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Abstract. Alfaro and Henzinger use alternating simulation in a two
player game as a refinement for interface automata [I]. We show that
interface automata correspond to a subset of modal transition systems
of Larsen and Thomsen [2], on which alternating simulation coincides
with modal refinement. As a consequence a more expressive interface
theory may be built, by a simple generalization from interface automata
to modal automata. We define modal I/O automata, an extension of in-
terface automata with modality. Our interface theory that follows can
express liveness properties, disallowing trivial implementations of inter-
faces, a problem that exists for theories build around simulation
preorders. In order to further exemplify the usefulness of modal I/O
automata, we construct a behavioral variability theory for product line
development.

1 Introduction

An interface theory [TI3I4U5J6l7] is a type-system-like theory for component lan-
guages, where types (interfaces) describe components (implementations) with
composition being the only operator available. A type error proves that either a
component does not conform to its interface, or that two composed components
are incompatible. Since the overall structure of these type systems is so simple,
it is often accepted not to give typing rules explicitly when describing interface
theories (for example [1I3I456]), focusing instead on the essential ingredients of
conformance, compatibility and composition.

Regular, non-component types are only applied to existing objects in program
code. In contrast for interface theories it makes sense to discuss interfaces as spec-
ifications of application’s architecture in isolation from actual source code. An
interface abstracts the component in terms of the assumptions made by the com-
ponent and the guarantees that it provides. One reasons about possible connec-
tions between component implementations (compositions) by using properties of
composition of interfaces; most importantly independent implementability (that
any implementations conforming to compatible interfaces are compatible) and
generality properties (that the composition of interfaces produces an interface
with the weakest assumptions and strongest guarantees).
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We consider behavioral interface theories suitable for specification of com-
munication protocols between components (web services or embedded systems).
Such theories typically require a contravariant treatment of inputs and outputs
to ensure deadlock-free implementations: inputs guaranteed by the specification
are always offered by the implementation and that the implementation never
produces more outputs than the specification. This observation led de Alfaro,
Henzinger and colleagues [II3I4] to a conclusion that game theoretical models
of interaction are most suitable as building blocks for behavioral interface the-
ories. While we do appreciate the values of the game theoretical formulations,
we disagree with some claims in the above cited work and argue that game
formulations are insufficient in themselves: there is a genuine value in combin-
ing the game theoretical approach with more traditional formulations based on
transition systems, or more precisely on modal transition systems.

The two worlds of game models and modal transition systems convey largely
orthogonal information about the moves of a system. Game models specify who
has control over transitions, while modal transition systems focus on require-
ments, modality: which moves are allowed and which are required. In this paper
we try to relate the two worlds, explain their weaknesses and their qualities.
Eventually we combine them into a unified interface theory.

Game theoretical notions of conformance are often based on alternating sim-
ulation [8]. We show that alternating simulation in a two player setting, as used
in interface automata [1J9], is just a special case of modal transition systems re-
finement developed by Larsen and Thomsen [2] in the late eighties. This suggests
that the real value of the game theoretic approach to component theories does
not lie in the use of alternating simulation, but in the use of control information
in the composition synthesis algorithms.

Not surprisingly then, modal transition systems themselves cannot be used
to build an interface theory, without adding control information. We build a
new interface theory around modal I/0O automata, which combine features of
both game theoretic models and modal transition systems. Thanks to this new
combination, our interfaces are now able to express liveness properties, which
was impossible in existing interface theories (after this work has been completed
we have learned about [10], which achieves a similar effect in a different setting).

In order to further demonstrate the usefulness of our modal I/O automata, we
construct a product line [III2/T3] theory. In simple words a product line is a set
of similar products built by combining assets from a common platform available
in the development process. The differences between the products are referred to
as variability. Our theory is a behavioral formalism for describing the variability
of components. The theory supports deciding whether given requirements can
be satisfied by choosing concrete instances from the set of available assets. This
theory, though very small, is to the best of our knowledge one of the very few
attempts at describing software product lines in a behavioral fashion, and unlike
the previous work [I4], which takes a top-down approach to describing product
families, it facilitates a bottom up construction of products, which is how prod-
uct line development is more typically understood in the software engineering
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community. This contribution is not meant to be comprehensive, highly devel-
oped and well set in the tradition of the product line development. It should be
understood as a simple example that emphasizes the semantic difference between
modeling components in component based development and modeling assets for
product family development. We do hope to extend this theory soon and report
about it separately in detail.

The paper proceeds as follows. In the next section we shall explain the main
results of the paper in nontechnical terms. Our main results concentrate in sec-
tions [Bl B and Bl In Section [B] we draw a correspondence between the alter-
nating simulation and observational modal refinement. In Section @l modal I/0
automata are defined, which are then used to construct an interface theory in
Section [l and a product line theory in Section [6l Sections Bl and [ are largely
independent, though they share a lot of intuitions. We conclude in Section [7l

2 Interface Automata vs Modal Automata: An Example

Consider an example interface automaton for a Client component (Fig. [ (left),
originally presented in [I]). This simple model describes a component that occa-
sionally may want to send a package, and once it has made the request it is ready
to receive an acknowledgment. The signature of the interface also mentions a fail
input, but the component is never able to receive it. This means that Client is
only capable of interacting with network links that never fail.

In interface automata, due to a game theoretic semantics, all outputs are
controlled by the component itself (called the Output player), while all inputs
to such components are controlled by the environment player (called the Input
player). An implementation conforms to the interface iff whenever some input
is offered by the interface, then it is also offered by the implementation, and
whenever an implementation produces any output, this output is also present in
the interface (conformance formalized as alternating simulation [g]).

Such a notion of conformance implies that compatibility can be passed from
interfaces to components: if there is no winning strategy for the input player
that leads to a deadlock in the interface automaton, then there won’t be such
a strategy for the same player that interacts directly with any implementation.
Similarly if there is no strategy for the output player that leads to an output
that cannot be accepted by the environment, then there is also no such strategy
for any of the implementations.

Fig. 1. The Client interface (left) and a trivial implementation of it (right)
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Unfortunately this notion of conformance, though very much safety oriented,
does not enforce that the implementations take on any useful activities at all.
Consider for example the diagram on the right side of Fig.[Il It presents a model
of an implementation that does not perform any actions ever. In other words
this is a network application that does not use the network at all. Still this new
model conforms to its interface on the left, as in its initial state it does not add
any illegal outputs and it offers all the inputs that were offered by the interface.

If we turn this into the terminology used in modal transition systems it means
that all the inputs are required, which is indicated by the O (must) modality on
the corresponding transition, and the outputs are allowed, which is indicated by
the ¢ (may) modality on the transitions. In a modal transition systems perspec-
tive, conformance is based on modal refinement [2]. This refinement requires that
whenever an implementation makes a step, then it must be possible to mimic it
by an allowed transition of the specification; whenever the specification makes a
required step it must be possible to match it with some required step of the cor-
responding state in the implementation. With the assignment of may to output
transitions and must to input transitions this sounds nearly like the alternating
simulation described above. In Section Bl we prove that indeed the two relations
coincide if we require that the may transition relation is input-enabled.

Consequently modality gives strictly more modeling power than alternating
refinement. Various modalities can be assigned to actions regardless of whom
controls them. Instead of allowing all possible extensions on inputs, as in inter-
face automata, the designer is able to control what extensions are allowed. For
example we can change the Client model of Fig. [l to have a must modality (O)
on the send! transition, which will have the effect that now all the implementa-
tions must be able to proceed producing an output. This would rule out trivial
implementations as the one presented on the right side of Fig. [Tl

The game theoretic formulation of conformance gives a certain interpretation
to inputs and outputs. Namely that inputs are incoming requests for service
(for example remote procedure calls), while outputs are outgoing requests for
service (also remote procedure calls, albeit in the other direction). With such
an interpretation it becomes clear that removing services from the promised list
should be illegal, while removing calls to external services is perfectly fine. This is
exactly what alternating simulation achieves. What it misses is a more complex
structure of communication.

In asynchronous systems some messages indeed convey calls for service, how-
ever many other return feedback from the services (return a value). When a given
output models returning a value from a component, then clearly it should never
be removed, as then the whole component becomes useless. Fig. 2 illustrates an-
other interface modeling a data link layer, which exploits the interplay between
control and modality. The must modality is placed on transmt! transitions, as
the data link layer would be useless if the implementation was permitted not to
forward packets down the stack. Similarly the transition sending back the error
message cannot legally be removed. At the same time the call for linkStatus! is a
may transition as some implementations are allowed not to consult the hardware
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Itmsmt! IlinkStatusJ Ilog! Fack? ?nacl@?up? ?down7 Itrnsmt! Ih’nkStatus! I|0g[ ¥ack? Fnack??hlp? Fdown?

Fig.2. DataLink layer with nontrivial modalities (left). Composition DataLink ®
Client (right). State 22 is an error state, where DataLink can produce the fail action,
not accepted by Client.
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Fig. 3. Composed interfaces LinkLayer | Client and variability models LinkLayer -
Client

link explicitly to detect errors. Finally not all implementations are forced to be
able to work with links that fail twice in a row, which is modeled by the second
nack! transition being a may transition.

Now consider how the two interfaces of Fig. [ (left) and Fig. 2l (left) should
be composed. The composition resembles a product computation (taken sepa-
rately for the may transition relation and the must transition relation). As a
result we obtain the interface presented on the right side of Fig. 2l Because the
client component was so weak, the ultimate interface shows a system that pos-
sibly may never do anything. However if Client will send some packets, these
packets will certainly be processed by the composition, unless the hardware link
is broken. In such a case it might be that the implementation will produce a
faill message which will cause a deadlock with the current version of the Client
(this can happen when the composition is in state 22). Since we cannot modify
the composed system we instead synthesize a new interface which restricts the
use of the composition in order to guarantee error freeness. States of the com-
position that can experience deadlocks are called error states. We follow Alfaro
and Henzinger in removing error states, and transitively all states from which
error states can be reached by following internally controllable transitions of the
component (outputs and internal actions). This leads to the interface on Fig. Bl
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(left), expressing the fact that this component works well as long as the physical
link never goes down.

The pruning mechanism described above would not be possible without the in-
formation describing which transitions are internally controllable being explicitly
present in the model. It does not seem possible to compute the safe fragment of
the product automaton, by just investigating the modalities of transitions. While
we have said that modal refinement is strictly more expressive than alternating
simulation, the control information of interface automata has its unique qualities
too: it enables valuable synthesis algorithms not otherwise possible.

Let us now revisit the model of Fig. 2] (left) giving it a different interpretation
than previously. Instead of perceiving it as an abstraction of a component, we
should now see it as a description of a set of components. A modal automaton de-
scribes in fact a whole, often infinite, set of possible implementation automatall.
One can think of them as all possible configurations of the model. This feature of
modal automata suggests the possibility of using them as a behavioral formalism
in describing variability in product lines.

A product line is a collection of products that are similar in that they offer
overlapping functionality, and in that they are built from assets selected from
a common platform. In here we want to describe both assets and the whole
product line by modal I/O automata. If each of the assets is modeled as a modal
I/O automaton we can model the capabilities of the family by composing these
descriptions. However this time we would not be interested in a composition that
guarantees compatible behavior of any selection of assets. It is normally expected
that not all the assets in a product line platform are mutually compatible. Some
of them will deadlock (for example a failing link layer and our Client component).
The requirement for composing the variability descriptions is not to synthesize an
interface that guarantees correctness of composition of all possible combination
of assets, but to precisely describes what the correct combinations are: i.e. what
are the deadlock free behaviors respecting the modalities that can be constructed
with the available automata.

It turns out that a composition like that exists and it resembles the pruning
of the product automaton for interface automata. The only difference is that
now error states are the states where the error must be possible to realize (so
one party must be required to produce an output that the other party must not
be allowed to receive) and that we prune all the states from which reaching an
error state is unavoidable (in our interface theory we have pruned states from
which reaching errors might be possible).

The result of composing Client and LinkLayer using the variability model
semantics is presented on the right side of Figure[Bl This result contains a slightly
bigger model than the interface automaton composition on the left. It states that
there exists a pair of assets (implementations of Client and LinkLayer) such that
it is able to accept a link down message without an error message. The transition

! This is also true for interface automata, though to a much lesser extent. Due to
the lack of modality the set of implementations for an interface automaton is much
simpler than it can be for a modal automaton.
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with the down message was removed in the interface compositions as, for some
pairs of implementations, it would lead to a deadlock.

Can a given specification be implemented by choosing components from avail-
able assets? Is the result of the composition the most general possible, containing
all possible legal products? Can we find what the configuration of these elements
should be? We address some of these questions in section[f, with an intention of
elaborating more in upcoming work.

3 Alternating Simulation vs Modal Refinement

Let us begin with defining modal automata, a version of modal transition sys-
tems [2] extended with signatures. A modal automaton has two transition rela-
tions indicating respectively allowed (may) and required (must) behavior.

Definition 1 (Modal Automaton). A modal automaton S is a siz tuple:
S = (statesg, starts, extg, ints, —s ¢, —>p) where statess is a finite set of states,
startg € statesg is the initial state, exts and intg are disjoint sets of external
and internal actions and actg = exts Uints, — g C statess X actg X statesg is
the may transition relation describing allowed behavior, and —gg C statesg X
actg X statess is the must transition relation describing required behavior.
Throughout the paper we sometimes use the symbols “I”, “?” and “;” after an
action. This is done in order to increase the readers intuition of whether the
action is respectively an output, input or internal action. No symbol is used
when the action can be of more than one type. These symbols could be left out
completely as it is the identity of the action that is significant.

In the following we write s——-% s’ meaning that there exists a sequence of in-
ternal must actions leading from s to s’. The same is defined for may transitions.

A modal automaton is syntactically consistent if everything that is required
is also allowed, such that — 5 C — . In the following we only consider syntac-
tically consistent modal automata. A modal automaton is an implementation if
the two transition relations coincide.

A modal automaton describes a set of possible implementations. Simplistically
when refining a modal automaton specification into an implementation one can
remove a may transition, that does not have a corresponding must transitions or
strengthen it into a must transition. In general this refinement is not syntactic,
but behavioral, so it is not the syntactic transitions that are refined but the
actual steps taken by the transition system. The same transition can be refined
differently each time it is taken.

Definition 2 (Modal Refinement). For a pair of modal automata S and T
with the same signature, a binary relation R C statess X statesr is a modal
refinement if whenever sRt and a € actg it holds that

if t—%gt’ then 3s’.s—%s" and (s',t') € R.
if s—%o8" then 3t't—2t" and (s',t') € R.
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Modal refinement <, is defined as the largest such relation. We say that a modal
automaton S modally refines a modal automaton T, written S <., T, iff there
exists a modal refinement containing (starts, startr).

Observational modal refinement is a weaker refinement in which the two modal
automata can take internal transitions, that cannot be directly observed by the
other automaton. In absence of internal actions the observational refinement
coincides with the non-observational one.

Definition 3 (Observational Modal Refinement). For a pair of modal au-
tomata S and T with the same signature, a binary relation R C statesg X statesp
s an observational modal refinement if whenever sRt and a € acts it holds that

if t—%gt’ and a € extr then 3ss—%q8' A (s',t') € R.
if s—%o8" and a € exts then It 58 T s ot A (8, t") € R.
if s—%8" and a € intg then It -5t (s, t') € R

Observational modal refinement <} is defined as the largest such relation. We
say that a modal automaton S observationally refines a modal automaton T if
there exists an observational modal refinement containing (starts, startr).

Interface Automata [I] can be considered a subset of modal automata in which
the external actions extg are partitioned into inputs ing and outputs outg.

Definition 4 (Interface Automaton). An interface automaton P is a tuple
P = (statesp, startp, inp, intp, outp, —p) where statesp is a finite set of states,
startp € statesp is the initial state, inp, outp and intp are three pairwise dis-
joint sets of input, output and hidden (internal) actions respectively, and —p C
statesp X actp X statesp is the set of transitions where actp = inp U outp Uintp.

We require that the transition relation is input-deterministic such that for all
s,8', 8" € statesp and all input actions a € inp if s-2*ss' and s-2"+s" then
s’ =s".

Similarly as for Modal Automata we define s—=»*s’ for Interface Automata to
mean that there exists a sequence of internal transitions leading from s to s’.
We define alternating simulation for interface automata as commonly used in
software specification [9], which is slightly less general than the original [I]:

Definition 5 (Alternating Simulation). For a pair of interface automata S
and T with the same signature, a binary relation R C statess X statesr is an
alternating simulation if whenever sRt and a € actg it holds that:

if t-25t" and a € ing then 3s'.s-2s" and (s',t') € R
if s-2s" and a € outs then It .t—Z5*t' F" +'2t" and (s,t") € R
if s-%.s" and a € intg then ' .t2*t and (s',t') € R

Alternating simulation <,is defined as the largest such relation. We say that S
simulates T, written S <, T, if there exists an alternating simulation containing
(starts, starty).
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In order to compare interface automata with modal automata, we construct
a translation function 7 mapping from the former to the latter. The result
of the translation always fulfills the conditions listed below. It is easy to see
that for modal automata that fulfill these conditions a reversed mapping can be
constructed, too.

1. The may transition relation is input enabled, meaning that for each state
s € statess and each input action a € ing there exists a state s’ and a may
transition s—2% s’

2. The constructed modal automaton is syntactically consistent: —5 C —

3. Must transitions are only labeled by inputs: — g C statess X ing X statess

Let smayau be a fresh state that allows all behavior but does not require any
behavior. If U denotes the universe of all inputs, such that for all interface
automata P, inp € U, then we define the translation function as follows:

T (statesp, startp, inp, outp, intp, —p) = (statess, startg, exts, ints, — o, —g)

where statess = statespU{Smayali }, starts = startp, exts = UUoutp, intg = intp

and 51953 so if 51-%55 and a € outp U intp

and 53—“>*§ s4 and 83—“>§> s4 if $3-93F5, and a € inp
and s3—%2 Smayall if Vs’ € statesp(ss,a,s’) ¢ —PandaeU,

and Smayan is a fresh state such that Va € acts.Smayaii—22 Smayall-

Theorem 6. Alternating simulation and observational modal refinement coin-
cide for interface automata in the following sense:

for any two interface automata S, T: S <, T iff T(S) <}, T(T) (1)

Theorem[Glsuggests that the usefulness of game theoretical models for component
theories does not lie in its conformance relation. The crux is the use of control
information in synthesis algorithms, when paths to error states are pruned. If this
is the case we can construct an interface theory based on modal refinement and
modal automata augmented with control information. Since modal refinement
is richer and we can use a generalization of the synthesis algorithm used for
interface automata, we will obtain a more expressive interface theory.

The fact that alternating simulation coincides with the observational version
of modal refinement is expected, because Definition [§] embeds a closure on inter-
nal transitions. In fact in the absence of internal actions alternating simulation
coincides with the regular modal refinement, as described in Definition 2] which
is easy to prove. In order to simplify the developments we use the regular modal
refinement (<) from now on, even though most of our theorems can reasonably
be considered for the observational refinement (<¥ ), too.

4 Modal I/O Automata

Let us now define modal I/O automata, an extension of modal automata with
control information, that will be the main ingredients of our interface theory and
the product line theory coming in the next sections.
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Definition 7. A modal I/0 automaton S is a tuple S = (statesg, startg, ing,
outs, ints, — o, —n ), where statess is a set of states, starts € statess is an
initial state, ing, outs and ints are pairwise disjoint sets of inputs, outputs and
internal actions respectively (acts = ingUoutgUints), — s C statess X actg X
statess is a may-transition relation, and —gg C statess X actg X statess is a
must-transition relation. Like previously we only consider syntactically consistent
modal 1/0 automata here, so —g C — .

The composition for modal I/O automata combines both the modal aspects and
the communications aspects. Two modal I/O automata 51,52 are composeable
iff their actions only overlap on complementary types: (ing, U ints,) N (ing, U
ints,) = 0 and (outs, U ints,) N (outs, U ints,) = @. The composition S1 ® Sz
gives rise to a modal I/O automaton S such that statess = statesg, X statesg,,
startg = (starts, , starts, ), ing = (ing, \ outs,) U (ing, \ outs, ), outs = (outs, \
ing,) U (outs, \ ing,), ints = ints, U intg, U (ing, N outs,) U (outs, Ning,). The
transition relations are given by the following rules (see Fig. 2] for an example):

s1-9t. st sp9T, g s1-97, 8] sa—9, s
~51 752 ~51 752
o o 7 €{5,0} o o 7 €{5,0}
$1 ® 822581 ® Sh 51 ® S2-25451 ® S2
s1-%5.81  a ¢ acts, s2-%5.85 a ¢ actg,
v€e{0, 0} v €{0, 0}

51 @ S2-95,8] ® S2 51 ® $2-95- 51 ® s5

For technical reasons (efficiency and simplicity) we always assume that un-
reachable states are removed after computing a composition (both here and in
later sections). The following theorem is a simple corollary from the general fact
that the modal refinement is a precongruence [I5JI6]:

Theorem 8. Modal refinement is a precongruence with respect to the above com-
position operator: for any four modal 1/0 automata Ty, To, S1, S2 such that
Ty <m S1 and Ty <y, Ss it holds that Ty @ Ty <, S1 ® Ss.

The composition operator (®) defined above corresponds to a usual composi-
tion of software (hardware) components. Whenever we use it below we mean an
unrestricted connection of components, which does not preclude deadlocks or
other kinds of errors. We shall soon introduce two seemingly similar composi-
tion operators, (|) and (-) having a very different use. In fact they are algorithms
synthesizing specifications of how a result of simple composition (®) should be
used in order to guarantee the absence of certain errors.

5 A Modal Interface Theory

Interface theories support component based development. The aim is to specify
component interfaces and from these interfaces to derive the interfaces of com-
posite components. The novel aspect of the interface theory presented here is that
the components can specify both required and allowed behavior, consequently it
is suitable for expressing liveness properties.
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In our specific interface theory an interface is given by a modal I/O automa-
ton. A given interface specifies a set of potential implementations (concrete im-
plementations have identical transition relations — = —g). The goal of our
interface theory is to be able to use interface descriptions to describe legal imple-
mentations of components in a component based system. The implementation
relation, the relation that specifies which implementations conform to a given
interface description is modal refinement <,,. From the interface descriptions
of two components it should be possible to derive the interface of the combined
component. This is done without knowing more about the implementations, than
the fact that they conform to their individual interface specification.

The result of composing two interfaces is a subset of the result of composing
two modal I/O automata, in which all possible internally controllable paths lead-
ing to error states are removed. An error state is a state in which one component
can output something that the other component might be unable to receive:

erry, s, = {(s1,52) € statess, s, | there exists a € intg, s, and states s}, sh

such that (s;—232! s} and sy £95%2) or (s2—2522 b and s; A%%21)}  (2)

State 22 on Fig. @lis an error state, witnessed by the fail action.

We are now ready to define the set of states of the composition:

(oo}

statesg,|s, = ﬂ prunei”(stat@SSl@)Sz\6”";1,82) J (3)

n=0

where prune;(S) = {s € S|Vs'Va € ints,gs,. S—%s implies s’ € S}, which
is a monotonic function that removes, from the set of states S, all those states
that in one internally controllable step may reach a state that is not in S.

See Figure Bl (left) for an example of how pruning works. State 22 has been
removed as an error state, then state 21 was pruned as an error state can be
reached from it by the internally controllable transition log!. Then all transitions
involving states 21 and 22 were removed. State 20 remains in the result as the
must transition labeled down is externally controllable.

Definition 9 (Composition). The composition of two interfaces S1 and So
is defined if S1 and Sa are composable modal I/0 automata and starts,gs, €
statesg,|s, (see above). The composition results in a modal 1/0 automaton S ]S>
such that S1]S2 = (statesg, |s,, starts,@s,, s, @9, , 0Uls, @5, iNls, @8y, — @52 N
(statess,|s, X acts,gs, X statesg,|s,), —51®% 0 (statesg,|s, X acts,gs, X

statesg, |s,))-

Two interfaces are compatible if the set of states resulting from composition,
statesg, |s,, contains the initial state (starts,, starts,).

A desirable property of an interface theory is that components can be im-
plemented independently of each other once the specifications are known. The
following theorem formally states that this theory satisfies the property.
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Theorem 10 (Independent Implementability). For any two compatible in-
terfaces S1, So and for any two implementations I, I, I <y S1 and Iz <., So,
it holds that 11 ® Iy <\, 51‘52.

This has three implications. First, I1 ® Is would deliver all the required behavior
promised by S1|S2 as long as it interacts with an environment obeying S1|Sa.
Second, I} ® Iy will not do anything that S7|S2 would not allow in such an
environment. Third, since S1|S2 does not contain error states then 1 ® I will
not deadlock.

Theorem 11 (Deadlock Freeness Preservation). For any two compatible
interfaces S1, So, any two implementations 11, I, so I} <, S1 and Iz <, So,
and any interface T compatible with S1|Ss, if T ® (51|S2) has no reachable error
states then T ® (I1 ® I2) has no reachable error states.

Finally the composition operator (|) is commutative and associative up to graph
isomorphism.

6 A Product Line Theory

In product line development one typically maintains a family of existing assets
that are composed in a bottom-up fashion in order to build a product. Here we
assume that existing assets are sufficient to build the product and no genuinely
new programming is required. Assets are organized in small subfamilies, that can
be thought of as configurable components. Choosing an asset from a subfamily is
a configuration process. We model subfamilies as modal I/O automata, and call
them wvariability models, to distinguish them from interfaces. The configuration
process amounts to finding a suitable modal refinement of a variability model.

There is a need for a mechanism for composing variability models, to enable
reasoning about the products that can be constructed using available assets.
As in the interface theory we are interested in computing the legal uses for the
composition of two models, without reaching error states. However we weaken
the requirement this time: we do not require that all possible pairs of imple-
mentations give an error free composition, but only that there exists a pair of
implementations that can avoid errors under a suitable use.

Two variability models are composable if their input, output and hidden ac-
tions do not overlap (the general rule for modal I/O automata). Two composable
families can be composed, resulting in a description of a higher level component
family. The signature of this variability model is found in the same way as for
modal I/O automata. The requirement for the description of this more abstract
family is that a specification that refines its description can be realized by choos-
ing some concrete implementations from both lower level families involved. So
that in effect one can configure the final product by configuring the abstract
composed variability model, being sure that the selected configuration can be
refined to configurations of each of the smaller components, available in the col-
lection of assets. We give a sufficient condition for a refinement of a variability
model to be decomposable.
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The ultimate composition closely resembles the composition (|) for interface
automata: it uses the regular modal I/O automata composition (®) first and
then removes error states. However now only internally controllable required
transitions are pruned, while in the interface theory we had also removed states
reachable by allowed executions of the same kind. The very existence of allowed
internally controlled execution to an error state was considered dangerous in the
interface theory—it is not in the product line theory. This is because we are not
interested in eliminating errors by all means, but only in making sure that there
exist error-free realizations of the specification. For two syntactically composable
variability models we define the set of error states, erry, g, to be:

errg, s, = {(s1,52) € statess, @s, | there exists a € ints, g5, and states s, sy
such that (s;—25s) and sp £2%5,) or (s1 A2, and so—2ssh)}  (4)

In Figure[2 (right) state 22 is still an error state, though for a different reason
than previously: in state 22 the LinkLayer must be able to produce fail, but
the Client is not allowed to receive it. If a product of two variability models
contains an error state it means that there exist configurations of composed
assets that cannot safely work together. However, in the same spirit as in the
interface theory, we can compute the set of legal uses that guarantee that there
exist pairs of compatible configurations to interact with them. We remove from
the product S; ® Ss all the states that according to the variability specification
must be able to reach an error state. If there is no states left then the two
variability models are incompatible. Otherwise we arrive at a specification of
states and transitions among the compatible states that constraint possible legal
implementations obtained from these two families. Formally:

o0

statess,. s, = ﬂ pruney (statess,os, \ €173, 5,) (5)

n=0

where prune,(S) = {s € S | Vs'.Va € ints, o5, U outs, @s,- S—2>gs’ and s’ € S}.
We compute the two transition relations for the composition, by projecting the
transition relations of the parallel composition S; ® S5 onto the new set of states:

gl's2 —

21992 1 (statesg,.s, X acts, s, X statess,.s,) (6)

S1-S2
O

— = 5195 N (statess,.s, X acts, s, X statess, .s,) - (7)

Finally we can state the complete result of the composition: a modal I/O automa-
ton Sy - Sy such that Sy -Sa = (statess,.s,, (starts,, starts,), ing, @5, OUls, Sy,
ints, ©8,, — ' 2, —5152) and all the components are defined above.

Definition 12. Two variability models are compatible if they are composable
and their composition is nonempty.

It turns out that observationally consistent refinements of compositions of vari-
ability models are realizable with existing assets. We define observational con-
sistency for states of a single automaton. Let t—4 . *t' mean that ¢ is reachable
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from t via a possible empty sequence of required transitions labeled by possibly
different actions from a set A.

Definition 13. Let T be a modal automaton and let A C acty be a set of
actions. A relation C' C statesy X statesy is an observational consistency relation
with respect to A if for any pair of states (t1,t2) € C the following two properties
hold:

1. V. if ti—255t) then Va ¢ AV t]—2sot! implies 3th. ta—2s 15 A (], 15) € C.
2. Vth. if ta—A 5t then Ya ¢ A VY. th—9oty implies 3t]. 61 —2s 11 A (t1,t5) € C.

Two states are observationally consistent if there exists an observational con-
sistency relation relating them. A set of states is said to be observationally consis-
tent with respect to A if all possible pairs of states from the set are observationally
consistent with respect to A. An automaton T is observationally consistent with
respect to A iff the set {startr} is an observationally consistent set.

The following theorem states the existence of decomposition formally:

Theorem 14 (Decomposability). Let Ty, Ty be deterministic composable
variability models, and S be a configuration (a deterministic variability model
itself) such that S <., T1-Te, and Ty, S are observationally consistent with
respect to acty, \ acty, and Tz, S are observationally consistent with respect to
actr, \ acty,. Then there exist S; and Sz such that S1 <;, T1 and Sz <;, Ts and
S1®852 <m S.

A version of the theorem, not requiring observational consistency, does not hold,
which can be demonstrated with a counter-example, not included here.

An important corollary is that the decomposition can be carried over down to
precise configurations: if a concrete configuration of a product is required, then
there exist concrete configurations of assets to realize it. The question whether
a specification is realizable with given assets is reduced to establishing observa-
tional consistency and a modal refinement between the postulated requirement
and the variability model. Consequently the abstract variability model can be
communicated to configuration engineers and used to configure final products.

Let us close our discussion with a statement that the (-) operator is general
enough to describe all implementations safely realizable with existing assets.

Theorem 15 (Completeness). For any two compatible variability models T,
Ts and any two compatible concrete implementation specifications Iy, Iz, where
Il Sm T1 and IQ Sm T2 it holds that Il . IQ Sm T1 ~T2.

7 Conclusion and Future Work

We have investigated the relation between alternating simulation as used in
interface automata and observational modal refinement, concluding that former
is a case of the latter. We have argued that the strength of the game theoretic
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approach to interface theories does not lie in alternating refinement itself, but
in the labeling of transitions with control information; in partitioning the ac-
tions into internally and externally controllable. We have extended modal tran-
sition systems with this information and demonstrated that in this way interface
theories tracking liveness properties, can be built. Finally we have presented a
product line theory describing variability in behavior of component families.

In the future we would like to extend the product line theory of Section
to a full featured theory based on observational modal refinement and study
its properties in depth. Also it appears interesting to investigate the relation
between the general notion of alternating refinement [8] and (modal) transition
systems, lifting the restrictions accepted in Section[3 after the interface automata
model.
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