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Abstract. Component based testing concerns the integration of com-
ponents which have already been tested separately. We show that, with
certain restrictions, the ioco-test theory for conformance testing is suit-
able for component based testing, in the sense that the integration of fully
conformant components is guaranteed to be correct. As a consequence,
there is no need to re-test the integrated system for conformance.

This result is also relevant for testing in context, since it implies that
every failure of a system embedded in a test context can be reduced to
a fault of the system itself.
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1 Introduction

Testing is an important activity in assessing and controlling the quality of sys-
tems, in particular in distributed and communicating systems. Ideally, tests are
developed from a specification of required behavior, and subsequently executed,
be it manually or automatically. The outcome of the test is analyzed leading
to a verdict about the correctness of the implementation under test (IUT) with
respect to its specification. Test tools may support this testing process.

When a formal specification of the system is available, this opens ways toward
automatic, specification based test generation. For this purpose several theories
of formal testing and test generation, with corresponding tools, have been de-
veloped. One of these theories is the so-called ioco-test theory, which works on
the basis of labeled transition systems [IT}, [12]. The name ioco, which stands for
input/output conformance, refers to the implementation relation (i.e., notion of
correctness) on which the theory and the test generation algorithm have been
built. A number of tools implement this algorithm, among which there are TGV
[5], TESTGEN [6] and TorX [I].

Two open issues in testing theory in general, and the ioco-theory in partic-
ular, are component based testing — also referred to as compositional testing —
and testing in context. For instance, for the testing theory based on Finite-State-
Machines (FSM) this issue has been studied in [9].

Component based testing considers integration testing of components which have
already been tested separately. The question is what can be concluded from the
individual tests of the separate components, and what should be (re)tested on
the integration or system level. The aim is to determine whether the composition
of (correct) component implementations always conforms to the composition of
their specifications. In the formal domain, the question is whether the imple-
mentation relation is a pre-congruence for composition of components.

Another scenario, with similar characteristics, is testing in context. This refers
to the situation that a tester cannot directly access the interface of the imple-
mentation under test but there is a third system in between, such as a network
or protocol unit. This intermediate system is called the test context [7, [8 [10].
The tester can only indirectly observe and control the 1UT via the test context.
This makes testing weaker, in the sense that there are fewer possibilities for
observation and control of the 1UT.

With testing in context, the question is what can be concluded with respect
to conformance of the 1IUT from testing the composition of 1UT and its context:
whether faults in the 1UT can be detected by testing the composition of 1UT and
test context, and whether a failure of this composition always indicates a fault of
the 1uT. This question is the converse of component based testing: when testing
in context we wish to detect errors in the IUT — a component — by testing it in
composition with the test context, whereas in component based testing we wish
to infer correctness of the integrated system from conformance of the individual
components. In the formal domain, both boil down to the question whether the
implementation relation is a pre-congruence for the composition operators.



This paper studies pre-congruence properties of ioco for two operations on la-
beled transition systems (parallel composition and hiding) that model integra-
tion of components — either different parts of the IUT or the IUT and the test
context. If ioco is a pre-congruence for these operations, it follows that cor-
rectness of the parts (the components) implies correctness of the whole (the
system), or that a fault in the whole (IUT and test context) implies a fault in
the component (1UT).

We show that ioco is a pre-congruence in the absence of implicit underspec-
ification. One way to satisfy this condition is to only allow specifications which
are input enabled. Another way is to make the underspecification explicit by
completion. We show that, in particular, demonic completion is suitable for this
purpose. This leads to a new implementation relation, baptized ioco, which is
slightly weaker than ioco.

Overview. The next section recalls some basic concepts and definitions about
transition systems and ioco. Section [3] sets the scene and formalizes the prob-
lems of component based testing and testing in context. Section [ studies the
pre-congruence properties of ioco for parallel composition and hiding. Section
discusses underspecification, and approaches to complete specifications with im-
plicit underspecification. Section [6] concludes with some final remarks and an
assessment of the results. The proofs of theorems and propositions used in this
paper can be found in the appendix.

2 Formal preliminaries

This section recalls the aspects of the theory behind ioco that are used for this
paper; see [I1] for a more detailed exposition.

Labeled Transition Systems. A labeled transition system (LTS) description is
defined in terms of states and labeled transitions between states, where the
labels indicate what happens during the transition.

Labels are taken from a global set L. We use a special label 7 ¢ L to denote
an internal action. For arbitrary L C L, we use L, as a shorthand for L U {7}.
We deviate from the standard definition of labeled transition systems in that we
assume the label set of an LTS to be partitioned in an input and an output set.

Definition 1. A labeled transition system is a 5-tuple (Q,I,U, T, qo) where

— @ is a non-empty countable set of states;

— I C L is the countable set of input labels;

U C L is the countable set of output labels, which is disjoint from I;
—TCQx{TUUU{r}) xQ is a set of triples, the transition relation;
— ¢o € @ is the initial state.

We use L as shorthand for the entire label set (L = I UU); furthermore, we use
Qp, I, etc. to denote the components of an LTS p. We commonly write ¢ 2, ¢ for



(g, \,q') € T. Since the distinction between inputs and outputs is important, we
sometimes use a question mark before a label to denote input and an exclamation
mark to denote output.We denote the class of all labeled transition systems over
I and U by LTS(1,U). We represent a labeled transition system in the standard
way, by a directed, edge-labeled graph where nodes represent states and edges
represent transitions.

A state that cannot do an internal action is called stable. A state that cannot
do an output or internal action is called quiescent. We use the symbol § (¢ L)
as a pseudo-label to represent quiescence: that is, p -2 p stands for the absence
of any transition p 2»p’ with A € U,. For an arbitrary L C L., we use Ls as a
shorthand for L U {¢}.

An LTS is called strongly responsive if it always eventually enters a quiescent
state; in other words, if it does not have any infinite U,-labeled paths. For
technical reasons we restrict LTS (I, U) to strongly responsive transition systems.

A trace is a finite sequence of observable actions. The set of all traces over
L (C L) is denoted by L*, ranged over by o, with ¢ denoting the empty se-
quence. If 01,09 € L*, then o1-05 is the concatenation of o7 and o3. We use
the standard notation with single and double arrows for traces: g -*1-%9=
denotes ¢-% ... 9, ¢/ = ¢ denotes ¢ =-T>¢ and ¢=—=:22 ¢ denotes
g= % = ... O, = ¢/ (where a; € L,s).

We will not always distinguish between a labeled transition system and its
initial state: if p = (Q,I,U, T, qo), then we will identify the process p with its
initial state g, and we write, for example, p == ¢; instead of gy = ¢1.

Input-output transition systems. An input-output transition system (IOTS) is a
labeled transition system that is completely specified for input actions: that is,
all actions in I are enabled in any state of the transition system.

Definition 2. An input-output transition system p = (Q, I, U, T, qo) is a labeled
transition system for which all inputs are enabled in all states:

VgeQ,ael:qg=

The class of input-output transition systems with input actions in I and output
actions in U is denoted by ZOTS(I,U) (C LTS(I,U)).

Composition of labeled transition systems. The integration of components can be
modeled algebraically by putting the components in parallel while synchronizing
and internalizing their common actions. In process algebra, the synchronization
and internalization are typically regarded as two separate operations; the latter
is commonly called hiding.

Since we have modeled the components as LTS’s, these operations translate
to constructions over L7S. Concretely, for two given LTS’s p and ¢ and a given
set of actions V' we define

— The synchronization of p and ¢, denoted p|| ¢g. This is defined only if the
input and output actions of p and ¢ are distinct (in a way made precise



below). The states of the resulting transition system are also denoted p’ || ¢/,
where p’ and ¢’ are states of p and ¢, respectively.

— The hiding in p of the actions in V', denoted hide V in p. This is defined only
if V' consists of output actions of p (see below). The states of the resulting
transition system are also denoted hide V in p’, where p’ is a state of p. Note
that hiding input actions does not make sense.

Note that these constructions are only partial: there are constraints on the input
and output sets. Moreover, parallel composition may give rise to an LTS that is
not strongly responsive, even if the components are. For the time being, we do
not try to analyze this but implicitly restrict ourselves to cases where the parallel
composition is strongly responsive (thus, this is another source of partiality of
the construction).

Definition 3. Fori=1,2 let p; = (Qi, L;, U;, T;, p;) be a transition system.
= IfLNI =UNUy =0 then p1 || p2 =det (Q, 1, U, T, p1 || p2) where

e Q={alle2|qn €Q1,q¢ € Q2};

o | = (11 \Ug) U (IQ \ Ul),'

o U= U1 U UQ.

o T is the minimal set satisfying the following inference rules (i € L, ):
@ aqr, pg Lo Fallez 5 ar || e
e A - Falle S alle

anq, @G, pFrhale -S4 le

— If V C Uy, then hide V in p; =g (Q, 11, U1 \ V, T, hide V in p1) where
e Q=1{hideVing | q € Q1};
e T is the minimal set satisfying the following inference rules (i € L, ):

@1t ¢, p €V EhideVing - hideVing,
¢ 44, p€VEhideVing - hideVing]

The following proposition states that these constructions yield LTS’s, and IOTS’s
when applied to IOTS’s.

Proposition 4. Let p,q € LTS with I, N1, =U, N U, =0, and let V C U,.
1. Ifp|| q is strongly responsive then p || q € LTS((Ip \Uqg) U I\ Up), Up UUy);
moreover, p|lq € ZOTS if p,q € TOTS.
2. hide Vinp € LTS(I,,U1\V); moreover, hide Vinp € ZOTS ifp € TOTS.

Conformance. The testing scenario on which ioco is based assumes that two
things are given:

— An LTS constituting a specification of required behavior;

— An implementation under test. We treat the 1UT as a black box. In order to
reason about it we assume it can be modeled as an IOTS (an IUT is an object
in the real world) . This assumption is referred to as the test hypothesis |2, [7].
We want to stress that we do not need to have this model when testing the
1UT. We only assume that the implementation could be modeled as an IOTS.



Given a specification s and an (assumed) model of the 1UT i, the relation i ioco s
expresses that ¢ conforms to s. Whether this holds is decided on the basis of
the suspension traces of s: it must be the case that, after any such trace o,
every output action (and also quiescence) that i is capable of should be allowed
according to s. This is formalized by defining p after o (the set of states that
can be reached in p after the suspension trace o), out(p) (the set of output and
d-actions of p) and Straces(p) (the suspension traces of p).

Definition 5. Let p € LTS(I,U), let P C Q, be a set of states in p, let i €
IOTS(1,U),s € LTS(I,U) and let o € Lj.

1. paftero =4t { p' | p==7" }

2. out(p) =aet {x €U [p-}U{s|p-L}

3. out(P) =qet J { out(p) |pe P}

4. Straces(p)=get {0 € L} | p==}

The following defines the implementation relation ioco, modulo a function F
that generates a set of testable traces from a specification. In this definition 2%
denotes the powerset of X, for an arbitrary set X.

Definition 6. Given a function F : LTS(I,U) — 2%, we define iocor C
TOTS(I,U) x LTS(1,U) as follows:

iiocor s <= Vo € F(s): out(i after o) C out(s after o)

We will use the notation ioco as the notation for i0Ccogsyqces. For more details
about ioco we refer to [I1].

3 Approach

To clarify our approach, we briefly recapitulate the testing framework. We focus
on the way testing is translated to a formal setting according to the ioco-theory.
We present the results in this section in the context of compositional testing.
The consequences for testing in context will be discussed in the final section.

We assume that implementations can be modeled as input-output transition
systems. Thus, we require implementations to be input enabled, to reflect the
fact that input actions cannot realistically be refused. Specifications are given as
general labeled transition systems (with distinguished input and output sets),
which means that they are not necessarily input enabled. This reflects the idea
that a specification may be partial: the absence of an input transition from a
certain state of the specification means that the behavior after this input is
unconstrained — anything goes.

3.1 Testing scenario

We study systems that are obtained by integrating independently implemented
(and tested) components, or (in the case of testing in context) an TUT and its test



context. The behavior of such a system is described by the parallel composition
of the individual transition systems. Output actions of one component that are in
the input label set of another component are synchronized, resulting in a single,
internal transition of the overall system. Actions of a component that are not
in the label set of another component are not synchronized, resulting in a single
observable transition of the overall system.

I z/> Ly U, ;
vl | P w | 0 LL
)

r=hide L,y ULy, inp| ¢

Fig. 1. Parallel composition of components with hiding

This gives rise to the scenario depicted in figure |1} which shows the com-
position of components p and ¢, with input and output alphabets I, and U,
and I, and Uy, respectively, such that I, N I, = U, N U, = 0. The sets
I, U}, Lygy Lgp, I, Uy are derived from the input/output alphabets as follows:

— Lypq = Uy, N I;: outputs of p that are synchronized with inputs of g;
— Lgp = Uy N I,: outputs of ¢ that are synchronized with inputs of p;
I, = I, \ Uy: remaining (i.e., unsynchronized) inputs of p;

_ L&’) =U,\ I remaining (1.6., unsynchror}lzed) .outputs of p;

I, = I, \ Up: remaining (i.e., unsynchronized) inputs of g;

— U, = Uy \ I;: remaining (i.e., unsynchronized) outputs of g.

Formally, this type of composition is modeled by parallel composition, as em-
bodied in the operator “_|| .7, followed by hiding, as embodied in “hide V in _”,
where V = Ly, U Ly, is the set of synchronized actions.

An implicit assumption in this composition scenario is that different compo-
nents may not have overlapping input or output sets; that is, no action can be an
input to two different components or an output from two different components.

3.2 Component-based testing

We now paraphrase the question of component-based testing, discussed in the
introduction, as follows: “Given that the components p and ¢ have been tested to
be ioco-correct (according to their respective specifications), may we conclude
that their integration is also ioco-correct (according to the integrated specifi-
cation)?” If the component specifications are LTS’s, the component implemen-
tations are modeled by IOTS’s, and their integration by parallel composition



followed by hiding, this boils down to the following questions in our formal
framework (where iy, € ZOTS(Iy,Uy) and sy € LTS(I,Uy) for k = 1,2, with
IlﬂIQZUlmUQZQ)i

Q1: Given iy ioco sy for k = 1,2, is it the case that iy || i2 ioco s1 || $27
Q2: Given ¢; ioco s1, is it the case that (hide V in ;) ioco (hide V in s;) for
arbitrary V C U7

If the answer to both questions is “yes”, then we may conclude the following:

Corollary 7. If i, € TOTS(Iy,Ux) and s € LTSI, Uy) for k = 1,2 with
LNy =U;NU,y =0 andV = (IlﬂU2)U(U1m_[2), then

i1 i0co $1 Aig ioco s2 = (hide Vin iy || i2) ioco (hide Vin s; || s2) .

This is equivalent to saying that ioco is suitable for component based testing.

We study the above congruence questions in the next section. We will show
that the answer to Q1 and Q2 in general is no. Instead, we can show that the
answer to Q1 and Q2 is yes if s; and sy are completely specified.

3.3 Example

0.50, 1.00 mn%]é L Le coffee, tea

S S
0.50,1.00 mon error drk

Scof = hide {make_coffee, make_tea, error} in spmon || Sark
icof = hide {make_coffee, make_tea, error} in iy,on || iark

Fig. 2. Architecture of coffee machine in components.

To illustrate component based testing, we use two components of a coffee
machine: a “money component” that handles the inserted coins and a “drink
component” that takes care of preparing and pouring the drinks, see Figure

The money component accepts coins of €1 and of €0.50 as input from the
environment. After insertion of a €0.50 coin (respectively €1 coin), the money
component orders the drink component to make tea (respectively coffee).

The drink component interfaces with the money component and the en-
vironment. If the money component orders it to make tea (respectively coffee)
it outputs tea (respectively coffee) to the environment. If anything goes wrong
in the drink making process, the component gives an error signal.



The coffee machine is the parallel composition of the money component
and the drink component, in which the “make coffee” command, the “make tea”
command and the “error” signal are hidden. One can think of the parallel com-
position as establishing the connection between the money component and the
drink component, whereas hiding means that the communication between the
components is not observable anymore; only communication with the environ-
ment can be observed.

Smon Sdrk
Imake \ Imake \
coffee /‘\ tea /‘\

21.00 20.50 Icoffee ?make ?make ltea
/coﬁee tea
? lerror lerror ?make coffee
?make coffee wor _ jen pae techﬁC

?make tea

?make coffee ?make tea

?make coffee . ?make tea

money component specification drink component specification

Fig. 3. Specification of money and drink components as LTS’s.

Models In Figure |3| we show the behavioral specification of the components as
LTS’s. Note that the money component is underspecified for the error input la-
bel and that the drink component cannot recover from an error state, and while
in the error state it cannot produce tea or coffee. Figure [4] shows implemen-
tation models of the “money component”, i,,,,, and the “drink component”,
Tark- We have used transitions labeled with ‘?’ as an abbreviation for all the
non-specified input actions from the alphabet of the component. The money
component has input label set, I, = {0.50,1.00, error}, output label set
Upmon = {make_coffee, make_tea, 0.50,1.00}; Smon € LTS (Lmon, Umon); tmon €
TOTS(Imons Umon)- For the drink component I4 = {make_coffee, make_tea}
and Uy = {coffee, tea, error} are the input and output label sets; sg €
LTS (Lark, Uark)siark € ZOTS(Lark, Ugr)-

In the implementations of the components we choose to improve upon the
specification, by adding functionality. This is possible since, as we have discussed,
the specification may in places be under-specified. The extra functionality of
Imon compared to its specification s,,., is that it can handle error signals: it
reacts by returning €1.00. 74,4 is also changed with respect to its specification
Sqrk: making tea never produces an error signal. Since implementations are input



enabled, we have chosen that all non specified inputs are ignored, i.e., the system
remains in the same state.

We have i.,,0, 10€O Sy, and ig4.4 10c0O Sg,. The question now is whether
the integrated specifications and implementations, as given by sc.r and ic.f in
Figure [2] are also ioco correct. We discuss this in the next section, to illustrate
the compositionality properties discussed there.

Z"rnon idrk

Imake

tea 2make ?make

Icoffee ¥ coffee  tea Itea

21,00 20.50

11.00 ?error

?make coffee make tea

U

money component implementation drink component implementation

.

Fig. 4. Implementation of the money and drink components as IOTS’s.

4 Compositionality for synchronization and hiding

In this section we address the questions Q1 and Q2 formulated above (Sec-
tion [3.2), using the coffee machine example to illustrate our results.

4.1 Synchronization

The property that we investigate for parallel composition is: if we have two
correct component implementations according to ioco, then the implementation
remains correct after synchronizing the components. It turns out that in general
this property does not hold, as we show in the following example.

Ezample 8. Regard the LTS’s in figure ol On the left hand side we show the
specifications and on the right hand side the corresponding implementations. The
models have the following label sets: s1 € LTS({z},0),i1 € ZOTS({z},0), 52 €
LTS(0,{x}),iz € TZOTS(D, {x}). The suspension traces of s; are given by §* U
0*?x6* and the suspension traces of sy are given by {e, lz}Ulzlzd*. We have
i1 ioco s; and i ioco s9.

10



After we take the parallel composition of the two specifications we get s || sz,
see figure 5| (the corresponding implementation is 41 || i2). From this specification
the suspension traces are: {e}Ulzd*. We see that out(iy || iz after lx) = {la} &
out(sy || s2 after lz) = {}; in other words: iy || i io¢o s || s2.

Analysis shows that i; ioco s;, because ioco allows underspecification of
input actions. However, the semantics of the parallel composition operator does
not take underspecification of input actions into account. Although s, can out-
put a second z, it cannot do so in s || s2, because s; cannot input the second z.
We say that s; is underspecified for the second z, because although an imple-
mentation is allowed to accept a second x as input, the correct behavior after
the second z is not specified. In other words the specification is underspecified
for the second x as input.

It turns out that if we forbid underspecification, i.e., if the specification ex-
plicitly prescribes for any possible input what the allowed responses are, then
we do not have this problem. In fact in that case we have the desired compo-
sitionality property. This property is expressed in the following theorem. For a
proof see the appendix.

Theorem 9. Let sq,i1 € IOTS(Il,Ul), So,12 € IOTS(IQ,UQ), with I N Iy =
U NU; = 0.
i1 i0co $1 Aig i0CO s2 = i1 || i3 i0CO 51 || 52

Our running example (Section shows the same problem illustrated in ex-
ample [§] Although the implementations of the money component and the drink
component are ioco correct with respect to their specifications, it turns out that
the parallel composition of %,,,, and 4.4 is not:

out (imon || tark after 71.00-!make_coffee) = {lcoffee,!error}
out(Smon || Sark after 71.00-!make_coffee) = {lcoffee}

Note that the internal signals are still visible as output actions. To turn them
into internal actions is the task of the hiding operator, discussed below.

4.2 Hiding

The property that we investigate for hiding is the following: if we have a correct
implementation according to ioco, then the implementation remains correct af-

S1 52 s1 || s2 i1 19 11 || 9
N N
I?x lx I!x 2 la lx
lx lx lz
1T

Fig. 5. Counter example to compositionality for parallel composition; see Ex-
ample [8]

11



ter hiding (some of the) output actions. It turns out that, as for synchronization,
in general this property does not hold.

Ezample 10. Consider the implementation ¢ and specification s in Figure[f] both
with input set {a} and output set {z,y}. {e}U?ad*Ulxd* are the suspension
traces of s. We see that i ioco s.

After hiding the output action x, we get the specification hide z in s, and
implementation hide x in ¢; now the specification has suspension traces 7ad*Ud*.
We have out(hide z in i after a) = {J,y} € out(hide z in s after a) = {d}; in
other words, (hide z in i) iodo (hide z in s).

s 7 hidezr in s hide z in 7

7a lz 7a lx 7a T

?a

Fig. 6. Counter-example to compositionality for hiding; see Example [I0]

An analysis of the above example shows that s was underspecified, in the sense
that it fails to prescribe how an implementation should behave after the trace
lz?a. The proposed implementation ¢ uses the implementation freedom by hav-
ing an unspecified y-output after !z?a. However, if x becomes unobservable
due to hiding, then the traces !z7a and 7a collapse and become indistinguish-
able: in hide z in s and hide x in i they both masquerade as the trace 7a. Now
hide z in s appears to specify that after ?a, only quiescence (4) is allowed; how-
ever, hide z in i still has this unspecified y-output. In other words, hiding creates
confusion about what part of the system is underspecified.

It follows that if we rule out underspecification, i.e., we limit ourselves to
specifications that are IOTS’s then this problem disappears. In fact, in that
case we do have the desired congruence property. This is stated in the following
theorem.

Theorem 11. Ifi,s € ZOTS(I,U) with V C U, then:

iioco s = (hide V ini) ioco (hide V in s)

Using our running example, we show that the problem illustrated by Ex-
ample is not unrealistic. The integrated coffee system implementation 7.,
consisting of the money and drink component implementations, after hiding the

12



synchronized actions (make_coffee, make_tea, error), can do the trace ¢1.00/1.00
(ejecting €1.00 after a hidden error). Hence /1.00 € out(i.or after 21.00) whereas
'1.00 & out(scor after 71.00) (where 71.00 € Straces(scor)) (see Figure [2[ for
Scof » Z.cof ) .

So we can conclude that although the component implementations are ioco
correct with respect to their specifications, the integrated system is not.

5 Demonic completion

We have shown in the previous section that ioco is a pre-congruence for parallel
composition and hiding when restricted to ZO7S x ZOTS. However, in the
original theory [II] ioco C ZOTS x L7TS; the specifications are LTS’s. The
intuition behind this is that ioco allows underspecification of input actions. In
this section we present a function that transforms LTS’s into IOTS’s in a way
that complies with this notion of underspecification. We will show that this leads
to a new implementation relation that is slightly weaker than ioco.

Underspecification comes in two flavors: underspecification of input actions
and underspecification of output actions. Underspecification of output actions
is always explicit; in an LTS it is represented by a non-deterministic choice
between several output actions. The intuition behind this is that we do not know
or care which of the output actions is implemented, as long as at least one is.
Underspecification of input actions is always implicit; it is represented by absence
of the respective input action in the LTS. The intuition behind underspecification
of input actions is that after an unspecified input action we do not know or care
what the behavior of the specified system is. This means that in an underspecified
state — i.e., a state reached after an unspecified input action — every action
from the label set is correct, including quiescence. Following [3] we call this kind
of behavior chaotic.

In translating LTS’s to IOTS’s, we propose to model underspecification of
input actions explicitly. Firstly, we model chaotic behavior through a state g,
(where x stands for chaos) with the property: VA € U : qX$>qX and VA €
I:qy A gy Secondly, we add for every stable state ¢ (of a given LTS) that
is underspecified for an input a a transition (g, a, ¢, ). This turns the LTS into
an IOTS. After [4] we call this procedure demonic completion — as opposed to
angelic completion, where unspecified inputs are discarded (modeled by adding
self-loop transitions).

Definition 12 (demonic completion). = : LTS(I,U) — ZTOTS(I,U) is de-
ﬁ’ﬂ@d by <Q7 Ia Ua Ta (10> = <Q/7 IJ U7 T/a q0>: where

Ql = Q ) {%(JIQ:QA}» where x> 402,494 g Q

T/:TU{(q,aqu) l q€Q7a€I>qﬁaL) aqﬁ‘rL}}
W{(ax: 7:40), (ax; 7, 0a)} U{(ae. A ax) [ A € Ly U{(ga, A qy) | A € I}

13



specification (LTS)

demonically completed specification (IOTS)

Smon Smon’
Imake Imake Imake Imake
coffee tea coffee tea
21.00 ?20.50 21.00 | 20.50
q1 q2
Ly oy
chaotic 1I0TS 2100 2100
q
2 TuU
TuvU I
T T
q0 qa
q0 qa

Fig. 7. Demonic completion of an LTS specification.

FEzample 15. To illustrate the demonic completion of implicit underspecification,
we use the money component of section [3.3] The LTS specification of the money
component is given in the top left corner of Figure []] The IOTS that models
our chaos property is given in the bottom left corner. For every stable state of
the specification, the function = adds an arrow for every unspecified input, from
that state to state g,. For example, every state is underspecified for input action
error, so we add a transition from every state to g, for error. The states ¢; and
g2 are underspecified for 0.50 and 1.00, so we add transitions for these inputs
from ¢; and g2 to ¢, . The resulting demonically completed specification is given
on the right hand side of Figure [7}

The chaotic IOTS can do every trace that an LTS can do. However it is easy
to see that the chaotic IOTS cannot do every imaginable trace. For example it
cannot do §-A, where A € U. We need the following property to show that the
chaotic IOTS can do every (sub)trace that an arbitrary LTS can do. The regular
set (U U§*I)*6* contains all the elements of L} except those that contain the
trace § followed by an output. By definition this is of course an impossible trace
for an LTS.

Proposition 14. Let s € LTS(I,U).
Vo € Straces(s) : o0 € (UUI)*0"
An important property of demonic completion is that it only adds transitions

from stable states with underspecified inputs in the original LTS to g,. More-
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over, it does not delete states or transitions. This is expressed in the following
proposition.

Proposition 15. Let s € LTS(I,U).
VoeL;,qd €Qs:s=q & Z(s) =

Furthermore, the chaotic IOTS acts as a kind of sink: once one of the added
states (gy, go or ga) has been reached, they will never be left anymore. Together
with proposition [14] it is easy to see that ¢, can do all the (sub)traces that an
arbitrary LTS can do.

Proposition 16. Let s € LTS(I,U) and g, be the chaotic state in the demon-
ically completed LTS Z(s).

Vo e (UUS D0 :qy==q' ANg & Qs

We use the notation “ioco o =” to denote that before applying ioco, the LTS
specification is transformed to an IOTS by = i.e., i(ioco o Z)s < i ioco Z(s).

Theorem 17. ioco C iocoo =

Note that the opposite is not true, i.e., i (iocoo =) s # i ioco s. Figure
shows that the counter-example for the pre-congruence of hiding is also a counter-
example for the reverse direction of this proposition. On the left hand side we see
the specification s, next to it is the demonically completed specification =(s) and
on the right is the implementation. Now we have that i(ioco o =)s and i io¢o s.
Thus, ioco o = is a strictly weaker relation than ioco. We want to stress two
aspects of this observation:

— Our investigation, which started with component-based testing, has led to a
new variation in the notion of conformance that is different from the relation
implemented in, e.g., the TORX tool;

— This new variation considers all previously tested, ioco-conformant systems
correct, but may consider a system correct that was rejected by ioco. Thus,
the variation is relatively harmless.

These properties are a consequence of our choice of the demonic completion func-
tion. Other forms of completion, such as angelic completion, result in variants
of ioco which are incomparable to the original relation (i.e., neither weaker nor
stronger).

The difference between ioco and ioco o = occurs when there is nondeter-
minism in the underspecification, i.e. when the specification can nondetermin-
istically go to two or more different states. In one state the input is specified,
whereas in another state the input is underspecified. For example, in Figure 8§,
s can nondeterministically take the 7-transition. Before the 7-transition, input
?a is specified, while after the 7-transition input ?a is underspecified. In case of
nondeterminism in the underspecification, ioco takes the specified side, while
ioco o = takes the underspecified side.

15



Fig. 8. i(ioco o Z)s # i ioco s.

Testing The testing scenario is now such that an integrated system can be tested
by comparing the individual components to their demonically completed speci-
fications. If the components conform, then the composition of implementations
also conforms to the composition of the demonically completed specifications.

Corollary 18. Let s1,82 € LTS(I,U) and i1,i2 € TZOTS(I,U)
i1 ioco E(s1) Aig ioco Z(s2) = 41 || iz ioco Z(s1) || Z(s2)

Test restriction A disadvantage of demonic completion is that it destroys infor-
mation about underspecified behavior. On the basis of the underspecified LTS,
one can conclude that traces including an unspecified input need not be tested
because every implementation will always pass; after completion, however, this
is no longer visible, and so automatic test generation will yield many spurious
tests.

In order to avoid this, we characterize ioco o = directly over LTS’s. In other
words, we extend the relation from ZO7S x ZOTS to ZOTS x LTS, in such a
way as to obtain the same testing power but avoid these spurious tests. For this
purpose, we restrict the number of traces after which we test.

Definition 19. Let s € LTS(I,U).

a
Utraces(s) =qet {0 € L} | s== N(Bq,01-a-00 =0:a€INs==q¢ Ng =5)}

Intuitively, the Utraces are the Straces without the underspecified traces. A
trace o is underspecified if there exists a prefix o7 - a of o, with a € I, for which
s=¢ and ¢ ;aé . The following proposition puts it differently: Utraces(s)
are the Straces(s) for which the demonically completed specification, Z(s), never
leads to a chaotic state.

Proposition 20. Let s = (Q,I,U, T, q) be an arbitrary LTS.

Utraces(s) = {o € Straces(s) | (Z(s) after o) C Q}
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We use iocoy as a shorthand for i0co yirgces- In the following proposition
we state that iocoy is equivalent to ioco o =.

Theorem 21. iocoy = iocoo =

This equivalence is quite intuitive. ioco o = uses fresh states to handle under-
specified behavior, which are constructed so as to display chaotic behavior. If
Z(s) reaches such a state, then all behavior is considered correct. iocoy, on the
other hand, circumvents underspecified behavior, because it uses Utraces, which
are Straces from which all underspecified traces have been removed.

6 Conclusions

The results of this paper imply that ioco can be used for component based
testing: if components are tested separately and then integrated, the resulting
system will also conform to the integrated specification. The integration of com-
ponents is modeled by the successive application of two algebraic operations:
parallel composition followed by hiding. However, as we have shown, there are
some constraints to this scenario. Summarizing the results of this paper:

— We have shown that component-based ioco-testing works smoothly if the
component specifications are input-enabled (i.e., given as input-output tran-
sition systems); see theorems [9] and

— We have shown that if the component specifications are not input enabled,
both parallel composition and hiding are non-compositional (see example
and : the integrated system may not conform to the integrated specifica-
tion in spite of the fact that the individual components are fully conformant.

— A solution to this is to complete the component specifications before using
them for testing purposes; this involves adding input transitions where they
are missing. Completion turns the specifications into IOTS’s, so that the
above result becomes applicable. Completion can be done in many different
ways; we have shown that demonic completion is consistent with the existing
ioco theory (see theorem .

— Testing after completion is in principle (much) more expensive since, due to
the nature of IOTS’s, even the completion of a finite specification already
displays infinite testable behavior. As a final result of this paper, we have
shown how to use the original component specifications for testing, before
completion (see theorem [2I)). Note that the correctness of the integrated
system is still only guaranteed with respect to the completed component
specifications; thus, completion is still an unavoidable step.

— The result of this paper is also relevant for testing in context, since it implies
that every failure of a system embedded in a test context can be reduced to
a fault of the system itself.

Interpretation. The insights gained from these results can be recast in terms
of underspecification. ioco recognizes two kinds of underspecification: omitting
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input actions from a state (which implies a don’t care if an input does occur) and
including multiple output actions from a state (which allows the implementation
to choose between them). It turns out that the first of these two is not compatible
with parallel composition and hiding. To make it compatible we have had to
modify the theory at two points:

— The underlying set of traces for ioco has been redefined, resulting in a
slightly weaker notion of conformance; previously conformant implementa-
tions are still conformant, but it might be that previously non-conformant
implementations are allowed under the modified notion of conformance.

— The integration (i.e., parallel composition and hiding) of component speci-
fications has been moved to the domain of IOTS’s. Thus, we no longer con-
sider these as constructions on general labeled transition systems; instead,
component specifications have to be completed prior to their integration.

Testing in context We have discussed the pre-congruence properties mainly in the
context of component based testing, but the results can easily by transposed to
testing in context. Suppose an implementation under test i is tested via a context
c. The tester interacts with ¢, and c¢ interacts with 4; the tester cannot directly
interact with 4. Then we have I; C U, and U; C I, and L; is not observable for
the tester, i.e., hidden. The tester observes the system as an implementation in
a context:

Cli] = hide I; U U; in c || i

Now theorem [9] and directly lead to the following corollary for testing in
context.

Corollary 22. Let s,i € TOTS occur in test context C[-]
Cli] iodo C[s] = i io¢o s

Hence, an error detected while testing the implementation in its context is a
real error of the implementation, but not the other way around: an error in the
implementation may not be detectable when tested in a context.

Future work. The current state of affairs is not yet completely satisfactory, be-
cause the notion of composition that we require is not defined on general labeled
transition systems but just on IOTS’s. Testing against IOTS’s is inferior, in that
these models do not allow the “input underspecification” discussed above: for
that reason, testing against an IOTS cannot take advantage of information about
“don’t care” inputs (essentially, no testing is required after a “don’t care” input,
since by definition every behavior is allowed).

We intend to solve this issue by extending IOTS’s with a predicate that
makes the notion of input underspecification explicit, by designating some states
as chaotic. Testing can stop when the specification has reached a chaotic state.
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A Appendix: proofs

A.1 Proofs of section (Congruence properties for
synchronization)

Proposition A.1. Let p € ZOTS(I,,Up), q € TOTS(1,,Uy), 7 € Qp q with
I,NI,=U,NU, =0.

1.VYaeL,\L,;:pll¢gHr< I} p-SpAr=p|q
2.Ya€Ly\Ly:pll¢g->re3d q-%drr=p|d

3. pllg=re @ popAr=plg)V(3Ed:q=d Ar=p|d)

4. Vae (LyNLy)U{o}:pllqg-re3p,.qd pLphgd nr=p ¢

Proof.
1. Assume a € L, \ L,
only if:
pllg-=r
= (xdefinition || *)
W ip-BpAr=plq
if:
I pLpAr=p|q
= (xdefinition || =)
pllg->=r
2. Analogous to 1
Analogous to 1
4. The case a € L, N Ly is analogous to 1. Here the proof for a = § is given.

w

only if: First we show r = p|| ¢, then the remaining part of the proof is

given.
pllg-r
= (% Definition § x*) (1)
pllaSrar=plq
plg-Sr

= (*Definition 6 )
Vp e U UU,U{r}:pllqa—

= (xDefinition | *)
Vi € (Up\Lq) U{r} :pﬁHL’
AN/ (Uq\Lp)U{T}:CIﬁ#L’
/\V,ueLpﬂLq:pﬁ#Q \/q—”/—>

= (xp,q € ZOTS (note that Vu € I, : p-5 AVu € I, : q15) %)
Vu e U, U{r}:p-th AVueU, U{r}: ¢t

= (xdefinition 6 and r = p|| ¢ (see *)
pSprgSgnr=plq
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if: Let r =pllq
ppAg-g
= (xdefinition § *)
VueU,U{ry:p-Lth AVueU,U{r}:q-tf
= (xdefinition || *)
Vu € U, WU, U{T} :pllg—F
= (xdefinition & )
plla->plq
= (xGiven: r =pllq *)
plla-r

We now introduce some notation for the projection of a trace on a label set.

Definition A.2. Leta€ Ls, 0 € L5, S C Ls :
e[ S=¢

_Jor1 S a¢gsS
(a'g)rs{w(o[S)aeS

To improve readability we use L9 to denote L, U {5}

Proposition A.3. Let p € TOTS(1y,U,),q € ZOTS(14,Uy),7 € Qpq,0 € Ly,
with L =1,UI,UU,JU, and I, NI, = U, N Uy = 0.

olL® ol LS
ple=re 3. ¢ p=—=p ANq=—=d Ar=p"|¢
Proof.

Only if: Proof by induction on the structure of o.
Basic step: g =e.
plla=r
= (% Proposition 3 and definition of = )
I,q p=p Ng=q¢ Ar=7"|¢
= (x Definition of projection x)

)

5
p q

€ el
W.q p P Ng g Ar=pd
Induction step: We make the assumption that the proposition holds for ¢’ in
o =a-o', with a € Ls. We identify three cases:

1. Assume a € L N LY (= (L, N Lg) U {6}).
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pla==r
= (% Definition =Z= x)

€ 0'/
Iri,reipllg=r1 B ro=>r
= (xBasic step *)

1. ¢, 2 p=pIAG= @ Ap1 |1 S e ==
= (xProposition [A.114 )

Ip1,p2, 41,42 P=P1AG= @ AP1 L P2 A1 - @2 Ap2 || o ==>7
= (¥ Definition == x)

2.2 p= P2 NG== @2 AD2 || @2 ==>T
= (xInduction )
’ L5 U/r 5
W.p2.d 2 p==pr—=p Ng= e —=—==¢' Ar=p'|q
(* Definition of projection )
(ao) 23 (a-0’) 1LY
= (xoc=a-0 *)
I q p k! P'Agq di

/

dAr=p| ¢

2. Assume a € L‘S \ L‘s (= Lp\Lg).

pllg==Zsr
= (*Definition == x)

€ a o’
Iry,raipllg=r S ro=—>r
= (x Basic step *)

IPrq,r2 i p=pAG= G AP | S e ==
= (x Proposition 1 *)

W1 p2, @1 p=DIANG=> @ ADL S P2 Ape | =T
= (* Definition of =% x)

o, q1 i p==p2 ANq=>q1 Ap2||qn ==
= (*Induction x)

/ / a J,TLZ / € o't g / / /
3p2,0',q1,¢ p=pr=——=p Nq=qg=—=¢Nr=7"|q
(* Definition of projection *)

(a- ’)r Ly o)L
:>(*a—a o' *)
olL? ol LS
I .q p=—p Ng=—=

q//\,r,:leq/

3. Assume a € Lg \ Lg. This is symmetric with the previous case.
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if: By induction on the structure of o.

Basic step: g =e.
IL; 1L
W, p=—p Ng=—="¢
= (% Deﬁnitionof projection )
W.¢ :p=p rNg=¢
= (x Proposition Ei’) and definition of == x)
.d plla=pd
= (ko =€ %)
.d plla=p | d
= (xGivenr =p'|| ¢’ *)
pleg=r

/

Induction step: We assume the proposition holds for ¢’ in ¢ = a - ¢’,a € Ls.
We identify three cases:

1. Assume a € LS N LY (= (Lp, N Lg) U {6}):
N Ctcad 1 I G Pl 2
= (x Deﬁnition of projection )
/ / a U/[Lg / a U/rLg ,
dp2. 0,42, ¢ 1 p=pr=—=p' Ng= ga=——¢
= (*Definition of = x)
E|p17p27p/7q1aQQ7q,:
6 “ oLy . " o'ILy
= (x Basic step x)
3p17p27p/7q1aQ27q/ :

/

. u o' 1L , u o' 1LY ,
p”q:>p1 qu/\pl—>p2:>p /\q1—>q2:>q
= (xProposition [A.1l4 )

Ip1,p2, 0,41, 42,4

. N o' 1L , o' 1LY ,
plla=pillan S p2l|e2Ape=—==D Nq2 q
= (*Definition of = x)

, , o o' 1L , o' I1L? ,
3p2.0', 42,4 plg=p2 | 2 NP2 —==D" N2 q
= (xInduction )

/ /. a o’ / /

Ip2,0'q2,4 :pllqg=p2 @2 Ap2 e =1 |l g
= (*Definition of = x)

W.q plle==7p|d
= (xoc=a-0' *)

W.q :pla=7'lld
= (xGiven r =p' || ¢ *)

pllg=r
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2. Assume a € Lf) \ Lg (= Ly\Ly):
(a:0")IL} (a-0") LS
Hp/7q/ :p:}pl/\q:>q/
= (*Definition of projection )
. o o'ILY , o' 1LY
Jp2, ', q" 1 p=p2 P'Aq q
= (xDefinition of = )

!

VA € a UIILZ / UI[Lg /
3p1,p2, 0" ¢ i p=p1 S pr——=p Ng——=¢
= (xBasic step *)
o_/[ 5 o_lr 5
Ip1,p2,0, 0 o= |l aAp1 S pp—Pp Nq—¢
= (xProposition [A.1l1 )
VA € a U/[Lg / UI[LS
Ip1,p2, 0, d" i plla=pillg-=p2llgAp2 P Agq q
= (*Definition of = x)

/A a a’[Lf, / U/[Lg /
2,0 ¢ i plla=p2 lgAp2 —= P Nq=—=¢
= (xInduction )
32,0, q plla==p2llaAp2l¢=7 | ¢
= (*Definition of = x)
W.q plla==7p|d
= (xoc=a-0 x)
.d plla=p | d
= (xGiven r =p'[| ¢ *)
pllg==r
3. Assume a € Lg \ Lg. This is symmetric with the previous case.

Lemma A.4. Leti,s € ZOTS(I,U), then:
iiocos & Straces(i) C Straces(s)
Proof.

only if: Proof by induction on the structure of o, let o € Straces(i).
Basic Step: 0 =e.
€ € Straces(s) trivially holds.
Induction step : We identify two cases:
1. 0 =p-awithael:
By induction p € Straces(s), so 3s’ : s = ', and since s € ZOTS(I,U),
s’ == always holds. Hence, p-a € Straces(s).
2. o =pzxwithzeUU{0}:
If i 2= then by definition |5| z € out(i after p), and since i ioco s
and by induction p € Straces(s) we can conclude that x € out(safter p).
Hence, s 2%, and p - x € Straces(s).
if: Let o € Straces(s) and € out(i after o), then i ===, which implies -z €
Straces(i), hence o-x € Straces(s) and s ===, from which it follows that
x € out(s after o).
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Theorem |§| Let s1,41 € ZOTS(11,U1), 2,42 € TOTS(15,Us) with I; N Iy =
U NU; = 0.

i1 i0co $1 Aig i0cO s2 = i1 || i2 i0cO 51 || 52

Proof. To be proved according to lemma

Straces(i1) C Straces(s1) A Straces(iz) C Straces(sz)
= Straces(iy || i2) C Straces(s1 || s2)

o € Straces(i || i2)
= (x Definition of Straces x)

i || iy =

= (* Proposition *)
. UrLfl . UrL%
11 /\ZQ

= (xpremise x)

olLd, olLd,

S1 N 8o

= (* Proposition *)
S1 || S9 é

= (x Definition of Straces )
o € Straces(sy || s2)

A.2 Proofs of Section (Congruence properties for hiding)

Definition A.5. The hiding of o € L} with A C L, denoted as o0\ A, is defined
as follows:

€ o=¢
A = d\A o=ac withae A
N =der a-(c'"\A) o =ac’ witha¢ A
0-(c'\A) o =60’

Proposition A.6. Letp € LTS(I,U) where U is partitioned in sets Uy and Us.
p-%p witha € TUU; = hide Us in p-% hide Us in p’/
p-% o' with a € Uy = hide U; in p = hide U, in p’
p-—-p = hide U in p = hide U; in p’
p-2p" = hide U, in p -5 hide U, inp
hide Uz inp % q witha e IUU; = Jp': p-p' Agq=hide U inp’
hideUsinp S qg= (3p': p--p' Ag=hideUs inp’ )
V (F,acUy: pHp Ag=hideUsinp’ )
7. hideUsinp-%¢ = p->pAg=hideU,inp

S Grds o do
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Proof.
1. p-Lp ANacIUU;
= (xDefinition of hide )
hide Us in p % hide Us in p’
2. D va—>p/ ANa € Us
= (% Definition of hide )
hide U in p = hide Us in p’
3. p-Lsp
= (*Definition of hide )
hide Us in p = hide Us in p’
4. P ’5—>p’
= (x Definition of quiescence )
(VpeUu{r}: p—F )
= (% Definition of hide )
(Ype U U{r}: hideUyinp -4 )
= (x Definition of quiescence )
hide Us in p - hide U, in p
5. hide Us inp % ¢
= (% Definition of hide )
I p-Lp Ag=hideUs inp’
6. hide Uy inp S ¢
= (*Definition of hide x)
(I : pHp Ag=hideUyinp ) Vv
(W ,JacUy: p2p' Ag=hideUsinp’)
7.  hideU,inp->¢q
= (x Definition of quiescence )
VYue U, U{r}: hideUsinp -4 A q=hideUsinp
= (% Definition of hide )
(VueUi: pth ) AN (YueUs: ptb ) A
p—F A g=hideUsinp
= (xLogical axioms )
YueUU{r}: p—Lt4 A g=hideU,inp
= (x Definition of quiescence )
pi>p/\q = hide Uy inp

Proposition A.7. Let p € LTS(I,U) where U is partitioned into Uy and Us;
let o € L} be arbitrary.

1. p=Zsp’ = hide Uy in p=2% hide U, in p’

2. hideUsinp=%q = 3Jp/, Jo' € L} : p==p'Aq = hideUsinp' Ao =
Ol\UQ
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Proof.

1. By induction on the structure of o:
oc=e
Using €\Us = ¢, the proposition reduces to:

p=p = hide U, in p= hide U, in p/ (2)

which, using the definition of =, is rewritten to:

p=~p = hideU, inp=> hide Us in p/ (3)

which is proved by induction on n:
n=0: }
p——p
= (*n = 0 and from definition of == : pT—O>p’ Sp=p *)
p=r
= (xdefinition of == x)
hide Us in p = hide U in p/
n=n'+1:
p——=p
= (*n =n'+1 and definition of == )
Ip1: pTpiApL T
= (xproposition 3 %)
hide U, in p == hide Uy in p1 A py ——oos p'
= (xinduction on equation *)
hide U, in p = hide Us in p; A hide Us in p; = hide U, in p’
= (xdefinition of = x)
hide Us in p = hide U, in p/
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o=ap,withae IUU, p € Lj:
p=7
= (xoc=ap x)
a-p ,
= (xdefinition of =2 )
Ip1,p2: p==p1Ap1 -5 p2 Aps ==/
= (xequation *)
Ip1,p2 : hide Us in p== hide Us in p; A p; =% ps A ps == p/
= (*proposition 1 %)
Ip1, po : hide U, in p== hide Us in p; A
hide Us in p; % hide Us in ps A ps == p/
= (*xinduction x)
3p1,p2 : hide U, in p== hide U, in p; A
hide U2 in P1 -2 hide U2 in P2 A

hide Us in py 2% hide U, in p/

= (*definition of AGIUEVN *)

hide Uy in p 2%\ hide U, in p'

= (xdefinition *)

hide U in p —<22Y2, hide U, in p!

= (xoc=ap %)

hide Us in p =225 hide U, in p/
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o =ap, with a € Us,p € Lj:
p=7
= (xoc=ap x)
a-p ,
= (xdefinition =2 )
Ip1,p2: p==p1 Ap1-Spa Apa L/
= (xequation *)
Ip1, po : hide Us in p== hide Us in p1 A p1 —% po A ps ==/
= (*proposition 2 %)
3p1,p2 : hide U, in p== hide U, in p; A
hide Us in p; - hide Us in ps A ps == p/
= (*xinduction x)
Ip1, po : hide Us in p== hide Us in p; A
hide U2 in P1 - hide U2 in P2 AN
U.
hide U in py 2% hide U, in p/

= (*definition of WAUN *)

hide U in p =22 hide Us in p/

= (xdefinition *)

hide U in p —<22Y2 hide U, in p!

= (xo=ap %)

hide Us in p =225 hide U, in p/
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o =4-p, with p € Lj:
p=1p
= (xoc=0-p %)
5-p ’
= (xdefinition 2. and definition of quiescence )
I p==pi AP S Apr ==y
= (xequation *)
Jp; : hide U, in p== hide Us in p; Apy -5 p1 Apy ==/
= (* proposition 4 *)
3p; : hide U in p== hide Us in p; A
hide U, in p; % hide U, in p1 Apy == p/
= (xinduction )
3p; : hide U in p== hide Us in p; A
hide Us in p; - hide U, in p; A
hide U in p; 225 hide U, in p/
5
= (*definition of ), *)

hide Uy in p—2%), hide U, in pf

= (xdefinition *)
hide U in p =212 hide Uy in pf
= (xoc=0-p %)

hide Us in p =22 hide U, in p/
2. By induction on the structure of o (Note that o € (I UU; U {6})*):
oc=e
The proposition reduces to:

hide Us inp==¢ = 3p/, Jo’' € L} :
p==1p Aq=nhide Uy inp Ae = o'\Us

which, using the definition of ==, is rewritten to:

hide Us inp "¢ = 3p/, 30’ € L} :
p==p Aq=hide Uy inp’ Ae = o'\Us

which is proved by induction on n:
n=0:
hide U, inp T— ¢
= (¥n = 0 and from definition of == : p"—o>p' Sp=p *)
I =p, o' =¢: p==p' Aq=hide U inp' Ae = o'\Uy
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n=n+1:
hide U inp T—¢
= (xn =n/ 4+ 1 and definition of T %)
Jq1: hideUsinp gy A 1 g
= (xproposition [A.6/6 )
dg1: (Fp1: (pDprVIaelUs: p-Hpr ) A
q1 =hide Uy inp; ) A ¢ T—gq
= (xsubstitution x)
Ip1: (pSopiVIaeUy: p-Sp; )Ahide Us inp; Z— g
= (*xinduction on equation *)
Ip1: (pDprVIdaelUs: p-Lp ) A
(3pe, Jo1 € L} :
p1===ps Aq=hide Usinpy Ae = o1\Us )
= (xlogical manipulation )
(Ip1,p2, oy € L :
p-Dpi Apr==ps Aq=hideUsinp, Ne = 01\Us )
V( 3p1,p2, o1 € L;, Ja € Us:
p-%pi Apr ==ps Aq=hide Usinpy Ae = 01 \Us )
= (*Definition of = )
(3 =p2,0' =01 : p==p' Aqg=hide U inp’ Ae = o/\Us)
V(3 =po,0’ =a01:p==p' Aq=hide Us inp' Ae = o'\Uy)
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o =ap,withae I UU;:
hide U, inp =% ¢
= (xoc=ap %)
hide Us in p =% ¢
= (+definition of =2 )
391,02+ hideUsinp==q1 Aq1 S @2 Ao =5 q
= (xequation *)
qu,QQ : ( Elph 301 S L:; :
p=>pAq =hideUyinp; Ae=0,\Us ) A
I e
= (xsubstitution )
Jq2,p1, o1 € L} :
p=pi Ae=01\Us Ahide Uy in p; % o A g2 == ¢
= (*proposition 5 %)
3q2,p1, 30’1 S L; :
p==pAe=01\Us A
(3pa: p1-%paAge=hideUsinp, ) A ¢2=2¢
= (*substitution )
Ip1,p2, Jo1 € L :
p==p1 Ae = 01\Us Ap1 % pa Ahide Us in py == ¢
= (*induction x)
Epl,pg, E'O'l € LE :
p=pAe=0\UsAp1 S pa A
( 3ps, Jos € L} :
P2 == ps Aq =hide Uy inps A p = 03\Us )
= (xlogical manipulation )
Ip1,p2,p3, Jo1,03 € L :
=5 p1 Ap1 % pa Aps == p3 A
qg=hideUs inpsAe=01\Us Ap = 03\Us
= (x(01-a-03)\Uz = (01\Uz2)-(a\Uz)-(03\Uz2) = €-a-p =0 *)
Jp' =p3, 0’ = 01003 :

p==p'Aq=nhide Uy inp’ Ao = ¢'\Us
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o=4-p:
hide U, inp =% ¢
= (xoc=0-p %)
hide Us inp =2 ¢
= (xdefinition of RN *)
Jq1,¢2: hideUrinp==qi At S e A a5 ¢
= (xequation *)
dg1,92 ¢ (3p1, Jo1 € L} :
pé}pl /\Q1 = hide U2 inp1 Ne= 0'1\U2 ) AN
@S phgpg
= (*substitution x)
g2, p1, doy € L :
pépl AN e = o1\Us A hide Us in p; i>q2/\qzé>q
= (* proposition 7 *)
Jq2,p1, o1 € L} :
p=piAe=01\UzApr -5 p1 A
g2 = hide Uy in py A qs == ¢
= (xsubstitution )
Ip1, Jo1 € L :
p==p Ae=o01\Us Apy 9, p1 Ahide U, in p; == ¢
= (*xinduction x)
Ip1, Jo1 € L :
p=piAe=0\UsAp1Sp1 A
( 3ps, Jogz € L :
P1 %pg /\q = hide U2 iIlp3 /\p = 0'3\U2 )
= (xlogical manipulation )
dp1,p3, Joi,03 € L :
p===pi ApL -5 pi Apr =5 p3 A
qg=hideUs inpsAe =01\Us Ap = 03\Us
= (% (01:0-03)\Uz = (01\Uz2)-(6\U2)-(03\Uz) = €:6-p =0 %)
Jp' = p3,0’ = 01003 :
pép'/\q = hide Uz inp' Ao = o'\Us

Theorem If i,s € ZOTS(1,U) with Uy C U, then:

i ioco s = hideU;ini ioco hide U;in s

Proof. To be proved according to lemma
Straces(i) C Straces(s) = Straces(hide Us ini) C Straces(hide Us in s)

which is straightforward (recall that L = T UU).
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o € Straces(hide Us in i)
= (*definition [5| *)

hide U, in ¢
= (x proposition 2 *)

Jo'eL}: i== Ao =0 \Us
= (xpremise *)

do’ € L} : s== No =o' \Uy
= (x proposition 1 %)

3o’ € Lt : hide Uy in s 222 po = o/\Uy
= (xsubstitution x)

hide U, in s ==
= (* deﬁnition *)

o € Straces(hide Us in s)

A.3 Proofs of section [5]

To improve the readability of the propositions and proofs in this chapter, we
make a notational distinction between transitions of s and =(s). For transitions
of the IOTS Z(s), we use the subscript =. For example, we use ¢ l>5 ¢’ to denote
(q,\,q") € T=(s). Likewise we use =-_ for sequences of transitions. For transitions
and sequences of transitions in s we use the standard notation without subscript.

Lemma A.8. (U U*I)*0* is suffiz-closed. Let o € (U U§*I)*5*.

Voo(o = 01-02) 1 09 € (UUST)* "

Fig. 9. Automaton that accepts the regular set (U U 6*I)*6*

Proof. In Figure [9] we show the automaton that accepts strings in the regular
set (U U §*I)*6*. The two accepting states are “S” (the starting state) and
“1”. It is impossible to reach an accepting state from state “2”. So after oy the
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automaton is in state “S” or “1”. In “S”, being the start state, the entire regular
set is accepted. In state “1” strings of the following form are accepted. Both are
subsets of (U U §*I)*d5*.

1. o C (U U I)*6*

2. *I(U UG I)*o* C (UUS*I)*o*

Proposition Let s € LTS(I,U)
Vo € Straces(s) : 0 € (UU S I)*6*

Proof. The complement of (U U ¢6*I)*6* with respect to L} are traces of the
form (U U 6*I)*6*(6U)Lj. It is straightforward to verify that this is really the
complement by interchanging the accepting and non accepting states in Figure [0}
The result is an automaton that accepts the complement. So a trace in the
complement is a trace that contains the sequence d-\ with A € U. Because of
the semantics of quiescence this is of course an impossible trace for an LTS.

Proof by reductio ad absurdum. Suppose the proposition is not true. Let o =
o1-:09-03 € (UUG*I)*6*(6U)L; where 01 € (UU*I)*0*, 09 € 6U, 03 € L}. Take

02°03

an arbitrary s with o € Straces(s), such that s == q; =222

o € Straces(s) A s == q1 - gy
= (xDefinition § )

o € Straces(s) N\s==>q AVA €U : q ﬁ)‘@ A —5 Agp = qo
= (xDefinition = and o9 € U %)

o2

o € Straces(s) A s === q1 A gy =
= Contradiction

Proposition

VoeLid €Q,:5==q¢ & 5(s)=_¢

Proof.

Only if: Proof by induction on the structure of o.
Basic step: ¢ = ¢. We prove the following stronger statement

V. qd €QsiqTq = q g (6)

which is proven by induction on n:
Basic step: n =0
0
q—q
= (x¢=¢ and ¢,¢' € Q=(5) *)

g
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Induction step: n =n' + 1. We assume that equation [] holds for n’.

q o q/
= (*Definition

— %)

dq1 GQslqiﬂh/\lh‘Bq/

= (*Induction

*)

3 €Qs i qgT—.a1 Nan = ¢

= (*Definition

of £ (note that (q1,7,¢") € Ts C T=(s)) *)

I €Qs g "1 Ay Do

= (* Definition

’
T +1 ’
9—=4

— %)

Induction step: o = ¢’-a, where a € Ls. We assume that the proposition holds
for o’. We identify two cases:

l.aelL
oa_
[ q
= (* Definition

31,62 € Qs
= (*Induction

qua g2 € Qs
= (* Definition

dg1,42 € Qs 1 =
|§| *

= (xEquation

3q13Q2 S Qs :

= (* Definition

= %)
s AG S pA@p=7]

*
~—

(s) =1 ANt S @2 A= ¢
Z(s) (note that (q1,a,q2) € Ts C T=(s)) *)

’

(8) =i At S 2 N g == ¢
)

1

ey

O

1

E) =i ANt Soqa N2 =>-¢
= %)

2(s) =g

2.a=96
a5
e q
= (* Definition

th q2 € Qs
= (* Definition

= %)
Ls==q /\Q1L>Q2/\Q2:€>q/
S(=qp=4) %

séﬂ]’/\V)\EUT:q’—%

= (*Induction,

note that ¢’ € Qs *)

2(s) Lo g AYAE U, : ¢ 2

= (*Definition

Z, note that A € I and ¢’ € Q5 x)

=(s) é/>Eq'/\V)\ eU,:q —4\745

= (* Definition

—
=

= (*Definition

0 %)

= (S) U:qu A ql i)Eq/

= %)

E(s) =5 q
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if: Proof by induction on the structure of o.

Basic step: 0 = ¢ We prove the following stronger statement

Vg€ Qz(s)qd €Qs ¢ = ¢4 (7)
which is proven by induction on n:

Basic step: n =0
¢
= (xq=¢ and ¢' € Qs *)
q-"q
Induction step: n =n’ + 1. We assume that equation |Z| holds for n'.
AL

= (xDefinition — %)

dg1 € Q=(s) 1 q L’sfh ANgr =g
= (x Definition =, note that ¢’ € Qs *)

3 €Qs g T At T
= (*Induction x)

31 € Qs qT—qp At ¢
= (% Definition — %)

n,+1 ’
q—4q

Induction step: ¢ = ¢’ - a, where a € Ls. We assume that the proposition
holds for o’. We identify two cases:

l.aclL
E(s) ==
= (xDefinition = *)

341,42 € Q=) 1 E(5) ==ea1 Ay o2 Ngp =2
= (xEquation |7] note that ¢’ € Qs *)

—

I €Qz(s) 2 €Qs : E(s) =1 At Soqp ANp = ¢
= (xDefinition =, note that g2 € Qs *)

1,2 €Qs 1 E(s) =1 At S @2 Nz = ¢
= (xInduction )

1,2 €Qs 5= N1 L@ Agp=>¢
= (xDefinition = *)

o'-a ’
5:>q
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2. a=9 )
2(s) L q
= (xDefinition = )
301,02 € Qz(s) 1 S==-q1 At S Nga =>_¢
= (*Definition of § (g1 = ¢2 =¢') *)
Z(s)==q A\VAEU, : ¢ %‘QE
= (*Induction )

s=Z5 g AVA €U, : ¢/ b
= (xDefinition = x)

s==¢ AV e U, : q’%\é
= (*Definition 0 )

s o’ q’/\q’Lq'
= (*Definition of = x)

a5
e q

Lemma A.9. Let g, be a chaotic state in a demonically completed LTS:
Vo € (UUS D) : gy =20y
Proof. Proof by induction on the structure of o.

Basic step 0 =¢:
From the definition of =': g, l(;g Iy
Induction step : Suppose the lemma holds for ¢/. We prove that it holds for
oged-(UUI).
1. 0 =o’-Awhere A € U
ax é>5 ax
= (xdefinition Z: VA €U : ¢, Tooqn 2oqy *)
! A
Iy === == x
= (*Definition = x)

5% £>sqx
2. 0 €0’-0*\ where A € I
[95% é>sqx
= (xdefinition = : VA eT:¢q, S_qa 6—>EqA qux *)
! PN
dx £>qu ——=4x
= (*Definition = x)
AR PN
qX :}qu
= (xo € 0’0"\ %)
dx é>sqx
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Proposition Let g, be a chaotic state in a demonically completed LTS:

Vo e (UUSD)6 :qy==.¢ N ¢ Qs

Proof. From lemma[AZ0] we already know that the lemma holds for traces in the
regular set (U U §*I)*. Now we have to prove that the lemma holds if traces of
this form end with §*. Let o € (U U d*I)*

oe (UuUdI)*
= (x Lemma *)

I ==y
= (xDefinition = )

dx és qx L}E qa 6—)5 qga
= (xDefinition = *)

c-5"
qX :EQA

We delay the proof of theorem [17] until after theorem
Proposition Let s € LTS(1,U).

Utraces(s) = {o € Straces(s) | (£(s) after o) C Qs}

Proof. We prove the proposition in two steps:

1. Utraces(s) C {o € Straces(s) | (Z(s) after o) C Qs}
We will prove this equation by reductio ad absurdum. Suppose the above
proposition does not hold, then there exists a o such that the following holds:
o € Utraces(s) A (o & Straces(s) V (Z(s) after o) Z Q)
There are two possibilities:
1. o € Utraces(s) No & Straces(s). We prove that this gives rise to a con-

tradiction.
o € Utraces(s) Ao & Straces(s)

= (x Definition Straces )
o € Utraces(s) N(o & L3V s =)
= (x Definition Utraces x*)
cELiNs=> N(o & LiVs=5)
= Contradiction
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2. o € Utraces(s) A (Z(s) after o) € Q. We prove that this also gives rise

to a contradiction.
o € Utraces(s) A (Z(s) after o) € Q,

= (xDefinition after x)
o € Utraces(s) N{q | Z(s) ==_q} € Qs
= (*Set definition x)
o € Utraces(s) AN3q € Qs : Z(5) == ¢
= (xDefinition =, take the first time that =(s) enters a state not in Qs *)
o € Utraces(s)
AN Qs d € Q01 N00=0: NETANZ(s) ¢ N¢ Dooqy ==2q
= (* Proposition *)
o € Utraces(s) N3¢’ € Qs, 01\ 02 =0 : N ETAs=2=q' Ag' 2y
= (*Definition = )
o € Utraces(s)
Ag € Qs o1 hos =0 AETANs=Z5q' N b ANg —T
= (* Definition N *)

A
o € Utraces(s) N3¢’ € Qg,01:N00 =0 : NETNs==¢ N¢' =~
= (*Definition Utraces x)

A
(c€LiNs== AN A € Qs,01: N0 =0:NETNs==q Nq =)

A
N3¢ €Qs,o1 N o0 =0: NETAs===q¢ Ng' =5)
= Contradiction
3. Utraces(s) D {o € Straces(s) | (=(s) after o) C Q,}.

We will prove this equation by reductio ad absurdum. Suppose that the
above proposition does not hold, then the following holds:

o € Straces(s) N Z(s) after 0 C Qs Ao & Utraces(s)
= (* Definition Utraces )

o € Straces(s) AN Z(s) after o C @,

Ao g{LgvS%fs V3(q1,01-N09) : A€ IAs%qlAql%)
= (*Definition Straces )

o€ LiNs== NE(s)aftero C Q;

o A

Ao @ LEVs=£ VI(q,o1M00) i NETNs=2q1 Aqy =)
There are three possibilities in the last conjunct:
1. o & L

= (TContradiction

2. s=A~

= Contradiction
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A
3. qr, o1 02) : NETAs = Ay =~

= (*s is strongly converging )

o€ Ly As== NE(s)after o C Qs

ANqr,qe, 01 N00 =0): AETANs=Z=>q1 Ay =€>q2/\q2ﬁ)‘é Aqa —F
= (¥ Definition === )

Z(s) after 0 C Qs

A3Ig2,01- X090 =0): A € I/\S%CD/\(D*/\/* Aga —4>
= (* Proposition %)

Z(s) after 0 C Qs

Ao, 01 X005 =0): ANETANE(s) ==oqa A g2 %‘4 A qa —
= (*Definition = )

Z(s) after 0 C Qs

Ao, 01 X009 =0) : NETAE(s) ZFoga Aga 22qy
= (x Proposition *)

Z(s) after 0 C Qs

Ao € (UUST)*6* AI(ga, 01 M09 =0) : A ETANE(s) 2o go Aga 22y
= (*Lemma *)

Z(s)afterc C Qs Ao € (UUJIT)*5*

Ag2,01- M09 =) 02 € (UUSI) 0" AXNETAZ(s) g2 A g2 252 qy
= (x Proposition *)

Z(s)after 0 C Qs AIq & Qs, 01 N0 = 0) : Z(8) == qo - gy =2 ¢
= (xDefinition C )

Z(s) aftero C Qs A {q | Z(s) == q} £ Qs
= (xDefinition after x)

Z(s) after 0 C Qs A Z(s) after o € Q
= Contradiction

Lemma A.10. Vo € L} : out(s after o) C out(=(s) after o)

Proof. Let o € Lj.
out (s after o)
= (*Definition after x)
out({q'| s==q'})
= (xDefinition out x)
yeU|sZq LHIu{s|sZq )
C (x Proposition *)
{yeU|=(s)=ad Loy US| s==oq 22}
= (xDefinition out =)
out({q' | Z(s) =>-q'})
= (xDefinition after =)
out(=Z(s) after o)

Lemma A.11. Vo € Utraces(s) : out(s after o) = out(=(s) after o)
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Proof.
out(=Z(s) after o)
= (% Definition after and proposition *)
out({q' € Qs | Z(s) ==-4q'})
= (% Definition out )
{y eU | 3¢ € Qs : E(S) é>qu l’s} U {6 | 3¢ € Qs : E(S):>sq =
= (x Definition =, note that y € U and ¢ € Qs *)
{yeU |3 €Q: E(s)==oq HIU{0] 30 € Qs : Z(s) =g 52}
= (*Definition = and definition § *)
{yeU|3d €Qs:E(s)==2q' L JU{d] 30 € Qs : 5(s) ==2d' >}
= (x Proposition *)
yeU|sHqd L3u{d]|s=5q >}
= (*Definition out =)
out({q' | s==q'})
= (xDefinition after =)
out(s after o)

Lemma A.12. Let s € LTS(I,U),o € L} : out(s after 0-9) C {4}

Proof.
out(s after o-9)
= (*Definition after x)
out({g' | s =22 ¢'))
= (x Definition § )
out({¢' | s==¢', where Vy € U, : ¢ -2 })
= (*Definition out =)
{yeU|s=q¢ L, whereVy e U, : ¢/ 2}
U0 | s ¢ Ay eU,:q¢ -2, whereVy e U, : ¢ -2}
C (*Logical reasoning; {d} is the maximal outset )

{0}
Lemma A.13. Vs € LTS(I,U) : Straces(s) C Straces(Z(s))

Proof.
o € Straces(s)
= (*Definition Straces )
c€LiNI s=¢
= (*Proposition [15| )
c€LiNI €Qs: Z(s)=_q
= (*Definition Straces )
o € Straces(Z(s))

Lemma A.14. Vs € LTS(I,U) : Utraces(s) C Straces(Z(s))

Proof. The proof follows from proposition [20] and lemma
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Theorem [21]

iocoy = 1iocoo =

Proof. Let i € ZOTS(1,U),s € LTS(I,U) To make the proof easier to read we
first expand the ioco definition:

Vo € Utraces(s) : out(i after o) C out(s after o)

& Vo € Straces(Z(s)) : out(i after o) C out(=(s) after o)

only if: Take o € Straces(Z(s)) arbitrary. There are two possibilities:

1. o € Straces(Z(s)) N Utraces(s)
= (*Lemma *)
o € Utraces(s
= (xPremise )

o € Utraces(s) A out(i after o) C out(s after o)
= (*Lemma *)

o € Utraces(s) A out(i after o) C out(=(s) after o)
2. o € Straces(=Z(s))\ Utraces(s)
= (* Proposition *)
o € Straces(=Z(s)) A (o & Straces(s) V Z(s) after o € Q)
= (x Definition Straces x)
Jg € Q=) : Z(8) == qN(BAgeQ,: 5= qV Z(s) after o Z Q,)
= (xLogical reasoning x)
Jq € Q=) : E(8) =g BreQ,:5==q
Vg e Q=) E(s) = g A\ E(s) after o Z Q,
= (*Definition after x)
Jq € Q=) : Z(8) =g BreQ,:5=q
Vg€ Q=5 E(s) == qA3q € Qz(5)\Qs : Z(s) ==>¢
= (xLogical reasoning x)
g € Qz(5)\Qs : Z(s) == ¢
= (xDefinition = )
Jg € QE(S)\QS; o103 =01 Z(s) é>(IX %q
Using Proposition T4 and Lemma [A.§|we have o € (U U§*I)*. There are
two possibilities left:
1. o2 € (UU*I)* (trace does not end with §). The proof continues as
follows:
= (* Lemma *)
E|O'1~0'2 =0 . E(S) éqx éqx
= (xDefinition = )
{a] 2(s) = a} 2 {ax, 10,92}
= (xDefinition after x)
E(S) after o 2 qx> 402 qA}
= (x Proposition *)
out(=Z(s) after o) = Us
= (xUs is the maximal outset )
Vi € ZOTS(I1,U) : out(i after o) C out(=(s) after o)
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2. o9 € (UUS*T)*06* (trace ends with ¢). The proof continues as follows:
= (*Premise: o € Straces(Z(s)) *)
3q € Q=(s) 1 E(s) = ¢ >
= (xDefinition out and after x)
out(=(s) after o) = {6}

= (*Lemma *)

out (i after o) C out(=(s) after o)

Vo € Straces(=2(s)) : out(i after o) C out(=Z(s) after o)

)

Vo € Utraces(s) : out(i after o) C out(s after o)

Theorem Let 1 € ZOTS(I,U),s € LTS(I,U) then

iioco s = i(iocoo =)s

Proof. This proposition follows from theorem
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