/O-EFA model
P? of a Stateflow chart block are equivalent to the c-paths of the I/O-EFA model obtained by
applying Algorithm 1-4, as no additional paths are added, while the behaviors of the existing
paths is preserved. Further, the discrete behaviors of Stateflow chart block ¢ is equivalent to
the discrete behaviors of its root state 5. According to Lemma 3, the discrete behaviors of a
complex state 5 is correctly modeled by the I/O-EFA model obtained by applying Algorithm 1-
4. Thus, the I/O-EFA model P? also correctly models the discrete behaviors of Stateflow
chart block ¢. (Note that the difference between the outputs of Algorithm 4 versus 5 is only
structural; the two models are behaviorally equivalent. Algorithm 5 is needed to make the
final model conform the standard models that were proposed for I/O-EFA based modeling of

time-driven blocks of Simulink in [12].) ]

2.4 Implementation and Validation

The Stateflow modeling approach described above, together with the Simulink modeling
method for time-driven blocks of our previous work [12], have been written in the Matlab
script, and implemented in an automated translation tool SS2EFA. Upon specifying a source
Simulink/Stateflow model together with the input and output ports, the tool can be executed
to output the corresponding I/O-EFA model in form of a “flat” Stateflow chart, which can
itself be simulated in Matlab. Above we proved the correctness of the translation, and below
we also validate this through several simulations to ensure that the result of simulating the

I/O-EFA is the same as that of simulating the source Simulink/Stateflow model.

Example 6 The simulation result comparison between the I/O-EFA model of the counter
(see Figure 2.15) and the original counter system (see Figure 2.3) is shown in Figure 2.16. The
simulation (using Intel Core 2 Duo P8400 2.27GHz, 2GB RAM) time is 4 seconds with sampling

period of 0.03 seconds, and the results are consistent with the behaviors of the counter.

Example 7 This example is of a servo velocity control system (shown in Figure 2.17) con-
sisting of a controller, a fault monitor (both written in Stateflow, shown respectively in Fig-

ures2-8-and-Figure:2:19)smand a motor (written in Simulink, shown in Figure 2.20). There
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Figure 2.16 Simulation to compare the execution of Statechart Counter
(left) and its I/O-EFA model of Fig 2.15 (right)

are 45 number of atomic blocks with 48 number of Stateflow states in the overall model. The
Simulink /Stateflow diagram of the servo velocity control system is translated by our translation
tool. The translated I/O-EFA model is a flat Stateflow diagram consisting of 382 number of
states and 646 number of transitions. The CPU time (using Intel Core 2 Duo P8400 2.27GHz,
2GB RAM) for the translation is 45.1 seconds. The simulation result of the translated model

(shown in Figure 2.21) is identical to the discrete behaviors of the original Simulink/Stateflow

model.
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Figure 2.18 Controller Stateflow chart (named “Counter Logic + SW-level
Monitor”) of servo velocity control
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Figure 2.19 Fault monitor Stateflow chart (named “System-level Moni-
tor”) of servo velocity control
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Figure 2.20 Motor Subsystem (named “Controlled Plant + Residual Gen-
erator”) of servo velocity control
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Figure 2.21 Simulation results for the velocity set point and actual
servo velocity and residue; up-left (resp., up-right) figure is
for the set point and actual servo velocity of the original
Simulink /Stateflow model of servo system (resp., translated
I/O-EFA model); down-left (resp., down-right) figure is for
the residue of the original Simulink/Stateflow model of servo
system (resp., translated I/O-EFA model)
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CHAPTER 3 Test Generation of Simulink/Stateflow

Model-based test generation is an essential step in the model-based development process.
It aims to validate that the object code to be implemented in the target processor complies
with the design requirements. For Simulink/Stateflow, model-based test generation intends
to validate whether the Simulink/Stateflow diagram satisfies the design requirements, and
whether the generated code (for example ANSI C) preserves the functional behaviors of the
Simulink/Stateflow diagram. Testing is an essential step of validation, and while formal veri-
fication can catch many errors early in the design, it is unable to catch the errors introduced
by compilation or asynchrony of the underlying execution platform.

Several type of errors may occur in the design/implementation process from the require-

ments to Simulink/Stateflow diagram to the generated code, such as:

e Errors in the Simulink/Stateflow diagram block selection and connection.
e Errors in the Simulink/Stateflow diagram block parameter settings.

e Errors in the automatic code generator for the Simulink/Stateflow diagram caused for

example by finite precision arithmetic or timing constraints.

e Any human errors in the selection of code generation options, library naming/inclusion,

and others.

A model-based testing approach to reveal these errors is to create a set of test cases from
Simulink /Stateflow, and then validate or execute them against the requirements or the gener-
ated code to see if the test passes or fails. Any failed test cases can be used to find the errors

introduced in the Simulink/Stateflow design or code generation process.
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In Chapter 2, we introduced a recursive method to translate a Simulink/Stateflow diagram
to I/O-EFA, which captures each computation cycle of Simulink/Stateflow in form of an au-
tomaton extended with data-variables to capture internal states and also the input and output
variables. This chapter discusses the method to generate test cases for the Simulink/Stateflow
diagram based on the corresponding I/O-EFA derived using the approach in Chapter 2. To
provide coverage for all computation flows of a Simulink/Stateflow diagram which corresponds
to the execution paths in the translated I/O-EFA model, each execution path is analyzed for
feasibility and reachability, and test cases are generated accordingly. The test generation ap-
proach is implemented by using two techniques, model-checking and constraint solving using
mathematical optimization. The model-checking based implementation abstracts the I/O-EFA
and checks each execution path for eventual reachability (note in order to execute a path some
other sequence of paths may have to be executed in earlier cycles and hence the requirement of
eventual reachability); while the constraint solving based implementation recursively evaluates
the longer and longer path-sequences and the associated predicate for reachability. The test
cases are generated from the counterexamples (resp. path-sequence predicates) for the case of
model-checking (resp. constraint solving) process.

We have integrated the translation tool along with both the test generation implementations
into an automated test generation tool, written in Matlab script. A simple example of a counter
has been used as the case study to validate and compare the test generation implementations.
The test generation results show that both of the implementation methods can generate the
expected test cases while the constraint solving based approach is in general faster.

Test generation based on the requirements is also discussed by translating the requirements
to an equivalent automaton. Test cases are obtained as acyclic executions accepted by the

automaton and are applied to test the requirements.

3.1 Model-based Test Generation Approach

Our I/O-EFA model-based test generation approach is to find a set of input sequences, also

called test cases, which execute a certain set of computation sequences specified by a desired
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coverage criterion. For this, first the paths, representing those computation sequences, are
located in the I/O-EFA model, and next the input sequences which activate those paths are
obtained.

Chapter 2 formalizes and automates this mapping from computation sequences of
Simulink/Stateflow diagram to the c-paths (defined in Definition 2) in the translated I/O-EFA
model. Some of the computation sequences involving certain sequence of Simulink/Stateflow
computations may not be possible. This property is made transparent in our I/O-EFA by
showing conflict among the conditions along the corresponding c-paths. In Example 1, five
out of 18 computation sequences are possible and the corresponding five c-paths in I/O-EFA
are valid. As an example consider an invalid computation sequence “subsystem disabled” and
“saturation reaches upper limit”. Since the disabled subsystem generates an initial output 2,
which is within the saturator’s limit, the saturator cannot reach its upper limit. This conflict
also shows up in the corresponding c-path 75 = esegegeiseizeigespesr over the edges eo and ey,
where y5(k) := 2 on edge ea, whereas y5(k) > 7 on edge eg.

Besides the conflict among the conditions along the edges of a path, some of the impos-
sibilities of certain computation sequences are caused by the initial condition of the system.
Consider the saturation condition y5(k) < —0.5 in Example 1. None of the computation se-
quences with this saturation condition can be executed, since the counter output starts from
zero and increments by one each time it counts, and thus the count can never be less than
zero. The I/O-EFA model also captures these impossible computation sequences by showing
the corresponding c-paths as unreachable from the initial conditions.

Based on the above discussion, the test generation problem for Simulink/Stateflow can be
converted to finding the input sequences that execute the corresponding c-paths in the I/O-
EFA. We obtain the feasible and reachable paths and choose a subset of these paths satisfying
a desired coverage criterion.

In summary, our I/O-EFA based test generation for Simulink/Stateflow has the following
steps.

e Translate the Simulink/Stateflow diagram to I/O-EFA.
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e Find all the paths in I/O-EFA.

e Analyze the paths in I/O-EFA for feasibility and reachability.

e Invalid paths are reported for model soundness analysis.

e Valid paths satisfying the coverage criterion are used to generate a set of test cases for
activating them.

The translation method is implemented in Chapter 2. The remaining challenges to imple-
ment this test generation approach are listed as follows.

e How to identify the valid paths. The feasibility of these paths relies on not only itself
but also the initial condition and other paths that may be executed as prefixes.

e How to obtain the input sequences activating the valid paths. Some of the valid paths
cannot be activated at the very first time step. These paths require some prefix before they
can be activated.

In the next section, we discuss the implementations of our I/O-EFA based test generation

approach to deal with these challenges.

3.2 Algorithms for Model-based Test Generation

The proposed model-based test generation approach for Simulink/Stateflow has been im-
plemented by applying two different methods. Our previous translation tool SS2EFA has been
integrated with these two implementations to support the translation from Simulink/Stateflow
diagram to I/O-EFA. The following discussion focuses on the part of test generation to be

executed following the translation step.

3.2.1 Implementation using Model-Checking

Model-checking is a method to check automatically whether a model of a system meets a
given specification. NuSMV [17] is an open source symbolic model checker, which supports
the CTL and LTL expressed specification analysis and provides interface to Matlab, so that
the test generation tool (written in Matlab script) can call NuSMV for model-checking.

In this implementation, paths in I/O-EFA are checked against the abstracted I/O-EFA
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model in NuSMYV for feasibility and reachability. Since NuSMV only allows for the representa-
tion of finite state systems, the translated I/O-EFA is first converted into a finitely abstracted
transition system as defined in Definition 4 below.

The finite abstraction of the model is based on the implementation requirements. Most
of the real world systems have finite data space and running time. The finite abstraction is
implemented in NuSMV input language as described below.

e Variable “steplimit” is set to a value to limit the number of time steps the system can
evolve, i.e. to upper bound the discrete time counter k < steplimit in the I/O-EFA model.
In the NuSMYV file, when the system evolves exceeding the defined value of “steplimit”, the
variable “location” is given the value “deadend” and has no further outgoing transitions.

e Variable “precision” is the limit for the number of significant digits. Since NuSMV can
only verify integer values, “precision” determines how the non-integer value in the I/O-EFA
model can be transformed into integer. Each non-integer value is transformed as follows:
valuenew = round(valueyyg - 10PTC°M)  where valueyyq is the value in the 1/O-EFA model,
and valueyey is the value in NuSMV file.

e Each variable d; is converted to an integer with upper limit d7*** - 1oPrecision and lower

limit dmn . 1Qprecision
j

, so that data space is finite. d;”ax and d}"m are determined by the

requirements on the system.

Definition 4 Given an I/O-EFA P = (L,D,U,Y, %, A, Lo, Dy, L, E), its finite abstracted

transition system P7 is a tuple P/ = (S, U/, Y/ %, Ef Sy), where
e S =L x D is the set of its states, where D7 is the finite abstraction of D,

o B/ = {((ll,d{),a,uf,é,yf,(lz,dg)) | dd; € d{,u S uf,y S yf,d2 S dg : (ll,dl) Uﬂy

(Ia,d2)} is its set of transitions,

So = Lo X Dg is the set of its initial states, where D(J; is the finite abstraction of Dy,

U/ is the finite abstraction of U,

Y/ is the finite abstraction of Y.
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The finite abstracted transition system is implemented in the NuSMV input language,
where:

e The locations L of the I/O-EFA model is set as a variable and each location [; is a value
for the variable “locations”,

e Each discrete variable d; in the I/O-EFA has its corresponding variable in NuSMV file.
Data update functions f.:DxU — D are expressed by the “next()” functions in the assignment
part of NuSMV file,

e Each input variable uy is defined in the NuSMV model as a nondeterministic variable. It
can choose any value in its range at the beginning of each time-step.

e Edges F in I/O-EFA model are mapped to a variable “edgeNum”, and each edge e;
corresponds to an integer value of variable “edgeNum”. This integer value is determined by
the edge number in the I/O-EFA model. Thus, a sequence of “edgeNum” value in NuSMYV file
represents a sequence of edges, i.e. a path, in the I/O-EFA model.

The corresponding NuSMV file is used to check if the c-paths in the I/O-EFA model are
reachable. This is done as an instance of finding a counterexample as prescribed in the following

algorithm.

Algorithm 6 A c-path m = eg...e|7;|71 of an I/O-EFA P = (L,D,U,Y,%, A, Ly, Do, Ly, E)
is determined to be reachable if in the finite abstraction P/ |= ¢ holds, where ¢ is the CTL
formula EF(ef AN EX(eT A --- EXeﬁd_l) --+), meaning path 7 can eventually be activated in
the finite abstraction P7. An input sequence that makes m eventually executable is found as

a counterexample to the model-checking problem P/ |= —¢.

If a counterexample for P/ = —¢ is found, then P |= ¢ holds, and the sequence of inputs
within the counterexample is a test case activating the path 7. The final test suite is the set
of input sequences obtained from a subset of reachable paths II satisfying a desired coverage
criterion.

In summary, the model-checking based test generation implementation generates the test
cases by the following steps.

o Translate the-Simulink /Stateflow diagram into I/O-EFA model;
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e Map the I/O-EFA model to the corresponding NuSMV file;

e Extract all the paths from the I/O-EFA model and translate them into corresponding
CTL specifications;

e Check the CTL representations of the paths against the NuSMV model. Select the reach-
able paths satisfying the coverage criterion and the set of input-output sequences activating
those paths as the test suite. Report the unreachable paths for the analysis of model soundness.

The above implementation utilizes the existing model checker NuSMV and automates the
test generation for Simulink/Stateflow. However, model-checking process is time-consuming
as the state space explodes and the finite abstraction may also cause problems in the test

generation. So we investigate another approach as described next.

3.2.2 Implementation using Constraint Solving

Mathematical optimization is used to check feasibility of a set of constraints and to select

a best element from a set of available alternatives. The standard form of an optimization

problem is:
minimize, f(zx)
subject to  gi(x) <0,i=1,....m
hz('x):Ov’L: ) D
where

e f(z): R"™ — R is the objective function to be minimized over the variable z,
e gi(z) <0 are called inequality constraints, and

e hi(z) = 0 are called equality constraints.

Finding whether a c-path 7 of an I/O-EFA is reachable can be converted to a constraint

solving problem, which is an optimization problem without regard to an objective value as

follows:
MINIMIZE (g ) 1
subject to Gr(d,u)

where, G(d,u,y) is called the path-predicate of the path 7. It is a set of conditions over

(dyu)vactivatingsthespathem. The above constraint solving problem has solution if the path
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predicate G (d, u) is satisfiable (does not equate to False). The path predicate G(d,u) along

with its data fr(d,u) and output h,(d,u) can be obtained as follows.

Algorithm 7 For a path 7 = eg...e%_l, its path-predicate G(d,u) can be computed recur-
sively backward, and data f(d,u) and output hr(d,u) can be computed recursively forward
as:

Base step:

j=lrl=1Lk=(rl-1) -

Ggr(d, u) = Gerr\_1(d’ u);

fE(d, u) = for (d, u);

hE(d,u) = her (d, u).

Recursion step:

G&(du) i= Ger  (dyu) A GE(fer , (dyu), {u, her (d,u)});

P, w) = o, (7 w), {1, w)}):

REF (A ) o= hag,, (F(d, ), {u, B (d, w)}).

Termination step:

If j # 0, then decrement j and return to recursion step; else stop, and set:

Gr(d,u) := G(d, u);

fr(dw) = £ (d, )

ha(d,w) = W71 (d, w).

Note: If any of G. is undefined, it is simply assumed true, i.e. G.(d,u) = True, and

similarly if any of h. is undefined, then it is simply assumed to be the same as identity, i.e.

he(d,u) = y.

Constraint solving problem is constructed to check if G(d,u) # False, in which case, the
path 7 is feasible. The feasible paths obtained in Algorithm 7 are the candidate paths for test
generation. They are further checked to see if they can be reached from the initial condition,
i.e. if there exists a feasible path-sequence II starting at the initial condition and ending with
the path under evaluation for reachability. The algorithm to determine the feasibility and

ence I is as follows.
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Algorithm 8 Given a path-sequence II = 7 ... 7 starting at the initial condition I(d) ending
with the path 7, the feasibility /reachability of II can be checked recursively backward, while
its data update and output assignment can be computed recursively forward as:

Base step:

j= (] =1),k = (U] = 1) = j;

Ghi(d ) = Gr(d, uy);

fii(d ug) i= fro(dyu);

R (d, ug) = oy (d, ug).

Recursion step:

G (d{ujmts - umya}) 2= Gy (dywjmn) A Gy (fryy (dy o), {H{ugs -y
Py (dy 1) });

PN, {0, w1 }) = Frn (FE(d, {uo, - - ug}), {ungr, B (d, {uo, .., un})});

REFN(d, {ug, -+ ugs1}) = Py (FE(d, {uo, - - ui}), {ugs1, hi(d, {uo, - .- uk})}).

Termination condition:

If j # 0, then decrement j and return to recursion step; else stop and set:

Gr(d, {uo, ..., um—1) = GL(d, {uo, ..., ujm_1);

fruld, {uo, 1) = fi0 (s {uo, - wg);

hr(d, {uo, - - -, ujm—1) = h'l-?‘_l(d, {uo, -+ s um—1);

and declare II as reachable iff G}y(d, {uo, ..., wm—1}) A I(d) # False.

Given a feasible path 7, if none of the path-sequence with |II| < steplimit ending with
is reachable, 7 is unreachable within the steplimit. Otherwise, 7 is reachable. Note steplimit
is the test case length requirement of the system.

Given a reachable path-sequence II = mj...m ending with path w, a test input-output
sequence tr = (uo,Y0)---(Um—1,Ym—1) activating the reachable path 7 is obtained by se-
lecting wuo, ..., uy—; such that GY(d, {uo,...,um-1}) holds, and for j = 0,...,[II] — 1,

yj = hfq (d,{uo, ..., u;}). This input-output sequence t, is the test case for path .

The constraint solving based test suite is derived with an open source optimization tool

CVX [18], written in Matlab. Our test generation tool calls the CVX tool to check the feasibility
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of the problem.

In summary, this constraint solving based test generation implementation generates the
test cases using the following steps.

e Translate the Simulink/Stateflow diagram into I/O-EFA model;

e Extract all the paths from the I/O-EFA.

e Apply Algorithm 7 to obtain the feasible paths;

e For each feasible path 7, apply Algorithm 8 on each path-sequence II that ends in 7 and
IIT| < steplimit to determine the reachability of ;

e Report the unreachable paths identified in the previous two steps for the analysis of
model soundness.

The above implementation applies the constraint solving to solve for the recursively ob-
tained path predicates. This method does not require finite abstraction of the data space and
loading of the model in another tool. This implementation is thus exact (requiring no abstrac-
tion) and is able to generate test cases faster than the implementation based on the model

checker.

3.3 Software Implementation of Model-based Test Generation Algorithms

Both of the model-based test generation implementations described above, as well as the
Simulink/Stateflow to I/O-EFA translation tool, have been incorporated in an automated
test generation tool. Upon specifying a source Simulink/Stateflow model file, both of our
implementation methods can be executed to output the test suite for the corresponding

Simulink /Stateflow diagram.

Example 8 Model Checker based Test Generator: Consider the I/O-EFA model (see Fig-
ure 2.2) of the counter system (see Figure 2.1). By specifying steplimit = 10, precision = 0,
all variables within [—2,10], w € {0, 1}, and path-covered criterion (all paths be covered), the
model checker based test generator generates four reachable paths and the corresponding test

cases are shown in Table 3.1.
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Table 3.1 Reachable Paths and Test Cases from Implementation with Mod-
el-Checking

Path Test Case ((u,y2) at each sample time)
€0€3€4€5€6€7€8€10€12€14€15 (1,0)

€16€17€18€19€20€21

€1€3€4€5€6€7€8€10€12€14€15 (1,0),(1,1)

€16€17€18€19€20€21

€1€3e4€5e6e7€3€9€12€14€15 (1,0),(1,1),(1,2),(1,3),
€16€17€18€19€20€21 (1,4),(1,5),(1,6),(1,7),(1,8)
€2€8€10€12€13€20€21 (0,2)

The test generation time (using Intel Core 2 Duo P8400 2.27GHz, 2GB RAM) is 349.3

seconds and the results are as expected.

Example 9 Constraint Solving based Test Generator: Consider the same I/O-EFA model (see
Figure 2.2) of the counter system (see Figure 2.1). By specifying steplimit = 10, u € {0, 1},
and path-covered criterion (all paths be covered), the constraint solving based test generator
provides five feasible paths as shown in Table 3.2 and four of them are reachable (3 is identified
as unreachable). The test cases are generated as shown in Table 3.3.

The test generation time (using Intel Core 2 Duo P8400 2.27GHz, 2GB RAM) is 102.7

seconds and the results are as expected.

The two test generators provide identical test cases regarding the same Simulink/Stateflow
diagram and specifications. Constraint solving based implementation is able to obtain the

result about two times faster than model checker based implementation.

3.4 Requirements-based Test Generation

Design requirements are properties that a Simulink/Stateflow model is expected to satisfy.
They need to be tested against the Simulink/Stateflow model for satisfiability. The goal of
Requirements-based Test Generation for Simulink/Stateflow is to generate test cases to be able

to-ensure-testing of the specified requirements.
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Table 3.2 Feasible Paths from Implementation with Constraint Solving

Path No. Path Predicate | Path Data Path Outputs
o u(k) > OA d(k) :=0, y2(k) := 0,
d=0 d =1, y3(k) =1,
dk+1):=1, | y5(k):=0,
k:=k+1 yd(k) =1
1 u(k) > 0N d(k+1) := y2(k) == d(k),
d = 1A d(k) +1, y3(k) =1,
—0.5 < d(k) kE=k+1 y5(k) == d(k),
<7 yd(k) == d(k)+1
o u(k) > OA dk+1) := y2(k) =17,
d = 1A d(k)+1, y3(k) =1,
d(k)>T7 kE=k+1 y5(k) = d(k),
yd(k) == d(k)+1
3 u(k) > OA dlk+1):= y2(k) := —0.5,
d = 1A d(k)+1, y3(k) =1,
dk) < —05 | ki=k+1 y5(k) == d(k),
yd(k) :=d(k)+1
4 u(k) <0 d(k+1) :=d(k), | y2(k) :== 2,
d:=0, y5(k) =2
k:=k+1

Table 3.3 Test Cases from Implementation with Constraint Solving

Path Number | Test Case ((u,y2) at each
sample time)

o (1’0)

gt (170)7(171)

T (1,0),(1,1),(1,2),(1,3),
(1,4),(1,5),(1,6),(1,7),(1,8)

T4 (0,2)
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Each model requirement, being a property of an input/output computation sequence, can
be expressed as an Linear Temporal Logic (LTL) formula, with the propositions as the predi-
cates over the input/output variables of the I/O-EFA model of the Simulink /Stateflow diagram.
For example, the counter in Figure 2.1 has the requirement that “output can never exceed 7”.
The corresponding LTL formula is ¢ = [-F (y2(k) > 7)].

[19] [20] [21] [22] discuss algorithms to compute a Biichi automaton accepting all infinite

sequences satisfying a given LTL formula. A Biichi automaton is defined as follows.

Definition 5 A Biichi automaton is a 5-tuple R = (Q, T, Z, Qo, Qm), where

e () is a finite set of states,

I" is a finite set of symbols,

= CQ xTI x @ is the set of state transitions,

Qo € @ is the set of initial states, and

®m C Q is the set of marked states.

The states in R correspond to subformulas of ¢ and so |@Q)| is of the exponential order in |¢];
the edge-labels I' are Boolean formulas over the predicates in ¢; since each edge in R processes
a new input-output pair, it implicitly advances the time counter by 1. R accepts exactly those
infinite runs (state sequences) that are initialized at Qo, follow the transition relation, and visit
@, infinitely often. Thus it can be assumed without loss of generality that all marked states
are in some strongly connected component. Since we only generate finite length test cases,
we can only test those LTL properties that are properties of finite length runs/computations.
This is precisely the safety fragment of LTL [23]. For the safety fragment of LTL, its Biichi
model R is deterministic and it accepts finite traces from initial locations gy € Q)¢ to final
locations ¢, € Q. (within a strongly connected component). A test case that activates the
requirement is generated from an acyclic path in R from g9 € Qo to ¢ € @ that imposes
constraints on the outputs. (A test case that does not constraint an output vacuously passes).

The-Requirements-basedsTest Generation is defined in the algorithm below.
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Algorithm 9 Given a LTL requirement ¢, the test cases activating ¢ are generated in the
following steps.

1. Compute the Biichi automaton R = (Q,T', =, Qo, Q) accepting all input/output se-
quences that satisfy ¢.

2. Find all acyclic paths from ¢y € Qo to ¢n € Qm (¢m is within a strongly connected
component), where there exists at least one proposition along the edges of the path that
constraints an output.

3. For each acyclic path tr = Gy ... G\, -1, where G is the guard predicate on the (i —1)th
edge of the path, the test case is a finite sequence t¢ = (uo,%0) - - - (Ujtr|—1, Yjer|—1), Where for

i=0,...,[tr] = 1, (u;, y;) satisfies the guard G;.

Example 10 Consider the counter in Figure 2.1 with requirement that “output is zero when-
ever input is non-positive for a first time, and then on output can be arbitrary”. The LTL
formula for this requirement is [u < 0 = y2 = 0]JU[L(u < 0)], where U denotes until and L
denotes in last step. The Biichi automaton computed from the LTL formula is as shown in
Figure 3.1. There is one acyclic path ¢r = [[u < 0] A [y2 = 0]] that has a constraint on the

output. The test case obtained from tr is ty = {(ug,yo) = (0,0)}.

[u<=0] A[y2=0] O

fu=0] init True

Figure 3.1 Biichi automaton  computed from LTL  formula
[u<0=y2=0]U[L(u <0)]

Remark 1 Note the requirements-based test generation is a much simpler exercise than the
model-based test generation since each acyclic accepted path of the requirements model can be
activated on its own, without having to execute any preparatory prefix path-sequence. This is
because the path-predicates in the requirements-model do not involve any data-variables, only
the input-output variables, and so no prior preparation is needed to set the data-variables to the
right values. In contrast, the model-based test generation requires the execution of an earlier

prefix path-sequence so as to “prepare” the data-variables to the right values. Accordingly,
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the requirements-based test generation is implemented simply as a special case of model-based

test generation.
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CHAPTER 4 Reduction of Test Generation to Reachability and its Novel

Resolution

Test generation approach in Chapter 3 involves a bounded length search and finds the test
cases with lengths within the bound. It starts backwards from a target computation path (c-
path) of the I/O-EFA model to be tested and finds a sequence of prefix computation-paths to
reach the initial condition. Note the execution of a prefix is required to set the data values for
the target c-path to become executable. Determining whether or not such an enabling prefix
exists is undecidable in general. Our technique in Chapter 3 checks all the path-sequences
ending with the target c-path within certain time step limit to see if the c-path can be reached
from the initial condition. As expected due to the undecidability of the problem, the approach
is not guaranteed to find test cases for all reachable c-paths.

Test cases with length longer than the bound used by the approach of [15] may exist for
Simulink /Stateflow diagrams possessing loops since it may take several iterations along the loop
before a data value suitable to enable a target computation-path becomes available. In the case
that we are able to “collapse” the computation of those several iterations into a single step by
analytically solving the computations performed, it will become possible to explore arbitrary
length iterations. Building on this idea, this chapter improves the test generation approach to
reduce the test generation time and remove constraints on the maximum test case length for
those Simulink/Stateflow models for which the computation results of the multiple iterations
of each computation path can be analytically computed (this for example is the case for linear
update functions). We first apply the techniques in our previous papers [24] [12] [13] [15]
to convert the Simulink/Stateflow diagram into I/O-EFA model and enumerate all feasible

c-paths whose enabling predicates are non-False (note feasibility is only a necessary condition
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for reachability since the enabling predication, while non-False, may not be reachable from
the initial condition). To be able to check reachability of a target computation-path, we next
create a computation-succession automaton which is an instance of an discrete-time hybrid
automaton and preserves the computations of the I/O-EFA. Test generation is then done by
performing reachability analysis on this hybrid automaton.

Reachability analysis for hybrid automata is widely studied subject, and in general unde-
cidable. See for example some recent surveys [25-27]. Our contribution lies in the utilization of
the analytical solutions of the dynamics, whenever feasible, in arriving at a novel reachability
resolution technique.

Our approach iteratively refines the hybrid automaton to obtain an equivalent refined hy-
brid automaton. The idea is to split each location into a number of locations and associate a
stronger invariant condition with the locations and stronger guard conditions with the incom-
ing/outgoing edges so that the reachability in the hybrid automaton reduces to the reachability
in the underlying graph, ignoring all the dynamics. We show that the termination of the it-
erative refinement is guaranteed when the I/O-EFA model possesses a finite late-bisimilar
quotient. Also while the iterative refinement may not terminate in general, we show through
examples that the approach is more effective compared to the test generation approaches in
Chapter 3 in the sense that it is able to provide a larger test coverage due to the use of the
analytical solutions that allows unbounded length computations. Also the approach turns out
to be more efficient needing less time for test generation since the results of unbounded length
computations are analytically derived offline. The hybrid automaton-based approach is also
applied on the defect-detection and requirements-satisfaction to more efficiently and effectively

detect defects and unsatisfied requirements.
4.1 Introduction to I/O-HA

In Chapter 2, we modeled a Simulink/Stateflow diagram as an Input/Output Extended
Finite Automaton (I/O-EFA) model preserving its discrete behaviors. In this chapter we

reduce the test generation problem to the reachability in a discrete-time Input/Output Hybrid
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Automaton (I/O-HA) model, which is more general than an I/O-EFA model, and is defined

as follows.

Definition 6 An I/O-HA is a tuple P = (L, D,U,Y, %, A, Lo, Dy, Ly,, E), where

e L is the set of locations (symbolic-states), and each [ € L is a 3-tuple, | = (G, fi, i),
where
— G; € D x U is location-invariant,
— fi: D xU — D is data-update function, and

— h;: D x U — Y is output-assignment function.

D = Dy x --- x D, is the set of data (numeric-states),
e U ="U; x--- x U, is the set of numeric inputs,
o Y =Y x---xY,is the set of numeric outputs,

e Y is the set of symbolic-inputs,

A is the set of symbolic-outputs,

Lo C L is the set of initial locations,

e Dy C D is the set of initial-data values,

e L,, C L is the set of final locations,

E is the set of edges, and each e € E is a 7-tuple, e = (0, t¢, Oc, d¢, Ge, fe, he), where

0e € L is origin location,

— te € L is terminal location,

0. € ¥ U {e} is symbolic-input,

de € AU {e} is symbolic-output,

— G¢ € D x U is enabling guard (a predicate),
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— fe: D xU — D is data-update function, and

— he : D x U — Y is output-assignment function.

An I/O-HA P starts from an initial location [y € Lo with initial data dy € Dy. Within a
location [, P evolves over discrete-time steps as long as the data satisfies the invariant guard
condition Gy, and at each time step uses the data update function f; and the output assignment
function h; to modify the data and the output. When at a state ([, d), a transition e € E with
0. =l is enabled, if the input o, arrives, and the data d and input u are such that the guard
Ge(d,u) holds. P transitions from location o, to location t. through the execution of the
enabled transition e and at the same time the data value is updated to f.(d,u), whereas the
output variable is assigned the value he(d,u) and a discrete output J. is emitted. In what
follows below, the data update and output assignments are performed together in a single
action.

An I/O-EFA is a specialized I/O-HA with location-invariant as True, location update and

assignment functions as the identity maps.

4.2 Computation-Succession Hybrid Automaton

In Chapter 3, each single-input computation of a Simulink/Stateflow diagram is represented
as a computation-path of an I/O-EFA model. Thereby the test generation problem reduces to
finding for each computation-path an input-sequence, that eventually executes that c-path.

For each c-path sequence w = 7 ... 7|1, it is possible to compute its enabling guard
G, € D x U recursively backwards, and its data-update function f, : D x U — D and its
output-assignment function h,, : D x U — Y recursively forward using Algorithm 7-8. Then
a c-path 7 is immediately executable (equivalently, feasible) if and only if its enabling guard
Gr(d,u) is satisfiable, and 7 is eventually executable (equivalently, reachable) if there is a

path-sequence w ending in 7 (i.e., m,|—; = 7), such that G, (d, {ug . ..u—1}) is satisfiable.

Example 11 Consider the Simulink diagram of a bounded counter shown in Figure 4.1, which

is a modified version of the counter in Figure 2.3 with upper bound of the saturation block
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Figure 4.1 Simulink Diagram of a Counter System
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increased to 100000. It consists of an enabled subsystem block and a saturation block. The
output ys increases by 1 at each sample-period when the control input u is positive, and y5
resets to its initial value when the control input u is not positive. The saturation block limits
the value of y5 in the range between —0.5 and 100000. The translated I/O-EFA P using the
method of Chapter 2 is shown in Figure 4.2. As can be seen the translated I/O-EFA has 18
different c-paths starting and ending in the initial location, and going around the loop once
(which is exactly the computation of one time-step). It turns out that only 5 out of 18 c-paths
are feasible, as analyzed by Algorithm 7, and only 4 of 5 are reachable. These are listed in

Table 4.1.

Since the reachability of a c-path depends on the succession of computations, we introduce
the notion of a Computation-Succession Hybrid Automaton to characterize the reachability of

the c-paths.

Algorithm 10 Given a set of feasible c-paths II” of a I/O-EFA model
P = (L,D,U,Y,%,A, Ly, Dy, L, E), its Computation-Succession Hybrid Automaton (CS-

HA) is obtained as, P! = (L, D, U, Y, 3, A, LY, Do, L', EM), where

o L =, cp{l™ = (Gr(d,u), fx(d,u), hx(d,u))} is its set of locations, 1-to-1 mapped
to IT”. (P has one location (™ for each feasible c-path 7 of P, and I™’s invariant/data-
update/output-assignment are the same as the guard/data-update/output-assignment of

.)

° LOH = UWEHP:GW(d u)/\D()#False{l,r} is its set of initial locations. (Initial locations of pI

are the initially executable c-paths of P.)

o Ml = Un wren azn {7, ™, —, —, Gu(d,u),—,—)} is its set of transitions. (Each feasible
c-path of P may be succeeded by each another feasible c-path of P, and so P has an
edge-set that makes its graph completely connected, with each edge guarded by the

invariant (equivalently, guard) of its successor location.)

Note, by definition, the CS-HA is a completely connected graph over the set of feasible

e-pathssactingsassnodess(locations), with each incoming edge to a c-path node guarded by that
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Table 4.1 Path Analysis of I/O-EFA model of Figure 4.2

Path # | Path Guard G, Path Data f, Path Outputs h,
T = u(k) > OA d(k) := 0, y2(k) :== 0,
coeseacs d(k)=0 dk+1):=1, y3(k) =1,
cgereselnetn dlk+1):=1, y5(k) :=0,
e1se15e16e17 E=Fk+1 yd(k) =1

T = u(k) > OA dk+1):= y2(k) = d(k),
cresercses | d'(K) = 1A (k) +1, y3(k) =1,
ereseroers | —0.5 < d(k) dk+1):=1, y5(k) = d(k),
exserserserr| < 100000 ki=k—+1 ya(k) = d(k) + 1
m= | u(k) > 0A d(k+1) == d(k)+1, | y2(k) := 100000
cregeseses | d' (k) = 1A dk+1):=1, y3(k) =1,
eresesers | d(k) > 100000 kE=k+1 y5(k) = d(k),
e1ae15€16€17 yd(k) :=d(k)+1
m5= | u(k) > 0A d(k+1) == d(k)+1, | y2(k) := —0.5,
creseseses | d'(k) = 1A dk+1) =1, y3(k) = 1,
ereseniers | d(k) < —0.5 kE=Fk+1 y5(k) :=d(k),
erae15€16617 yd(k) :=d(k)+1
Ty = u(k) <0 d(k+1) :=d(k), y2(k) = 2,
d(k+1) =0, y5(k) =2
e1zez0eat k=k+1
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c-path’s guard condition, and the set of initially reachable c-paths serving as the set of initial
nodes. For Simulink/Stateflow diagrams with deterministic runs, the corresponding 1/O-EFA
model is deterministic, and as a result the enabling guards of the ¢-paths are pair-wise disjoint,
meaning the set {G(d,u) | 7 € I”'} defines a partition of the set D x U, implying that the CS-
HA P" is also deterministic. Finally note that the CS-HA P™ does not possess any self-loops,
rather the repeated execution of a c-path is captured through the semantics of a hybrid-
automaton that allows evolution in the same location for multiple time-steps, tantamount to
executing a self-loop.

The following result is clear from construction.

Theorem 2 Given an I/O-EFA P modeling a Simulink/Stateflow diagram, a feasible ¢-path

7 € 117 is reachable if and only if the location I™ is reachable in the corresponding CS-HA Pl

Example 12 Given the feasible paths in Table 4.1, the corresponding CS-HA is shown in

Figure 4.3.

4.3 Reachability Resolution for CS-HA

To aid the reachability analysis, we present a novel reachability resolution technique that
refines the CS-HA such that location reachability is equivalent to reachability in the underlying
graph, ignoring the dynamics, whenever the refinement terminates.

For this, the locations are split according to the preconditions to reach their successors.
The precondition of the transition from one location to another is defined in the algorithm
below. It requires the computation of the guard condition that allows the N steps of evolution

in location [, along with the corresponding data-updates and output-assignments.

Algorithm 11 Given a CS-HA P, for each I € L™, do the following:
Base step:
j=0,i=(N-1) -
Gf(d,ulﬁ_i) = Gi(d, ugy);

Ji(dy ) = fild, werg):
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(r )
v oufk) =0
dl=1an
-0.5 = drk) < 100000
data : dik+1)=dfk) + 1

k=k+1

d'+])=1

output : v2(ig) =0
yifk) =1

V() = 1
\_ »5®:=0

fusd

inv cou =0

data : dik+1I)=dik)
d'fk+1) =0
k=k+1

k=k+1
output : v2(k) := dik)
Yik) =1

vk = dik) + 1
V5o =di) )

[ )

v k) =0
dlg=1n
dik) = 100000

data : dik+1)=df) + I

output: v2(k) =2
yifk) =2

)

d) =0,d'0) = 0,k:=0

d'k+l)=1
k=k+1

output : v2(k) ;= 100000
i) :=1

\_ wean

i3 N\

v oufl) =04
dig=1n
dift) < -0.5

data : dik+1)=dl) + I
dc+)=1
k=k+1I

output: v2(kg) :=-0.3
yifg =1

\__ S

Figure 4.3 CS-HA of the I/O-EFA model in Figure 4.2. Transition guards,
which are the same as the invariants of the destination location,
are omitted.
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h{ (d, up4;) == hi(d,ups;). (Let m be the feasible c-path of P represented by a location [
of P, Then the base step computes the guard for the last, i.e., Nth execution of 7, together
with the data-update and output-assignment of the first execution of .)

Recursion step:

Gf‘*l(d, {Upaiz1,- s ukenN-1}) = Gi(d, ugri—1) A G;(fl(d, Uktio1), {{Whtis -+ Ukt N—1],
hu(d, ugti-1)});

N Ak, - wn}) = AT (g unsg ),

{whtjt1, h{(d, {uk, - ures1)});

W, (g uprgin}) o= P (d, {uo, - upgs}),s
{uk+j+1,h{(d, {ug,...,ups;})}). (Recursion step computes the guard of the last N — (i —
1) executions of 7, together with the data-update and output-assignment of the first j + 1
executions of 7;. Note the former calculation uses the guard for last N — ¢ executions of 7; (a
backward recursion), whereas the latter calculation uses the data-update/output-assignment
of the first j executions of m; (a forward recursion).)

Termination step:

j # N — 1, then increment j and return to recursion step; else stop, and define the

precondition Gy (d) to transit from [ to a successor I’ € succ(l), as:

Gu(d)=\ [Hur, ..., upen} : GYd, {ug, - ukrN-1})
N>1

/\Gl’(leil(dv {uka cee 7uk+N—1})v uk—i—N) .
(Upon termination, the precondition to transit from [ to successor I’ by evolving at [ for one or
more steps is computed. Note that Gy (d) is solvable whenever G? and le ~1 can be analytically

computed.)

Next these preconditions of the transitions from the locations to their successors are used
to partition the location-invariants, and split the locations accordingly, so each split location
is endowed with its own stronger invariant, which satisfies the precondition to reach a subset
of successors, while its data-update and output-assignment functions are inherited as is. The

refinement of the CS-HA is defined as follows.
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Algorithm 12 Given a CS-HA P! = (L1, D, U, Y, %, A, L{, Dy, L', E), the refinement algo-
rithm iteratively computes for each iteration n, a refined hybrid automaton

pr = (L™, D,U,Y,X,A, Ly, Dy, L", E™), where L{j := {l € L™ | G; A Dy # False}, and
E" = {,l,—,—, Gy,—,—) | LI € L™l # I',Gyy(d) # False}, as follows (note for each
n > 0, only L™ needs to be iteratively computed since definitions of Lf and E{ are derived
from that of L™):

Base step: L° = {(Gi(d,u), fi(d,u), hi(d,u)) | | € L'}. (Locations of P are the same as
those of PII)

Recursion step: L1 = Uierr c(ayeq {(Gild,w) A G(d), fi(d,w), hi(d,u))}, where for each
Le L™, G = Upcsueey{Nver Gu(d) Ayesucey—ry "Guw(d)} is the partition induced by
{Gu(d) | I € suce(l)}. (To obtain the locations L™, each location I of L™ is split into
a number of locations, one per subset of the successors of [. The guard condition of a split
location is the precondition to reach a certain subset of successors of the original location,
while the data-update and output-assignment are preserved after the split.)

Termination step: If L™t = L™ or step-limit, stop, and set P .= P™; else, increment n
and return to recursion step. (Termination occurs when splitting does not introduce additional

locations since the extra ones turn out to have False guards.)

Example 13 Consider the CS-HA shown in Figure 4.4. The CS-HA is refined according to
Algorithm 12. Firstly, since [™ has three successors with three different edge guards, there
are eight different subsets of successors, but only three of them have non-False preconditions,
and so [™ is split into three locations [J*, IT*, and [3' as in Figure 4.5. This requires the
application of Algorithm 11 to find the guards Girim (d(k)) = [d(k) = 2], Girims(d(k)) =
[d(k) = 3], Gmma(d(k)) = [2 < d(k) < 3V 3 < d(k) <4], and then performing the refinement
as in Algorithm 12 that splits {™ into [J', (7', (5" with the invariants Gjrijma, Girigrs, Gimgma
respectively, and with the same data-update and output-assignment functions as (™. Next,
since {™ has three successors with three different edge guards, there are eight different subsets

of successors, but only three of them have non-False preconditions, and so [™ is split into three

locations I;°, I7°, and [5° as in Figure 4.6. Again this requires applying Algorithm 11 to find the
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guards Gpogyes (d(K)) = [d(k) = 0], Gpogyrs (d(R)) = [d(k) = 1], Grgypr (d(R)) = [0 < d(k) < 1,
and then performing the refinement as in Algorithm 12 that splits {™ into [[°, 7%, [5° with
the invariants G, o G s G 5 respectively, and with the same data-update and output-
assignment functions as ["™. Note only the node [j° remains an initial node since the invariant
condition for [T and I7° are [d(k) = 1] and [0 < d(k) < 1], which are disjoint from the initial
condition [d(k) = 0]. Also only the node I7° remains reachable from ™, whose outgoing edge
guard [d(k) = 1] has nonempty overlap with only the invariant of [T°. At this point, each
node has at most one successor, and so refinement introduces no additional locations (meaning
L™ = L"), causing Algorithm 12 to terminate and yielding the refined CS-HA of Figure 4.6.

d@) := 0

fm’}

inv : 0 =dE) =1 [2=d®) =4]
Aow: dik+1) =dk) + 2

gm’
inv 2 =dE) =4

[0=dm <1] flow: dk+1) =dk) + 3 =
[d®) 7/ [d0%) = 6] 42 dik) 2N I A <2 v
- ch’fbcd = d<di) <5 v
2 3 dif) = 6] S<dfk) <6 v
v d) =5 v d) =6 d) > 6
flow: dk+1) = d(k) - 4 flow: d(k+1) = d(®) ow: dik+1) = d(k)

Figure 4.4 CS-HA with a cycle-location possessing more than one successor

The following theorem establishes that the refinement step indeed resolves the reachability.

Theorem 3 When Algorithm 12 terminates in finite steps with L™*! = L™, then the refined
PS-HA P from Algorithm 12 has the property that, if there exists a path from the initial

locations to a target location, then the target location is reachable.

Proof: Since location invariants satisfy the preconditions to reach their successors, each
location can eventually transit to its successors by selecting a sequence of input. If there exists
a path from an initial location to the target location, initial location can transit along the
path to any locations on the path and eventually to the target location. Target location is

reachable. m
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dw) =0

I}Tﬁ'
v s 02dk) <1

flow: die+1) =d) +2

@ = 21 d) <3 v3<di < 4]
o=d® <1 ful [zo,ﬂ ________________ } [hﬂ . Y (D
T I v d() =3 v 2<dl) < 3vo
i \Sow:doer)) =dm +3 | | fow: die+1) =dgi) + 3 o fj(;ﬂj@’jd‘% s
"""""""""""""""""""" @S TvIan =T

d=d) =3 vji<dl) =6 v

PTQ
o s dik) =3
fow: dik+1) =dk) - 4

I3

v dk) =6
Aow: dk+1) = d(k)

4
v cd) <1 v
I<dk) <2 v

d= dk) =5 v
J<df) =6 v
dik) =6

ow: d(k+1) =d(k)

Figure 4.5 Refined model of the CS-HA in Figure 4.4 with {™ split. Dotted
line encloses the locations after the split.

dro) =0
i 0 EGJTG Efnﬂ IEJTO .:
! v dk) =0 v o d) =1 v 0<dE) < ] !
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""" [ d@ml '[liécj'é's'J'I"""""""ié';'é@';'é'};éilié;;?a]
:"Fr 1 foﬂ g}m’f ] 2}?1 ":
e cam =2 v : ) = 3 v i2<di) <3y ||
v | flow: dik+1) =dik) + 3 flow: dk+1) =d&) + 3 F<di) =4 ;
i wedk+1) =d) +3 )1
""[}@';'jj" "[;j(,;j';'j] """" [ ;j(,;j';'o']' T A < T VIS dE <2 v

d=d) =3 vii<d) <6 v
2 I3
inv cdk) =5 inv dk) =0

d
Aow: dk+1) =dk) - 4 Aow: dk+1) = d(k) I

v odl) <1 v
I<df) <2 v

d=gdf) =35 v
J=df) =6 v
dikl =6

ow: dik+1) =d(k)

Figure 4.6 Refined model of the CS-HA in Figure 4.5 with {™ split. Dotted
line encloses the locations after the split.
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The following theorem provides a condition for the termination of Algorithm 12. It employs
the notion of late-bisimilarity and late-bismulation quotient, which can be found in [28]; a brief

overview is also presented in the appendix for completeness.

Theorem 4 Algorithm 12 terminates if and only if the CS-HA of the Simulink/Stateflow

model preserves a finite late-bisimilar quotient [28].

Proof: Necessity is obvious since Algorithm 12, when it terminates with a finite n, it actually
finds a finite late-bisimilar quotient of the CS-HA. For sufficiency, suppose the CS-HA possesses
a finite late-bisimilar quotient, then it must be finer than the one introduced by the location-
invariants of P™ [28, Proposition 2]. Suppose for contradiction that Algorithm 12 does not
terminate, then the partition of the data space will not terminate and eventually the partition
will be finer than the partition of the coarsest finite late-bisimilar quotient, which means the
refined CS-HA at that point would be a finite late-bisimilar quotient, causing Algorithm 12 to

terminate, and arriving at a contradiction to the hypothesis. [

Example 14 Consider the CS-HA of the counter in Figure 4.3. By applying Algorithm 12
on the CS-HA, the refined CS-HA is obtained in Figure 4.7. The refinement terminates in 1
iteration; the details are omitted for brevity. It turns out that the refinement step does not
introduce any new splits, but out of the total 20 edges (see Figure 4.3), only 8 edges survive;
the others have False guard conditions. From the connectivity information of the refined CS-
HA model of Figure 4.7, it is evident that 4 out of the 5 feasible c-paths are reachable. (73 is

the only unreachable c-path.)

Remark 2 Example 14 shows a drastic improvement compared to the approach of [15], since
to reach the c-path mo, a prefix of length 100000 must be executed first. (The guard condition
for my requires a variable to exceed 100000, while that variable has an initial value 0, and is
incremented by just one, each time a prefix m; is executed.) Finding such a path using the
search employed in [15] is impossible since it has the complexity of 51°°9%0 yhich is prohibitive.
In contrast, the new reachability and its resolution based approach presented here succeeds in

establishing-the;reachability of all reachable c-paths.
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Figure 4.7 Refined model of the CS-HA in Figure 4.3
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Remark 3 Note that the reachability resolution approach can also be applied to general
hybrid automata. If a hybrid automaton satisfies the property in Theorem 4, Algorithm 12
terminates within finite steps, yielding a refined hybrid automaton that is a finite late-bisimilar

quotient, and for which the reachability is decidable.

Note that Algorithm 12 applies to a CS-HA with the following property, that we designate

as © for future reference:

O: Each edge guard is equivalent to the invariant of its destination location and there are no

data-update or output-assignment functions on the edge.

4.4 Test Generation based on CS-HA

Once the reachability of a c-path is resolved using the refinement of the CS-HA proposed
in the previous section, the following algorithm can be used to generate a test case for the

c-path, i.e., an input sequence that ensures the eventual execution of the c-path.

Algorithm 13 A c-path 7 € II” is reachable if there exists a location | € L™ = L"*! in
the refined CS-HA, with G; = G, and a path w = ly ...l starting at an initial location
lo € L§ and ending with the location /|,y = [. For the path w, its test case can be computed
iteratively forward as:

Base step:

j =k =0, and solve for d;, Nj, {ug,...,uryn,} such that the following holds:

Do A G (dg, {uks - upsn, 1}) A Gl (F0 7 (dg, (s - kv, -1}, ke, ). ((The base
step finds an initial (j = 0) data d;, an initial sequence of N; inputs that execute the initial
c-path [; a total N; number of times, so that the resulting data d;41 possesses a next input
that can execute the next c-path l;,1. The base step also finds this next input uy;.)

Recursion step:

If j = |w| — 1, then go to termination step, else set d; 1 := fl]fj_l(dj, {uk, Uk N, —11}),
{Ykri = hfj(dj, {ug,...,upyi) |0 <i < Nj —1},k:=k+ Nj,j:=j+1, and solve for N; and

LUk dgeoon Ukt bsuch that the following holds:
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N;—1
G?J (djv {uka s auk-i-Nj—l}) N Glj+1(fl ’

; (dj, {uk, - Uk N;~1}), UktnN, ), and return to re-

cursion step. (Similar to the base step, the recursion finds jth sequence of N; inputs so that
the jth c-path [; can be executed IN; number of times, so that the resulting data d;;1 possesses
a next input that can execute the next c-path [;;1. The recursion step also finds this next
input uy;.)

Termination step:

Return dy and the input/output-sequence {(uo,¥yo), ..., (uk,yr)} as the test case. (The
recursion stops when j = |w| — 1 at which point each c-path in w has been executed a certain

number of times in the same order as appearing in w.)

Remark 4 In order to compute a test case for a reachable c-path, Algorithm 13 requires
an analytical solution of all { flj , h{ : | € w}, and a solver that can solve for the constraints

{Gl:lew}.

In summary, the overall algorithm of our proposed test generation approach for a

Simulink /Stateflow model is as follows.

Algorithm 14 1. Obtain the I/O-EFA model P of a given Simulink/Stateflow diagram ac-
cording to Chapter 2.

2. Apply Algorithm 7 to enumerate the feasible c-paths ITI¥ of P.

3. Apply Algorithm 10 on II” to obtain the CS-HA P™ of I/O-EFA P.

4. Apply Algorithm 12 to refine P! and obtain the refined CS-HA PIL.

5. Apply Algorithm 13 on P! to identify reachable c-paths of P, and to generate their test

cases.

Example 15 Consider the refined CS-HA in Figure 4.7 of the counter in Figure 2.3. By
applying Algorithm 13 on the refined CS-HA, the test cases to reach the reachable c-paths are
obtained in Table 4.2. As can be noted, one of the test cases has a length > 100K, which, as
discussed in Remark 1, could not be generated using the search-based method of Chapter 3.

This illustrates the effectiveness of the new approach proposed here in terms of providing a
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Table 4.2 Test cases generated from the refined CS-HA in Figure 4.7

c-Path Path in CS-HA Test Case

o [ro u={1}

1 [ro [m u={1,1}

T [mo T [m2 u={1,...,1}
lu| = 100001

3 Not Reachable N/A

4 [ra u={0}

better test coverage, and also its efficiency in terms of the time needed for automated test

generation.

4.5 Applications of CS-HA in Defect-Detection/Requirements-Satisfaction

Simulink /Stateflow models may possess defects, such as overflow conditions (e.g., divided-
by-zero), design ambiguity/conflicts, un-testable condition, etc., which need to be avoided
during the design process. Defect-detection is a step before the test generation to detect
whether any block-specific or user-defined defects exist in the Simulink/Stateflow model. Fail-
ure of detecting the defects may result in severe accidents in case of safety critical applications.
Requirements, on the other hand, are properties defined by users that the Simulink/Stateflow
model must satisfy. Requirements-satisfaction is a step before the test generation to ver-
ify the satisfaction of the critical requirements. Both defect-detection and requirements-
satisfaction can be performed more efficiently using the compact modeling formalism of CS-
HA of Simulink/Stateflow diagram introduced above, together with the reachability resolution
method also proposed above.

Each model defect/requirement that we analyze is assumed to be a property of an in-
put/output computation, and so can be expressed as a predicate over the input/output vari-
ables of the I/O-EFA model of the Simulink/Stateflow diagram. For example, the counter in
Figure 4.1 has the requirement that “output can never exceed 100000 or fall below 0”. The

correspondingspredicatesissd(u, y) = [-(y2(k) > 100000 V y2(k) < 0)].
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Figure 4.8 Simulink model for a division operation

Note the negation of a defect serves as a requirement, and with this observation we can
have a common approach for defect-detection/requirements-satisfaction, where each defect
specification is first negated to turn into a requirements specification. Next a refined CS-HA
of the Simulink model is obtained, in which a fault-location f is introduced whose reachability
corresponds to defect-witness or requirement-violation. The refined CS-HA is obtained as in

the algorithm below. Each location as well as each edge is partitioned into two cases.

Algorithm 15 Given a requirement ¢ and a CS-HA P = (L, D,U,Y, %X A, Ly, Dy, L, E), the
¢-refined CS-HA is P? = (L?,D,U,Y, %, A, Lg, Dy, L?, E?), where

e L? = L'U{f} is a set of locations obtained from refining guards of locations L in ¢ and

adding a fault-location f, where

— L' = Ujer{Gi A ¢(u, hy(d,w)), fi,ly} is the set of locations, with invariants also
satisfying ¢, and
— f ={—,—,—} is the fault-location with no dynamics since once the fault-location

is reached, the specification is violated and there is no need for further evolution.

o Lg = Uier (G A ¢(u, hi(d, w)), fi, lu} is the set of initial locations, with invariants also

satisfying ¢,
e E% = E' U E' is the set of edges, where

— B'" = U.ep{0e te, —, —, Gt NG(u, hy, (d,u)), —, —} is the set of edges with guards also
satisfying the requirement as evaluated at the destination locations and performing

transitions among locations in L?;
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- Ef = UleLt{ly f7 T T (Gl A _‘(b(% hl(da u))) \/eeE,oezl(GtE A _'d)(u’ h’te (dv u)))a ) _}
is the set of edges to the fault-location f which are taken when either the location

invariants in L or the edge guards in E? violate the requirement ¢.

The purpose of the refinement algorithm above is to convert the defect-detection and
requirements-violation problems into reachability problems. The refinement merely partitions
the location invariants and edge guards into cases that satisfy the requirement versus the ones
that don’t. As a result, (1) the refinement continues to satisfy the property © needed for the
application of Algorithm 12 for reachability resolution, and (2) the behaviors executed by the
refinement P? are identical to those of P, with the exception that the behaviors violating the

specification are simply terminated at the fault-location.

Example 16 Consider the Simulink model for performing a division operation in Figure 4.8.
The input to the denominator (InputD) is compared with a threshold 0.001 to avoid divided-
by-zero defect. If the absolute value of the denominator input is less than the threshold 0.001,
then the denominator remains at 0.001 or —0.001 (negativity depends on the negativity of
the denominator input); else, the denominator equals to the input. Defect-detection aims to
detect if there is divided-by-zero defect, i.e., if zero is a possible value of the denominator. By
performing the steps 1-3 of Algorithm 14, the CS-HA of the division Simulink model, satisfying
the property © is obtained as in Figure 4.9. The predicate for the divided-by-zero defect is
[y6(k) = 0]. The requirement is to avoid the defect and thus has the predicate ¢ = [y6(k) # 0].
By applying Algorithm 15 on the CS-HA in Figure 4.9 with requirement ¢, the refinement
is obtained with five locations, which also satisfies the property ©. The result of refinement
performed by the reachability resolution Algorithm 12 also possesses five locations, and is
shown in Figure 4.10. As can be seen in this figure, the fault-location f is not reachable.
Therefore, the requirement is satisfied by the division Simulink model (i.e. the divided-by-zero

defect is not present in the model).

Example 17 Consider the counter in Figure 4.1 with requirement that “whenever input is

non-positive output is zero, otherwise output can be arbitrary”. The predicate for this re-
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we ; 0<ul(k) < 0.001 v :-0.001<u2(k) < 0
data: k=k+1 data: kF=k+1
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|

output: VO(k):=ul(k)
e —

Figure 4.9 CS-HA of the division model in Figure 4.8. Only the output-as-
signment function that assigns the second input to the denom-

inator is shown.

(0 N\ (e ) P
v ¢ O0=u2(k) = 0.00] A | o -0.001<u2(®) < 0.
0.001=0 & -0.001£0
data: k=k+1 data: k=k+1
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Figure 4.10 Refinement of the CS-HA in Figure 4.9 against the requirement
¢ = [y6(k) # 0]. Only the output-assignment function that
assigns the second input to the denominator is shown.
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quirement is ¢ = [(u(k) < 0Ay2(k) = 0) Vu(k) > 0]. By performing the refinement, using
Algorithm 15, of the CS-HA in Figure 4.7 against the requirement ¢, the result is obtained
with six locations. The result of applying Algorithm 12 possesses five locations and is shown
in Figure 4.11. Invariant of {™ is False and the location is not shown, since evolvement in
[™ violates the requirement ¢ (y2(k) should be zero when u(k) < 0, but y2(k) is assigned
with 2 in [™). As can be seen in Figure 4.11, the fault-location f is reachable. Therefore, the

requirement is not satisfied by the counter Simulink model.

Remark 5 Application of CS-HA for defect-detection and requirements-satisfaction shares
the same advantage as its application to the test generation problem, namely: The existence
of the defects and the satisfiability of the requirements are reduced to the reachability problem
of the fault-location in the CS-HA, for which the reachability resolution method for CS-HA
introduced in Section IV offers better efficiency (faster analysis time) and effectiveness (no

pre-defined search depth is needed).

4.6 Case Study: a Thermal Control

In this section, the Simulink/Stateflow test generation approach described above is vali-
dated with a realistic application of a thermal control of a house from the Simulink demo [1],
as shown in Figure 4.12. This system models the outdoor environment, the thermal character-
istics of the house, and the house heating system. “Set Point” is a constant block. It specifies
the temperature that must be maintained indoors, and equals 70 degrees Fahrenheit by de-
fault. Temperatures are given in Fahrenheit, but then are converted to Celsius to perform the
calculations. “Thermostat” is a subsystem that contains a Relay block. The thermostat allows
fluctuations of 5 degrees Fahrenheit above or below the desired room temperature. When
air temperature drops below 65 degrees Fahrenheit, the thermostat turns on the heater. The
thermostat signal turns the heater on or off. When the heater is on, it blows hot air at tem-
perature THeater (50 degrees Celsius = 122 degrees Fahrenheit by default) at a constant flow
rate of Mdot (1kg/sec = 3600kg/hr by default). “House” is a subsystem that calculates room

temperaturegvariationssultytakes into consideration the heat flow from the heater and heat
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Figure 4.11 Refinement of the CS-HA in Figure 4.7 against the requirement
¢ = [(u(k) <0Ay2(k) =0)Vu(k) > 0]. The guards of the
edges with destination locations other than the fault-location
are the same as the invariants in their destination locations
and therefore are omitted.
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losses to the environment. “Cost Calculator” is a Gain block. “Cost Calculator” integrates
the heat flow over time and multiplies it by the energy cost. We model the environment as a
heat sink with infinite heat capacity and a constant temperature Tout. The sample time of
the model is T' = 0.001.

The I/O-EFA model of the thermal control of a house can be obtained as in Figure 4.13.
There are 16 possible c-paths, out which four feasible as determined by applying Algorithm 7.
The corresponding CS-HA is obtained as in Figure 4.14 by executing Algorithm 10. In Fig-
ure 4.14, [™ represents the computation that when the house temperature is lower than 5
degrees below the desired room temperature, the heater is on to increase the temperature
of the house; {™ represents the computation that when the house temperature is within £5
degrees of the desired room temperature with the heater previously on, the heater remains on
to increase the temperature of the house; [™ represents the computation that when the house
temperature is greater than 5 degrees above the desired room temperature, the heater is off so
that house temperature decreases due to the heat losses to the environment; [™ represents the
computation that when the house temperature is within +5 degrees of the desired room tem-
perature with the heater previously off, the heater remains off so that the house temperature

decreases due to the heat losses to the environment.

bl &r
Ter omd
> t On/Off 12 17 -? 18
F ahrenheit T — fsoa Pl HeatCost _;:I
SetPoint 1o Cebius 7 Cost e
Caleulator &3l
F2c _"g—p e 19
1 2 »| C2F

Cekie fo
F ahrenheit

»| F2c
#vg Outdoor F ahrenheit
Temp u to C efsivs
D aily Temp
Wariation Toutdoors Q) Temperatures

Figure 4.12 Simulink model for a thermal model of a house

The refined CS-HA of the thermal model of a house can be obtained as in Figure 4.15 by

applying Algorithm 12 for one iteration on the CS-HA in Figure 4.14. The edge guards that

—

www.manharaa.com



75

{d6(k) =20, d8(k) =0, dI7(k) =0}

W2} =@l E) -32)* 39}

TR =5*(5/9)]{v8ik) =0}

[-5*(5/8)=y 71k} <3 *(5/9) 2 dBk) =01{y8(R) =0}
In% ) [3(39)<y7 k) <5%(5/9) 2 d8(R) =18k =13 ( Bpf

[y 7 2 5*(5/9) {8k} =1

=y}

{7+

[Tk} < 5*(5/9)]{d8 k+1) =0}

[-3*(3/9)<y7 (k) <3%(3/9) 2 dB (k) =048 (k+1)-=0}
b 3400037k <34(5/9) A dB(R) =118+ 1) =1} Tp-*

@<_ @ 7 1):=a17®) *TPIZY e (kh’) =d6 k) +r‘ryf6_nt)}

Figure 4.13 I/O-EFA model for the thermal model of a house in Fig-
ure 4.12, where THeater = 50, Req = 4.26976e — 07,
Mdot = 3600, ¢ = 1005.4, M = 1778.37, and T = 0.001.
I/O-EFA modules with empty edge labels are omitted and
represented as dotted arrows.
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Figure 4.14 CS-HA model for the thermal model of a house in Figure 4.12.
Output-assignment functions of the locations are omitted.
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Table 4.3 Test Cases of the Thermal Model of a House

c-Path Number | Test Case (number of time steps
to run the model)

o k =142

st k=143

T k=0

T3 k=220

become false after the initial iteration are omitted from the figure. In Figure 4.15, there exists
a path from the initial location to each location in the CS-HA, therefore, all four locations
are reachable. By applying Algorithm 13, a set of test cases can be obtained by analytically
solving the difference equations in each location (totally four computations). The result of the
test generation is shown in Table 4.3, where we can see that by running the model for 220 time

steps all four c-paths of the model can be executed.

70 ™ {}:TI N\
v . d(k) < 18,3333 v : 18.3333 <d6(k) <23.8580 A
Slow: db(k+1)=0.9967*d6(k)+0.1434 dsi) =1
dsk+1)=1 Slow: d(k+1)=0.9967*d6(k)+0.1434
d17(k)=d17(%)-3619.44*d6(k) + 180972 ) ds(k+1)=I
\ d17(k)=d17(})-3619.44*d6(k) + 180972
\ (= A
v+ 18.3333 <d6(k) =23.8880 A
dsk =0 v dik) = 23.8889
flow: d6(+1)=0.9987*d6(k)+0.0131 [~ flow: d6i(k+1)=0.9987*d6(k)+0.0131
d8(k+1)=0 d8(k+1)=0

dI7(k)=dl7(k)-3619.44*d6(%) + 180072 J \ d17(k)=d17(})-3619.44*d6(k) + 180972 )

—
dé0) .= 20, dé(k).=0, d17(0).=0

Figure 4.15 Refined CS-HA model for the thermal model of a house in Fig-
ure 4.12 from the CS-HA in Figure 4.14. Output-assignment
functions of the locations are omitted.

The case study illustrates the benefit of the proposed test generation approach that, instead

4220 jterations to obtain the test cases using a search-based test

of exhaustively searching for
generation approach, the proposed approach resolves the reachability of each c-path by applying

one iteration of Algorithm 12 and finds the test cases in four computations. Moreover, no pre-
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defined maximum test case length is required for the proposed approach. In contrast, most of
the existing tools require a user-defined maximum test case length, and also do not exploit the
fact that certain discrete-time flows may be analytically solvable, so multiple time-steps could
all be explored at once. Selecting a maximum test case length is adhoc, and an inappropriate
selection of maximum test case length may either reduce the test coverage (selected length is
smaller than required length) or increase the time for the tools to generate test cases (selected

length is larger than required length).

www.manharaa.com




78

CHAPTER 5 Test Validation and Error Localization

In this chapter, we complete the testing process by introducing the validation methods
to validate the model-based tests against the requirements and the requirements-based tests
against the model for “fail/pass” obtained from Chapter 3, 4. Further, we develop an error
localization approach that uses the failed versus passed tests to locate the errors within the

Simulink /Stateflow blocks.

5.1 Test Validation

First unit test for each block is conducted to verify that the output of output-assignment
function from I/O-EFA and the output from the generated code of the block is close to each
other (within specified tolerance). First, test generation approach in Chapter 3, 4 is performed
on the I/O-EFA of the block to generate test cases for the block. The generated test cases
are executed on I/O-EFA and the compiled generated code to measure the difference of the
outputs. If the outputs are within specified tolerance, the unit test passes; otherwise, test fails.

A test from M-test (resp. R-test) passes/fails if the requirements (resp. the model) ac-
cepts/rejects it. We first present the algorithm to validate the cases generated from M-test

against the requirements.

Algorithm 16 Given a LTL requirement ¢ of a Simulink/Stateflow model and a M-test ¢ for
the Simulink/Stateflow model, ¢ is validated in the following steps.

1. Compute the Biichi automaton R = (Q,T', Z, Qo, Q) accepting ¢;

2. Simulate R with the test ¢ to check if ¢ is accepted by R, i.e. if starting from ¢g € Qo,
the simulation reaches ¢, € @y, (¢ is within a strongly connected component);

3. If t is accepted by R, t passes; else, t fails.
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Next we present an algorithm to validate a R-test against the model. For this, as a first
step, an augmented I/O-EFA is obtained from the I/O-EFA model of the Simulink/Stateflow

model and a R-test, as defined in the algorithm below.

Algorithm 17 Given an I/O-EFA P = (L,D,U,Y, %, A, Ly, Dy, L, E) and a test case t =
(u0,90) - - - (U1, Yj¢)—1), its augmented I/O-EFA P* is a tuple P* = (L', D,U,Y, %, A, Lo, Dy,

L, EY), where
o L' = LU{ls}, where the added [ denotes a faulty location,

e E'is obtained by replacing each edge e = (0, te, Oc, 0¢, Ge, fe, he) € E by a pair of edges
el = (Oe,te,O'e,(Se,Ge A (y = he)»fm he)a and ef = (Oe,lfao'evfseyGe A (y 7& he)vfevhe)-

Note that the augmented I/O-EFA rejects a R-test ¢ if and only if the simulation of the
augmented I/O-EFA P! with the test ¢ leads to the faulty location lf. Thus the R-tests are

validated as in the algorithm below.

Algorithm 18 Given an I/O-EFA model P of a Simulink/Stateflow model and a R-test ¢, ¢
is validated in the following steps.

1. Apply Algorithm 17 on P and t to obtain the augmented I/O-EFA P?.

2. Simulate P! with the test ¢ for [t| — 1 time steps to check if P' reaches [;.

3. If P! reaches Iy, ¢ fails; else, t passes.

5.2 Localizing Errors

Recall that a M-test ¢ is a path-sequence in the I/O-EFA model and we let 7! denote its
edge sequence. On the other hand, a R-test ¢ is executed in the augmented model P! as in
Algorithm 18 and it traces a sequence of edges which we again denote as 7'. The failing of a
test ¢ signifies the manifestation of a fault that resides in a subsequence 7 of the edge-sequence
7t executed by t. For notational convenience we denote a subsequence 7/ of the edge-sequence

t

7t executed by t as 7/ < 7t. A subsequence 7/ < 7t serves as plausible root cause for the fault

witnessedsbysthestestutpealled a fault-seed as introduced in [29], if for any edge-sequence that
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contains / as a subsequence, a failure is inevitable. [29] showed that the problem of checking
whether a subsequence mf < 7t of a failed test ¢ is a fault-seed if and only if the following
CTL formula is satisfied in P/||R: EFm A AG(m — AFf). Here m is the length of ©/; Pf is
a refinement of P that can execute all edge-sequences of P that contain m/ as a subsequence;
and R is an automaton accepting all runs of a requirement. The definition of Pf can be
found in [29]; the definition of the composition P/||R is given below; and the CTL formula
itself has the following meaning: “Exists a run that fully executes the subsequence 77 (as
captured by EFm) and “For all runs always if 7/ is a subsequence, then for all subsequent runs
eventually fault occurs” (as captured by AG(m — AFf)). The composition of an I/O-EFA
P/ and a Biichi automaton R is obtained so as to synchronize each edge of R, which as stated
earlier implicitly advances the time counter, with the time-advancement edge e/™¢ of Pf. So
the time-advancement edge ¢ = {l,,,lo, —, {k := k + 1}} of P/ (I,,, and Iy are final and
initial locations of P/ and k is time counter), is paired with each edge in edge set = of R (as

time} of Pf is executed

captured by E'™¢ below), and each non time-advancement edge F — {e
asynchronously in which the state of R does not change (as captured by E — {™¢} x Q
below). Finally to track the violation of the LTL requirement modeled by R, additional edges

are added that steer the composition to a newly added faulty state f (as captured by Ef).

Definition 7 Given a Biichi Automata R = (Q,T',Z, Qo, @) of a LTL requirement 1 and
a I/O-EFA model P/ = (L,D,U,Y,%, A, {lo}, Do, {lm}, E), their composition is an I/O-EFA,
PHR = ((L X Q) U {f}’ D,U,Y, %, Av {ZU} X QOa Dy, {lm} X Qma EH)7 where

o El = Btime | J((E — {e"™¢}) x Q)| E7 is the set of edges, where

— Etime = U(qi,w,qj)ea{(lm’ ¢i); (lo,qj), 7, {k == k+1}} is the set of time-advancement

of P/||R in which both P/ and R transition synchronously;

— (E — e!"™¢) x Q is the set of non time-advancement edges of Pf||R in which only

P/ transitions asynchronously;

- Bf = quQ{(lmy q) f, [_‘ V(q,%q’)eE '7]7 _}

is.the set of transition edges to the faulty location f.
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It can be seen that the above definition creates one copy of the I/O-EFA P/ for each state
q € Q of R in the composition P/||R. The results computed by fully executing a copy of P/
are used to decide a next edge guard satisfied in R and advancing R along that edge, and also
simultaneously passing the control to the next copy of P/. Note whenever the execution of Pf
violates the requirement R, it reaches the faulty location f.

The search of a fault-seed can be enhanced by noting that a fault-seed cannot be a subse-
quence of a passed test, and so the set of failed tests can be compared with the set of passed
tests to narrow down the search for a fault-seed. The overall algorithm for the error localization

is as follows.

Algorithm 19 Given a set of failed test 77, a set of passed test TP, the I/O-EFA P, and the
requirement model R, the fault-seeds are identified as follows.

1. Map each failed /passed test ¢ to its executed sequence of edges 7.

2. Identify the set of candidate subsequences {7rf <ntteTf—1P } that are subsequences
of a failed test but not a passed test.

3. Arrange the candidate subsequences in the order of increasing length, and for each
candidate 7/, picked in the order from shortest to longest, do the following:

- obtain the refined Pf as defined in [29, Algorithm 1, Step 5] that can execute all edge-
sequences of P that contain 7/ as a subsequence;

- form the composition P/||R using Definition 7;

- model-check P7||R against the CTL formula EFm A AG(m — AFf);

- return 7/ as fault-seed if and only if the CTL formula is satisfied.

5.3 Mapping Faulty Edges Back to Simulink/Stateflow Diagram

In order to debug the Simulink/Stateflow design, each fault-seed (sequence of edges) is
mapped back to the corresponding Simulink/Stateflow blocks to help locate the error. Each
edge of a fault-seed is unambiguously mapped to a computation by a block of the underlying

Simulink/Stateflow diagram.
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Consider the I/O-EFA model of the counter in Figure 2.2. The edge ey of the I/O-EFA
model corresponds to the computation “reset the counter to the initial output”. The computa-
tion occurs in the “Enabled Subsystem” block and the related block parameters are “enabling
type” and “Initial output”. If a fault-seed is 7/ = ey, the root-cause of the error occurs in the

“enabling type” or “Initial output” parameters of the “Enabled Subsystem” block.

Example 18 Suppose the counter in Figure 2.1 erroneously sets the initial output as 2, and
suppose the requirement is given by, ¢ = [u < 0 = y2 = 0JU[L(u < 0)], whose acceptor
Biichi automaton R is shown in Figure 3.1. By validating the M-tests listed in Table 3.3
against the requirements model R according to Algorithm 16, we can note that the test case
t = {(0,2)} fails. The edge sequence that is executed by this test is ¥ = egegejper2e13€20€21-
By applying Algorithm 19 on the failed test, the fault seed is identified as 7/ = ey < 7%, which
maps to the Simulink/Stateflow block “Enabled Subsystem”. Since the edge ey references two
parameters of this block, “Initial Qutput” and “Enabling Type”, the fault must reside in one

of the two parameters. A manual inspection can then pin-point the fault to the erroneous

“Initial Condition”.
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CHAPTER 6 Conclusion and Future Work

6.1 Summary

In this dissertation, we studied and proposed a model-based approach to automated test
generation and error localization for Simulink /Stateflow, which overcomes many limitations of
the existing approaches and tools. Below summarizes the dissertation.

We presented a translation approach from Stateflow chart to Input/Output Extended Finite
Automata (I/O-EFA). A Stateflow state, which is the most basic component of Stateflow chart,
is modeled as an atomic model. The composition rules for AND/OR hierarchy are defined
to connect the atomic state models. An overall I/O-EFA model is obtained by recursively
applying the two composition rules in a bottom-up fashion over the tree structure of the state
hierarchy. Rules for further refining the model to incorporate other Stateflow features such
as events, historical information, interlevel transitions, etc. have been developed. Finally, the
Stateflow model is adapted to resemble a Simulink model, since at the highest level a Stateflow
chart is a block in the Simulink library. The size of the translated model is linear in the size
of the Stateflow chart. Both the Stateflow and Simulink translation approaches have been
implemented in an automated translation tool SS2EFA. The translated I/O-EFA models are
validated to preserve the discrete behaviors of the original Simulink/Stateflow models. The
translated I/O-EFA models can be used for further formal analysis such as verification and
test generation.

Further, we presented a model and requirements based test generation approach for
Simulink/Sateflow. While preserving the discrete behaviors, a Simulink/Stateflow diagram
is translated to an I/O-EFA model, with each path of the I/O-EFA model representing a

computation sequence of the Simulink/Stateflow diagram. Paths are inspected for feasibility
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and reachability. They are further used for test generation and model soundness analysis. Two
techniques, model-checking and constraint solving, are applied to implement this approach.
Model-checker based implementation maps I/O-EFA to a finite abstracted transition system
modeled in NuSMYV file. Test cases are generated by checking each path in I/O-EFA against
the model in NuSMV. Constraint solving based implementation utilizes two algorithms to
recursively compute the path and path-sequence predicate respectively for capturing their
feasibility. Test cases are obtained from the predicates of the reachable paths. The performance
of both implementations was evaluated with a case study. The results showed that both
implementations can generate the expected results and the implementation based on constraint
solving is superior to the implementation based on model checker with respect to the speed
of test generation. Requirements-based test generation was also discussed. This was done by
modeling each LTL requirement as a Biichi automaton, and selecting all acyclic paths between
the initial and final states.

We then presented an improved test generation approach for Simulink/Stateflow extending
and enhancing the test generation approach presented in Chapter 3. A discrete-time hybrid
automaton called a computation-succession hybrid automaton (CS-HA) was introduced to
capture the feasible computation-succession among the feasible c-paths. The test generation
problem was then reduced to a reachability analysis problem of the CS-HA. A novel reachability
resolution method was introduced to refine the CS-HA, such that the reachability is reduced to
the reachability within its underlying graph, ignoring the dynamics. Test generation was then
performed over the refined CS-HA by selecting a path from the initial locations to a target
location and finding an input sequence to activate the path. The overall algorithm for the
test generation approach is decidable for the class of Simulink/Stateflow diagrams possessing
a finite late-bisimilar quotient.

Finally, for validation purposes, we presented the approach where model-based tests are
validated against the requirements, whereas the requirements-based tests are validated against
the model. In both cases, the failed versus passed tests are compared and analyzed to determine

a fault-seed, or a plausible root cause. This was further mapped to the Simulink/Stateflow
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diagram to identify the plausible faulty blocks and their erroneous parameters.

6.2 Directions for Further Research

This dissertation has laid a foundation for automated verification/validation of
Simulink /Stateflow based on extended finite automata, and opens up several avenues for future

work in this area.

1. Robustness of Simulink/Stateflow regarding platform inaccuracies: The target platforms
where the generated code from Simulink/Stateflow will be deployed on have limited
computation power and input-output signals may be perturbed by noise, therefore, the
implemented system may perform different behaviors than that should be performed in
the Simulink/Stateflow. Simulink/Stateflow model along with the target platform and
associated environment can be verified to ensure the implementation preserves the control
and data flow of the Simulink/Stateflow model, such that possible failures can be avoided

at the early stage of the design process.

2. System-level verification/testing: A cyber-physical system consists three main compo-
nents: computation component, communication component and physical component.
Verification& Validation method should not only consider the verification/testing within
each component, but also include the interaction among these components. However,
components are modeled separately and isolated from each other when verification/testing
is performed. Future directions can attempt to translate the model of each component
into a uniform model or propose a compositional approach, where an interface will be
designed which can let verification tool of each component to communicate with each

other.

3. Concurrency with Simulink/Stateflow: Simulink/Stateflow and the generated code are
executed sequentially. When multiple pieces of generated code are executed concurrently
on the platform, the concurrent system needs to be verified and tested to ensure its

absence of concurrency issues, such as deadlock an starvation. However, since computa-
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tions in a concurrent system can interact with each other while they are executing, the
number of possible execution paths in the system can be extremely large, which may lead
to state explosion problem. Future work can study the problem of concurrency verifica-
tion/testing with Simulink/Stateflow and the approach to reduce the search space of the

verification/testing techniques.
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APPENDIX A Finite Bisimulation Quotient

Note that a discrete-time hybrid automaton can be modeled as an I/O-EFA by removing the
guards/data-updates/output-assignments from the locations and introducing self-loop edges
with the same guards/data-updates/output-assignments. So instead of defining the properties
of a discrete-time hybrid automaton it suffices to define the properties of an I/O-EFA, as below.

Simulation (resp., late-simulation) and bisimulation (resp., late-bisimulation) relations are
defined as follows. For an I/O-EFA P, the notation (I, d)a’éiiy(l’ ,d") implies the existence of

e € Esuchthat o, = I, t, =1',0. = 0,0, = §, Ge(d,u) holds, and d’ = f(d,u) and y = h(d, u).

Definition 8 Given an I/O-EFA P, a simulation relation over its states is a binary relation
¢ C (L x D) x (L x D) such that ((I1,d1), (I2,d2)) € ® implies Vey,Vu,3es : 0e, = 0¢, =
o, and [(ly,dy P50 dy). 1) = [, do) ™ 1, dp). L B5) st (). (1. db)) € 2.

Similarly, a late-simulation relation over states of P is a binary relation ® C (L x D) X
(L x D) such that ((I1,d1), (I2,d2)) € ® implies Vey, Jes : 0c, = 0¢, := 0, and Yu, [(I1, dl)a’giiy
(1, d,), 11250 =3[(la, do) 2591, dy), 1b-251) st. (I, L), (I, db)) € .

A symmetric simulation (resp., late-simulation) relation is called bisimulation (resp., late-
bisimulation) relation. Two systems P; and P are said to be bisimilar (resp., late-bisimilar) if
there exists a bisimulation (resp., late-bisimulation) relation ® C (Lj x D) x (Lgx D) such that

for each (ll(), dl(]) € L9 x Dy there exists (lgo, dgo) € Logx Doy such that ((110, d10)7 (lgo, dQO)) S

.

Given a partition of the set of the data and the inputs, one can obtain a quotient system

of an I/O-EFA as follows.
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Definition 9 Given an I/O-EFA P = (L,D,U,Y, %, A, Ly, Dy, Ly, E) and a partition G of
D x U that refines the partition induced by the set of guards of P, the quotient of P with

respect to the partition G is P9 = (LY, D,U,Y,%, A, L§, Dy, LY, EY), where
e [9=Lxg,
° Lg:LOXQ, and

o (1,G),(I'G"),0,0,G', f,h) € B9 = [3(1,I',0,0,G, f,h) € E: (G'(d,u) = G(d,u))].

In other words, each location in P is split into a number of locations, one per partition-cell,
and each edge in P is split into a number of edges, one per pair of partition-cells, with the
edge-guard in PY being the same as the successor location’s partition-cell (which by definition
is stronger than the edge-guard in P).

PY is called a bisimilar (resp., late-bisimilar) quotient of P if PY is bisimilar (resp., late-

bisimilar) to P.
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