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Abstract

The Basic Reference Model of ODP introduces a number of basic concepts in order to provide
a common basis for the development of a coherent set of standards. To achieve this objective, a
clear understanding of the basic concepts is one prerequisite. This paper makes an effort at
clarifying some of the basic concepts independently of standardized or non-standardized formal
description techniques. Among the basic concepts considered here are: agent, action, interaction,
interaction point, architecture, behaviour, system, composition, refinement, and abstraction. In a
case study, it is then shown how these basic concepts can be represented in a formal specification
written in temporal logic.
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1 Introduction

The objective of ODP is to address issues of cooperation between systems: "any task which
requires more than one application process to accomplish is within the scope of [ODP]", so "the
field of application of distributed processing is virtually unlimited" ([Gri89]). To make
distributed processing open, specific standards for all kinds of applications will have to be
developed. To achieve a coherent set of standards, the Basic Reference Model of Open
Distributed Processing (RM-ODP, [ISO93,1-4]) is currently being developed. As part of this
reference model, a number of basic ODP concepts! are informally introduced and formalized "by
interpreting each concept in terms of the constructs of the different standardized formal
description techniques" ([ISO93,2]), called architectural semantics, in [ISO93,4]. Following
[ISO93,1], the objectives of this architectural semantics are:

+  to define the basic ODP concepts formally; !
«  to provide the foundations for the development of ODP standards;

«  to act as a bridge between the basic ODP concepts and the FDTs;

1 called "ODP basic modeling concepts" in [ISO93,2]



(3]

«  to provide the basis for a uniform and consistent comparison between formal descriptions
of the same standard in different FDTs.

While the pufpose of formalizing the basic ODP concepts is to define their meaning uniquely and
unambiguously, it is by no means obvious that this can be achieved by interpreting each concept
in different FDTs. There are three main arguments:

«  There is no formal definition of the basic ODP concepts on which their interpretation in
different standardized FDTs can be based.

+  Some basic ODP concepts are elementary, i.e., they cannot be defined in terms of other
already defined concepts.

«  There is no formal relationship between concepts of different FDTs used to interpret basic
ODP concepts. '

As a result, it is not possible to argue that the meaning of basic ODP concepts is defined uniquely
and unambiguously. In fact, from the contents of [[SO93,4], it can be concluded that different
meanings are associated with some concepts in different FDTs. Furthermore, a formal basis for
the comparison between formal descriptions of the same standard in different FDTs is not
achieved.

A clear understanding of the basic ODP concepts is vital for the success of ODP as such. This
paper makes an effort at clarifying some of the basic ODP concepts independently of
standardized or non-standardized FDTs. To achieve this, a very small number of elementary
concepts, which are assumed to be sufficiently well-understood, are selected as a starting point.
Based on these elementary concepts, further concepts are then formally defined using a
mathematical notation. We emphasize that this treatment is independent of how these basic
concepts may be expressed in any of the standardized or non-standardized FDTs. In a case
study, it is then shown how they can be represented in a formal specification written in temporal
logic.

2 Basic ODP concepts

Following [ISO93,1-4], we will now address a number of concepts that we consider as basic for
the area of ODP. Some of these concepts are elementary in the sense that they cannot be defined
in terms of other, already known concepts. Together, these concepts can form the core of a Basic
Reference Model of ODP (RM-ODP). RM-ODP should be viewed as a common semantical
model which can be used to give a conceptual meaning to formal descriptions. By referring to a
single semantical model, formal descriptions written in different FDTs become comparable. The
degree of comparability depends on the richness of RM-ODP, i.e., on the number of basic
concepts that are incorporated, and on the expressiveness of the FDTs, i.e., to what extent the
basic concepts can be represented in formal descriptions. For two formal descriptions FD; and
FD> written in different FDTs, we have the situation shown in Figure 2.1. The meaning of FD
and FD3 is defined in terms of semantical models M| and M5, respectively (for instance,
acceptance trees and transition systems, with suitable refinement relations). Additionally, parts
of FD| and FD; represent concepts of RM-ODP. This also gives meaning to the formal
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descriptions from another point of view. A necessary condition is that the meanings with respect
to M; and RM-ODP must not be in contradiction. However, they may address different aspects
of a system. For instance, the structure of a formal description can be used to represent a
conceptual system architecture, although it is not assigned a meaning in the FDT semantics itself.

Figure 2.1: Comparison of formal descriptions in the context of RM-ODP

2.1 Elementary concepts

To lay the ground for the definition of basic ODP concepts, we start with the informal
introduction of a very small number of elementary concepts. They form the starting point for the
definition of further basic ODP concepts. Due to their elementary nature, these concepts cannot
be formally defined. All that can be stated at this point is that these concepts are disjoint.

Definition (elementary concepts):
«  Anageni? ag € AG is a comporent performing actions.
< Aninteraction point ép € JP is a conceptual location where actions may occur.

«  Anaction3 a € Aet is something that happens.

»  Agent, interaction point, and action are disjoint concepts, i.e. AGNIP = AG N Act =
IPN At ={}.

An action is performed by an agent or a set of agents, it may be internal or may occur at some
interaction point or a set of interaction points. An agent thus is the carrier of actions, it can be
characterized by its behaviour. This behaviour (a notion still to be defined) consists of actions
local to the agent. Actions may also be non-local, such as interactions or transactions. Non-local
actions may be performed by a set of agents and may occur at a set of interaction points.
Interactions and transactions may also be considered as high-level actions, i.e., actions that can be
decomposed into smaller units. Depending on what kind of action is taken as atomic on a given
level of abstraction, the behaviour of a system can be characterized in different ways.

2 The notion of agent is closely related to the notion of object in [ODP93,2].

3 sometimes called action occurrence



2.2 Architecture

With the elementary concepts agent and interaction point, more complex structures termed
architectures can be composed:

Definition (architecture):
< An architecture Arch is a structure { AG,IP,Arch? ), where
- AQG is a non-empty set of agents,
- JPis a set of interaction points, and

- Anrch: AG — 277 is a total function called architecture function associating with each
agent a set of interaction points.

A ﬁt AG* < AG of agents has one or more interaction points in common if and only if

« 7hch¥(ag) # {}. We require as a rule of composition that a common interaction point is
i‘zt%qcfuced explicitly into the architecture whenever a group of agents has the capability to
interact directly. Depending on the kind of interaction, two or more agents may in general be
involved in interactions. Whether such interactions will actually take place also depends on the
behaviour. Also, interaction points will be used to interconnect different architectures (see
composition of architectures below).

Figure 2.2a shows a graphical representation of an architecture Arck = ( {ag|,a9,.643},{ép},
Arch(ag|)=Arch@(ag,)=ArchP(ag;)={ip} ) consisting of three agents ag|, ag,, and ag; that have
a common interaction point ¢z. From this architecture we can infer that ag|, ag,, and ag; have the
capability to interact, however, we can not yet say whether they will actually do so. This can
only be derived from the behaviour of the agents and the interaction point.

C OO
" OO

Figure 2.2: Graphical representation of architectures

Figure 2.2b shows an architecture Arck = ( {ag},{éa|.ip,}, Arch%(ag) = {¢p|.ip,} ) consisting of
an agent ag with two associated interaction points éa| and ég,. From a global point of view, this
architecture could be considered as incomplete, because it does not show the agents which have
the capability to interact with ag through éz| and éa,. However, such a situation is frequently
encountered in the context of open systems, which are incomplete in the same sense: although an
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open system forms part of a larger system, the environment into which it is embedded later on is
not considered from the beginning. In most cases, it is not even known in advance, and it is the
task of the design to specify the open system such that it shows the intended behaviour in every
possible environment. With respect to Figure 2.2b, we can say that the agents not shown in the
architecture form the environment of ag. Following our rules of composition, we require that the
interaction points an agent has with its environment are introduced explicitly, but we allow that
the agents forming the environment may be omitted. They can, however, be added by composing
two architectures, as the following definition shows:

Definition (composition of architectures):

«  Let Axrch = AG,IP,Arch? ) and Arch' = ( AG',IP' Arch?') be architectures. The
composition of architectures Arch and Arck', written "Aacholrch' ", is defined as
(AG°,IP° Arch?® ), where

- AG° =prAG U AG'
- P =psIP v I’
- Archd®: AG° — 277 is defined as follows:
Arch? (ag ) ag € AG\AG’
Archd (ag ) =0 Arch? ' (ag ) if ageAG’ \AG

Arch? (ag ) U Arch? ' (ag) ag € AG N AG’

The definition allows architectures that are composed to have some parts in common. E.g., they
may share a number of interaction points and/or a number of agents. If they have only interaction
points in common, i.e., if 4G N AG' = {} holds, we have separate architectures that are
interconnected at these (external) interaction points. As a result, we obtain a high degree of
modularity, since each part of an overall architecture can be modeled separately and be merged
into the final architecture by composition. Also, composition of architectures can be used to
model architectural extension. From the definitions, it follows directly that AachoArch’ is an

architecture, i.e., the dual role of agent and interaction point is preserved, and that AackoArch
=/rch and ArchoAach' = Arch'oArch hold.

The architecture Aack shown in Figure 2.2a can be obtained by composition of Asrck| =

({ag1}.{ép}, Arch¥(ag)) = {ip} ), Archr = ({agy}.{ép}, ArchP(ag;) = {ép} ), and Archs =
( {ag3}.{ép}, Arch%P(ag3) = {ip} ), ie., Arch = Anch| o Arch) o Anchs.

2.3 Behaviour

With the elementary concept action, more complex structures termed behaviours can be
composed. We do not elaborate here on how this composition may be expressed in a specification
language, but define composition in terms of the underlying semantical model:

Definition (behaviour):
« A behaviour Behau is a structure { Act,Behauk ), where

- Aeiis a set of actions,



- BehauR < Act x Act is a partial order on the set of actions?.

A behaviour imposes explicit constraints on the possible sequences of actions. Further
constraints can be added by, e.g., composing behaviours. Behaviours can be composed if they are
mutually consistent, i.e. if there are no contradictions between the partial orderings of actions:

Definition (consistent behaviours):

« A pair of behaviours Bekau = ( Act,BehauR ) and Behau' = ( Act',BehauR') is called

consistent if the following condition is satisfied:

- Va,a'e AcinAet'. ((a,a")e BehauR A a #a' D (a'a)e BehauR').

As a special case, behaviours that have no actions in common are consistent. Consistency as
defined here is a reflexive and symmetrical relation on behaviours.

Definition (composition of behaviours):
« Let Behau = ( Act,BehauR ) and Behau' = ( Act',BehauR') be consistent behaviours. The
composition of behaviours Behau and Behau', written "BehauoBehas' ", is defined as
( Act®,BehauR® ), where
- Ael’ =pfAct Aet', ‘
- BehauR® =pf CUBehauR U BehauR'), where CAR) denotes the transitive closure of R.

A behaviour can be understood as a set of restrictions on the possible execution sequences. The
definition allows behaviours that are composed to have some restrictions in common. The
composition of behaviours can then be interpreted as the union of sets of restrictions. As in the
case of architeciures, we have a high degree of modularity, since each restriction can be modeled
separately and be merged into the overall behaviour by composition. Also, composition of
behaviours can be used to model behaviour extension. From the definitions, it follows directly
that BehauoBekau’ is a behaviour, and that BehauoBehau = Rehau and BehauoBehau' =
Behau' o Behau hold.

In specification languages, there exist several ways to compose behaviours, such as sequential or
parallel composition. We do not consider these kinds of composition basic modeling concepts,
but language dependent concepts. Also, we do not place any restriction on what actions are
chosen to be atomic actions in the language, thus allowing for different levels of abstraction.

2.4 Systems

Having introduced elementary concepts and some rules how we can use them to define
architectures and behaviours, let us now consider the notion of system.
Definition (system):
«  Asystem 8 is a structure ( Aach, Behau Actq ), where
- Ahch = AG,IP,Arch? ) is an architecture,

4 sometimes called action occurrences



- Behau = ( Act,BehauR ) is a behaviour,

- Act: Aet — 2G990 s an action function associating with each action a set of agents and
interaction points,

- Vae At Actf(a) N AG # {},
- Vae Act. Vip e ActP(a) N IP. Jag € Actf(a). in € Anch%(ag)

A system is modeled by its architecture and its behaviour. Both aspects are to be respected when
a system is refined and implemented. Additionally, there is a relationship between architecture
and behaviour, which is expressed by the action function Ac#%. This relationship must satisfy the
constraint that an action must always be associated with some agent. Also, if an action is

associated with some interaction point, then it must also be associated with some agent that is
attached to that interaction point.

Definition (distributed system):

- Ifasystem is distributed, then it consists of several agents>, i.e., | 4G | > 1.

The notion of distribution does not refer to the external appearance, but to the internal
organization of a system on a given level of abstraction.

With the preparations in previous sections, we define the composition of systems as follows:

Definition (composition of systems):

«  Let 8 =( Arch Behau,Act? ) and 8' = ( Arch' Behau' ,Aci?') be systems such that
Anchofnch' = ( AG° . IN° Archq® ) and BehauoBehau' = ( Act®,BehauR® ) are defined. The
composition of systems S and 8', written "So8"' ", is defined as { Arch®, Behau®, ActP® ),
where :

- Anch® =ps Anchofnch'

- Behau® =py Behauo Behau'

- Act3°: Acl® — 2RG° VI is defined as follows:

Actd (a) aeAet \Aet’
ActB ' (a) if oedot’\ Aot
Actf (a) U ActY ' (a) a €At NAct’

Act¥° (a) =g

From the composition of architectures and behaviours, we obtain a high degree of modularity.
Each system part can be modeled separately and be merged into the overall system by
composition. Also, composition of systems can be used to model system extension. From the
definitions, it follows directly that $o8' is a system, and that So8 = S and S°8' = §'oS hold.

Based on the notion of system, we can define further basic concepts:

5 We only consider architectural aspects at this point. A behavioural characteristic of a distributed system is its
decentralized control.



Definition (agent behaviour, interaction point behaviour, interface behaviour, interaction):
Let 8 = ( Arch, Behaw, Act? ) be a system with Arck = ( AG,I0,Arch? ) and Behau = (Act,BehauR).

An ageﬁt behaviour Behau,g being part of the system & is a behaviour consisting of all
actions in which the agent ag € A participates. Formally: Bekau,, = ( Acteg,Behavk,, ) is a
behaviour s. t. ag € AG, Acdy, = {a | a € Act A ag € Act¥(a)}, and Behaukoy = Wlﬂd‘?

< An interaction point behaviour Ba/«w,-,, being part of the system S is a behaviour consisting
of all actions occurring at the interaction point 4a. Formally: Bekau,, = ( Acd,,BehauR,, ) is a
behaviour s. t. i € IA, Aclyy = {a| a € Aot A ip € Actf(a)}, and BehauR,, = &/.aa/z| Act,

«  Aninterface behaviour Behauag, i, being part of the system S is a behaviour consisting of all
actions in which the agent ag participates, and where the interaction point éa is among the

locations. Formally: Be4augy, ;o = ( ﬂ%,&&aakw ) is a behaviour s. t. ag € AG, ép € IP,
Aclogip= {a|a€lct A ag e Act(a) nép € ﬂcﬂ(a)},and%=3¢4aak|ﬂ o

«  An interaction Bekaus, being part of the system 8 is a behaviour with two or more
participating agents occurring at a single interaction point that is associated with these
agents. Formally: Bekau, = ( Act,BehauR; ) is a behaviour such that Aeé; C Act, BehauR;
BehauR, | U Aet@a)n 4G | 22, 3ip € Ip.Va e Act, ActB(a) A IP = {ip}, and
Va e Aoty Vi Actha) A AG. Acta) A IP < Arch(ag)

It is by means of interaction that agents can mutually influence each other. This influence consists
of exchange of information. If interactions are considered atomic actions on a high abstraction
level, i.e. the set Acf; is a singleton, we obtain a simplified restriction. On a lower level of
abstraction, an interaction may consist of a set Ac; of more elementary actions, where each such
action is the portion a single agent has in the interaction. In general, it depends on the particular
model which actions form an interaction. The above restriction requires that these actions are
associated with two or more agents, that they occur at the same single interaction point, and that
this interaction point is associated with each interacting agent.

Since agent behaviour, interaction point behaviour, interface behaviour and interactions are
behaviours, they can be composed as defined in Section 2.3. As a result, we can model a complex
behaviour in a modular way and obtain the complete behaviour by composition of behaviours.
This also applies to the behaviour of a single component, say, an agent, where the behaviour may
be substructured into a number of partial orderings corresponding to different restrictions.

2.5 Refinement and abstraction

The concepts of agent, interaction point, action, architecture, behaviour, and system naturally lead
to the dual notions of refinement and abstraction. In general, it is desirable that the refinement of a
single component has no influence on the other components. Only then will it be possible to
perform incremental system design and modular verification, which is a prerequisite for the
development of large systems. By incremental system design, we mean that we can modify or
replace a part of the system without affecting the other parts. Modular verification means that
only the modified or replaced parts have to be verified, not the entire system. To allow for
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incremental system design and modular verification, we have to make suitable restrictions with
respect to architecture and behaviour.

With respect to architectures, we require that agents and interaction points be refined separately.
In other words, a single component of the refinement (an agent or interaction point) is uniquely
related to a single component of the refined architecture. Also, we require that the number of
interaction points an agent is associated with remains the same. These and further architectural
constraints can be formalized as follows®:

Definition (architectural refinement):

«  Let Arch = AG,I0,Arch? ) and Arck' = ( AG',IP' Arch?') be architectures. Arck’ is an
architectural refinement of Aach (written "Arch' refined gpey Arck") if and only if there is a
refinement function 2efgacs: AG U IP — 27G°99" such that the following restrictions hold:

- Each component of Axck is refined, i.e., 2efqe4 is a total function.

- The refinement of an agent must include at least one agent. Formally: Vag € AG.
refanchlag) N AG' = {}.

- The refinement of an interaction point must include at least one interaction point:
Vip € IP. refanci (ép) N IP' 2 {}.

- Each agent and each interaction point is refined separately, i.e., the refinement is disjoint:
Vay € AG U IP. (x# ¢ implies refanch () N refanch () = {}).

- ﬂ&" is the set of exactly those agents resulting from the refinement, i.e., AG' =

'nel,q.c/. (ag) U 44/.4«:4 @)\ IP".
- ? is the set of exactly those interaction points resulting from the refinement, i.e.,

' =( UM nef ek (ép) U U,qq refirch (ag)) \ AG'.
l'pE €

- If an agent ag € A§ is associated with an interaction point iz € J/, then exactly one

agent of the refinement of ag must be associated with exactly one interaction point of the

refinement of éa. Formally:
Vip € IP. Vag € AG. ip € Arch¥(ag) implies
(| refres @)\ G~ U hch'(ag') | = 1 and
G?

»-h..,k(s;)\ﬂn'
| { ag' € refutnei (ag) \ IP' | Arch@'(ag") O refsnes (2) \ AG'# {} } | =1)

Figure 2.3a shows the graphical representation of a possible refinement of the interaction point éa
(compare Figure 2.2a), which on a lower level of abstraction comprises an agent ag that can
interact with ag,, ag,, and agy through ¢z, ¢z, and ép3, respectively. It is necessary to introduce
interaction points in the refinement, because otherwise the rule of composition of architectures
about their explicit introduction would be violated. Also, we notice that the duality between
agents and interaction points is nicely carried into the refinement. On the other hand, when
moving from the composition of ¢, éa;, ¢p3, and ag to ¢a, we obtain an architectural abstraction.

6  In [Rei86], a different notion of architectural refinement is introduced, which is based on Petri nets. Here, the
refinement of a single component can have an influence on other components. Also, system behaviour can only
be introduced on the lowest level of refinement.



10

Figure 2.3b shows a possible refinement of the agent ag (compare Figure 2.2b), which now
consists of agents ag; and ag, with a common interaction point éa. To retain the external
appearance as defined for agent ag, subsets of the agents introduced in the refinement are
associated with the external interaction points of ag. As before, the duality between agents and
interaction points is nicely carried into the refinement.

a)

b)

Figure 2.3: Graphical representation of architectural refinement and abstraction

Clearly, the architectures shown in Figure 2.3a and 2.3b are architectural refinements of those
shown in Figures 2.2a and 2.2b, respectively. However, the architectures shown in Figure 2.4 do
not refine the architecture of Figure 2.2b. The reason is that such refinements would have an
impact on the remaining components, therefore preventing incremental system design and
modular verification. Note that both architectures violate the last restriction of the definition of
architectural refinement.

Definition (architectural abstraction):

+  Let Axch and Arch' be architectures. Arck' is an architectural abstraction of Arch (written
"Arch' ababracts goey Arch ") if and only if Arck refines gry, Anch'.

This definition formalizes the duality of architectural abstraction and architectural refinement: -
nefined aro = abaracts g,c47! . Note that both relations are preorders on architectures, i.e., reflexive
and transitive. Only preorders are suitable refinement relations in the stepwise design of systems.
If, for instance, refinement would not be transitive, then for a sequence Aarck,...,Arch, of

architectures, we could have Aack; refines grci Archisy, for 1<i<n-1, but Arck| refines gucs Archn
can not be derived.
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Intuitively, a behaviour Bekas' refines a behaviour Bekas, if Bekas' is equivalent to or more

specific than Be4a. This requires the refinement relation to be reflexive and transitive. What we

can state about behavioural refinement is that actions be refined separately, and that Be4cuR be

respected by the refinement. Without making rather specific iassumptions, it is not
- straightforward to define behaviour refinement more precisely.

2 i = W N
O=a-eya®

b) a
@ (=)
©

Figure 2.4: Illegal architectural refinements

Definition (behavioural refinement and abstraction):

Let Behau = ( Act,BehauR ) and Behau' = ( Act' BehauR') be behaviours. Behas' is a
behavioural refinement of Behau (written "Behau' refines gopay Behau ") if and only if there is
a refinement function 2efq.s: Act — 27" such that the following restrictions hold:

Each action of Ae is refined, i.e., 2efqe is a total function.

The refinement of an action must consist of at least one action: Va € Acf. refq.¢ (a) # {}.
Each action is refined separately, i.e., the refinement is disjoint: Vz,4 € AecZ.

(x # ¢ implies refqes (x) N refct (4) = {})-

BehadR is respected by the refinement, i.e. Va,, a, € Ae. ((a,a,) € BehauR implies
Vo € refqot(a)). Va, € refact (a5). (a,a) € BehauR").

+  Let Behau and Behas' be behaviours. Bekau' is a behavioural abstraction of Behau (written
"Behau' abaraclipeys, Behav ") if and only if Rehaw refinesgof, Behas'.

We do not require Acé' to be the set of exactly those actions resulting from the refinement. In fact,
this would be rather the exception, since further actions will in general be introduced as a

consequence of behaviour refinement. In cases where 2ef4. is the identity function, such a notion
may be defined in terms of projection.
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With respect to systems, we require that architectural and behavioural refinements exist, and that
the action function of the refinement respects the architectural refinement. These constraints can
be formally expressed as follows:

Definition (system refinement and abstraction):
. Let 8 =( Arch, Behau,Aci? ) and S' = ( Arch' Behau' Aclq') be systems, Arch =
(AG.IP,Arch? ), Behau = ( Act,BehaoR ), Arch' = ( AG'IP' Arch?'), Behau' =
( Act' BehauR'). 8'is a system refinement of 8 (written "S' refinesg ") if and only if there
are refinement functions refgnck: AG U IP — 249GV’ and refqct: Act — 27" such that the
following restrictions hold:

- Arch' refines groy Anch for the refinement function 2efgack;
- Behau' refines sz, Behau for the refinement function sefges;
- VaedAdl
( Vage Actf(a)NAG. 3ag' € AG'. 3a' € refq.4a). (ag'€ refanci(ag) A ag' € Actl'(a")) A
Vip € Actf(a)NIP. 3in' € IP'. 3a' € refacfa). (ip'c ref i (ép) A ép' € AcdP'(a")) )
« Let S and 8'be systems. 8'is a system abstraction of 8 (written "8’ clatractsg S ) if and
only if S refiness S'.

This definition formalizes the duality of system abstraction and system refinement: srefinesg
= abatractagl. Note that both relations are reflexive and transitive.

3 A case study

We will now give a complete example of how the basic concepts introduced in Section 2 can be
represented in a formal description technique such that their meaning is preserved and specialized.
The FDT chosen for this purpose is many-sorted first-order temporal logic, which belongs to the
category of property-oriented techniques (see [Got93] for further details and references). With
respect to Figure 2.1 (Section 2), we select a semantical model M and define the meaning of so-
called requirement specifications with respect to this model. The meaning of requirement
specifications in terms of RM-ODP is established by defining a structural relationship.

(o)

©
(@) ()

Figure 3.1: Graphical representation of the drink server architecture
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A drink server DS takes orders for tea and coffee from customers at interaction point ipl. For
each tea order, one cup of tea is served at ip2. For each coffee order, one cup of coffee is served at
ip3. The abstract architecture of DS is shown in Figure 3.1. Its internal architecture is not
revealed. DS can later be embedded into an environment, for instance, a self-service restaurant or a
faculty club, by composition of systems.

Drink servers often work in rounds, i.e., when a drink is ordered, it is served before the next drink
can be ordered. More sophisticated drink servers might be able to take new orders while still
serving drinks. Such concurrent behaviour should not be excluded.

When the behaviour of DS is specified, no assumptions about the environment are to be made.
This means that only the readiness of DS to take orders and to serve drinks can be described.
Whether orders will be taken when DS is placed into some environment depends on whether they
are actually given, and whether drinks will actually be served depends on the readiness of the
environment to accept them. We abstract from limitations of resources, i.e., tea and coffee are
always available, and from failures.

3.1 A temporal logic

In the temporal logic described below, a requirement specification RS will be a structure
( Arch,Behav ), consisting of its architecture, its behaviours, and its action function. A
requirement specification RS will characterize a set of systems S = ( Arck,Behau,Aci? ) as
defined in Section 2. Arch = { AG,IP,ArchF ) will be directly related to the architecture Aack =
( AG,IP,Arch? ) from Section 2. The other components of a system S will be characterized by
Behav and the choice of atomic formulas.

In many-sorted first-order temporal logic, atomic formulas are formed starting from the following
sets of symbols:

- adenumerable list S of symbols called sorts;

- adenumerable list V of symbols called individual variables; each x € V' is attached to a sort
s € S, which is expressed by writing x$;

- for each integer n > 0, a denumerable set (") of n-ary function symbols; each fe F(1) is
associated with sorts s,57,...,s, € S (written "fy 5, .");

- for each integer n > 0, a denumerable set R(M) of n-ary relation symbols; each r € R(M) is
associated with sorts sy,...,5, € S (written "rg, o ").

With these preparations, the syntax of formulas can be defined as follows:

i)  Forall xS eV :x5isa term of sort s.

ii) Foralln20,f, ,€ F(™,and terms ty,...ty Of SOIts 5,851 fyg; . sp(tlseeotn) i
a term of sort s.

iii) Foralln20,ry, g € R, and terms ty,....tn Of SOTtS 505yt 7)o (t],eensty) iS @
formula.

iv) Let @ be a formula, x5 be an individual variable, then Vx.¢ and 3x5.¢ are formulas.

v)  Let @ be a formula, then — @ is a formula.

vi) Let @y, @, be formulas, then (¢; A ©,), (@) V 9,), (9] D 9,), (¢; = @,) are formulas.
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) Let ¢ be a formula, then O ¢ and ¢ ¢ are formulas.
i) Let @ be a formula, then [¢] (read "action of type ¢") is a formula.
Let ¢ be a formula, then #[¢] (read "number of actions of type ¢") is a term of sort IN,.

The semantics of the temporal operators is defined with respect to a model M = { E,Q,Z,Q, ),
where

E = (E,,....E,) is a family of non-empty sets of objects (containing agents, interaction
points, natural numbers, etc.);

Q is a set of states, where each state is given by a set F of functions and a set R of relations
on E (the states are not states in the ordinary sense with state variables, but contain only
what will be necessary to characterize architecture and behaviour);

Qo € Q is a non-empty set of initial states;

Z < QW is a set of infinite state sequences G = ( 6(0...Op... ) With initial states from Q,
i.e, 6p€ Qg forallc e Z;

Formulas of many-sorted first-order logic are interpreted in a model M by associating for each

State

cj € Q sort symbols with sets of objects, function symbols with functions, relation

symbols with relations as follows:

to every sort symbol s € S, a set D’ € {E,,....,E,} is attached; for notational convenience,
we will use the same identifiers as sort symbols and to refer to the attached object sets, i.e.:
Eje Sand DFi=E;;

for each integer n > 0: to each n-ary function symbol f; s, . € F(1), a function
f D%Ix..xD"n — D is attached;

for each integer n> 0: to each n-ary relation symbol ry, € R(M), a relation
r < D%Ix..xD%" is attached.

The propositional operators (—, A, Vv, D, =), existential and universal quantification (3, V) are
interpreted as usual. The semantics of the temporal operators and the function #[¢] are defined
with respect to the satisfaction relation |=. For a model M, [= is a relation between M, a sequence
o € I, a position j and a formula ¢ (written "M,(c,j) F ¢").

) Mo Do iff Vk2j. M(ck) Fo

il) 0 (p =pf ™ a ()

i) M(o)) F [¢] iff M(0,j)F ¢and (>0 implies M(c,j-1) k @)

(0 j =0 and M,(c,j) F =[]

1 j=0and Mo,

iv)  M(o,) F #ol =ps , ir e
M,(c4-1) = #[0] j> 0 and M(o,) E =[]
M (c,j-1) F #[@]+ 1 j >0 and M(c,j) F [¢]

When we use temporal logic to characterize a system, we require that a specification must hold in
the initial state of execution (properties holding throughout the execution can be defined using the

'henc
mula

eforth' operator '0'). To express this formally, we use the notion of initial validity. A for-
@ is initially-satisfied in a model ‘M for a sequence ¢ € X, written MG |=; o, iff M(5,0) F
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@ is true. © is initially-valid in M iff @ is initially-satisfied for all ¢ € Z. Finally, @ is initially-
valid, written = @, iff @ is initially-valid in all models M

3.2 Specification of the drink server

To specify the drink server, we first explain how some of the basic concepts in Section 2 are
represented in the temporal logic in Section 3.1. We introduce sort symbols AG, IP, 2IP  and a
function symbol Archf which is associated with sorts 2IP and AG. The intention is to interpret
the sort symbols as the set of agents, interaction points and power set of interaction points, and

the function symbol as the architecture function. It will then be straightforward to specify
architectures.

Next, we decide to use elementary actions that can be composed into interactions. An interaction
may occur between two agents at a common interaction point and consists of offer and accept,
denoted by abstract operations ! and ?, respectively. It has an interaction type p (order or serve)
and an interaction parameter x (tea or coffee). We write "ag.ip.!(p(x))" to denote that the agent ag
offers an interaction of type p with parameter value x at interaction point ip. Similarly,

"ag.ip.?(p(x))" denotes that entity ag accepts an interaction, where p and x will have values of a
previous interaction offer.

The formula "at ag.ip.!(p(x))" holds when the entity ag is prepared to offer an interaction of type
p with parameter value x at interaction point ip; "after ag.ip.!(p(x))" holds immediately after
completion of the offer. Note that in the first-order framework, at and after are relations. We
overload these relations by demanding at ag.ip.!(p(x)) D at ag.ip.! (i.e. (ag,ip,!,p,x) € at implies
(ag,ip,!) € at), so the formula "at ag.ip.!" holds when the agent ag is prepared to offer some
interaction at ip. Similarly, after ag.ip.!(p(x)) D after ag.ip.!. The formula "at ag.ip.?" holds when
ag is prepared to accept an interaction at ip, "after ag.ip.?(p(x))" holds just after ag has accepted
p(x) at ip. As above, after ag.ip.?(p(x)) D after ag.ip.”?.

With the temporal logic in Section 3.1, we can refer to the occurrence of an action of type ¢ by
writing [@]. If @ is an atomic formula, then [¢] refers to an atomic action, i.e. an action that cannot
be refined on the given level of abstraction. Given the set of formulas, this defines the set Act of
action types. Together with a particular model M, this determines the set of actions. Also, we
can refer to the number of action occurrences of type ¢ by #[@]. In the following, we will focus
on atomic actions only. For the atomic formulas described in the previous paragraph, we also
have the action function ActF (defined on action types), since agent and interaction point are
explicitly associated with each action type and thus with each action: ActF ([r ag.ip.op(p(x))])
=pf {ag,ip}, where r € {at,after} and op € {!,?}.

Based on Section 3.1, we now define a particular temporal logic by filling in sort symbols,
function symbols and relation symbols. This logic will then be used to specify the architecture
and the behaviour of the drink server.

- AG,IP, 2P, OP, P, X, IN, are sort symbols, interpreted as the set of agents, the set and the
power set of interaction points, the set of abstract operations, the set of interaction types,
the set of parameter values, and the set of natural numbers;

- DS is a constant of sort AG;
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- ipl, ip2, ip3 are constants of sort IP;

- !and ? are constants of sort OP;

- order and serve are constants of sort P;

- tea and coffee are constants of sort X;

- ArchF is a function symbol of arity 1, associated with sorts 2IP and AG;

- at and after are relation symbols of arity 5, associated with sorts AG, IP, OP, P, X; we
overload at and after to be also relation symbols of arity 3, associated with sorts AG, IP,
OP.

RSpg = ( Archps,Behavps )
Archps = ( {DS},{ipl,ip2,ip3},ArchF ) with ArchF(DS) = {ipl,ip2,ip3}
Behavps = A DS;

DS T s

DS,. O 0 at DS.ipl.?

DS,. O ((#[after DS.ip1.?(order(tea))] > #[after DS.ip2.!(serve(tea))])
> 0 at DS.ip2.!(serve(tea)) )

DSs3. O (— (#[after DS.ipl.?(order(tea))] > #[after DS.ip2.!(serve(tea))])
D — at DS.ip2.!(serve(tea)) )

DS4. O ((#[after DS.ip1.?(order(coffee))] > #[after DS.ip3.!(serve(coffee))])
D 0 at DS.ip3.!(serve(coffee)) )

DSs. O (— (#[after DS.ip1.?(order(coffee))] >#[after DS.ip3.!(serve(coffee))])
D — at DS.ip3.!(serve(coffee)) )

Table 3.1: Specification of the drink server DS

The requirement specification RSpg of the drink server is listed in Table 3.1. The behaviour
specification is composed of a number of properties, each stating a restriction on the allowed
behaviour of DS. Property DS expresses that DS is ready to take an order at ipl from time to
time. DS states that if there is an unsatisfied tea order, DS will eventually be ready to serve tea
at ip2. DS3 covers the complementary situations, where it is required that DS is not ready to
serve tea. DS4 and DSj5 state analogous requirements in case of coffee orders.

As mentioned before, the requirement specification RSpg characterizes a set of systems 8 =
( Arch,Behau,Actq ) (see Section 2). Note that the restrictions on the composition of elementary
concepts into more complex structures (architectures, interactions, behaviours) given in Section 2
are observed.
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3.3 Refinement of the drink server

In the following design step, the internal architecture of the agent DS is revealed. DS is
decomposed into a waiter W, a tea girl TG, a coffee boy CB, and internal interaction points ip4
and ip5 (see Figure 3.2). The behaviour of these agents and the semantics of the interaction points
shall be defined such that the resulting specification RSpg refines RSpg.

(&)

) &)
T6) ps (B

© (53

Figure 3.2: Refined architecture of the drink server

Informally, the waiter takes orders for tea and coffee from customers at interaction point ipl. If
tea is ordered, the waiter asks the tea girl at ip4 to serve tea. If coffee is ordered, the waiter asks
the coffee boy at ip5 to serve coffee. When asked to serve tea, the tea girl serves tea at ip2. When
asked to serve coffee, the coffee boy serves coffee at ip3.

As before, we define a particular temporal logic by filling in sort symbols, function symbols and
relation symbols:

- AG,IP,2IP OP', P, X', and IN, are sort symbols, interpreted as the set of agents, the set
and the power set of interaction points, the set of abstract operations, the set of interaction
types, the set of parameter values, and the set of natural numbers;

- W, TG, and CB are a constants of sort AG';

- ipl, ip2, ip3, ip4, ip5 are constants of sort IP';

- !and ? are constants of sort OP';

- order, serve, request and tea, coffee are constants of sorts P' and X', respectively;

- p and x are individual variables of sorts P' and X', respectively;

- ArchF' is a function symbol of arity 1, associated with sorts 2IP' and AG';

- at and after are relation symbols of arity 5, associated with sorts AG', IP', OP', P', X'; we
overload at and after to be also relation symbols of arity 3, associated with sorts AG', IP',
OP'.

The specification RSpg of the drink server refinement is listed in Table 3.2. The behaviour
specification is composed of a number of properties stating restrictions on the allowed behaviour
of W, and TG. The specification of the coffee boy CB is very similar to the specification of TG
and therefore omitted.
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RSpg' = ( Archps,Behavps,ActFps )
Archpg = (' {W,TG,CB},{ip1,ip2,ip3,ip4,ipS},ArchF' ) with
ArchF'(W) = {ipl,ip4,ip5}, ArchF'(TG) = {ip2,ip4}, and ArchF'(CB) = {ip3,ip5})

Behavpg' = lSi/\SS Wi A 1si/\s3 TG A ls:f'\s3 CBj A Isi/\SB ip4i A lsi/\S3 ipSi

Wi. 0O¢0atW.ipl.?

W>. O ((#[after W.ipl.?(order(tea))] > #[after W.ip4.!(request)])
> 0 at W.ip4.!(request) )

W3. 0O (— (#[after W.ip1.2(order(tea))] > #[after W.ip4.!(request)])
D — at W.ip4.!(request) )

Ws4. O ((#[after W.ipl.?(order(coffee))] > #[after W.ip5.!(request)])
> ¢ at W.ip5.!(request) )

Ws. 0O (— #[after W.ip1.2(order(coffee))] > #[after W.ip5.!(request)]
D — at W.ip5.!(request) )

TG;. 09 at TG.ip4.?

TGz. 0O ((#[after TG.ip4.2(request)] > #[after TG.ip2.!(serve(tea))])
> 0 at TG.ip2.!(serve(tea)) )

TG3;. 0O (—(#[after TG.ip4.?(request)] > #[after TG.ip2.!(serve(tea))])
D — at TG.ip2.!(serve(tea)) )

ip4;. 0O Vp,x. (#[after W.ip4.!(p(x))] = #[after TG.ip4.?(p(x))])
ip4,. 0O (at W.ip4.! A at TG.ip4.? o O [after W.ip4.!] A O [after TG.ip4.?])
ip43. 0O (at TG.ip4.? A #[after W.ip4.!] > #[after TG.ip4.?] o O [after TG.ip4.?])

Table 3.2: Specification of the drink server refinement

In addition to properties restricting the behaviour of the system's agents, we have properties
defining the semantics of interaction points ip4 and ip5 (see [Got92d], [Got93]). Property ip4;
determines that interactions p(x) accepted by TG at ip4 must have been previously offered by W
at ip4. Recall that an interaction is modeled to consist of offer (denoted by !) and acceptance
(denoted by ?), p is the interaction type, and x denotes a parameter value. ip4| ensures that ip4
does not create, duplicate or corrupt interactions. ip4; requires that if W is prepared to offer and
TG is prepared to accept an interaction, then both agents will eventually proceed. ip43 states that
if TG is prepared to accept, and more interactions have been offered than accepted, then TG will
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eventually proceed. The semantics of ip5 is analogous to that of ip4 and therefore not listed in
Table 3.2. ‘

The specification RSpg characterizes a set of systems 8' = ( Arch',Behau', ActR' ) (see Section 2).
Note that the restrictions on the composition of elementary concepts into more complex
structures (architectures, interactions, behaviours) given in Section 2 are observed. As in the
specification of DS, we define ActF' ([r' ag'.ip".op'(p'(x'))]) =pf {ag\ip'}, where r € {at,after} and
ope {.,?}.

As discussed earlier, a system S’ refines a system S, if 8' is equivalent to or more specific than
8. To apply this definition to requirement specifications, we define a corresponding relation
between RS' and RS, called "refinesrep", such that RS' refinesrep RS implies that the systems
characterized by RS' refine the systems characterized by RS. For the architecture, the relationship
is straightforward. For the behaviour part, we define a representation function rep mapping the
behaviour specification of RS to a formula on the abstraction level of RS'. It is then sufficient to
show that the resuit of this mapping is logically implied by the behaviour of RS', which leads to
the following definition:

«  Let RS = ( Arch,Behav ) and RS' = ( Arch',Behav' ) be requirement specifications. RS' is a
refinement of RS under the representation function rep (written "RS' refinesrep RS") if and
only if the following is satisfied”:

- Arch' refinesarch Arch

- i Behav' o rep(Behav)

With the refinement function refarch(DS) = {W,TG,CB,ip4,ip5}, refarch(ipl) = {ipl},
refarch(ip2) = {ip2}, and refarch(ip3) = {ip3}, it follows that Arch' refinesarch Arch holds (for
the definitions of refinesarch and refarch, see refined gros and refanc4 in Section 2.5). In particular,
this architectural refinement respects the restriction that if an agent ag € AG is associated with an
interaction point ip € IP, then exactly one agent of the refinement of ag must be associated with
exactly one interaction point of the refinement of ip. Thus, the external appearance of the system
characterized by RSpg is preserved in the refinement.

To prove =i Behav' O rep(Behav), we define the representation function rep shown in Table 3.3.
This function is defined recursively, following the formation rules of formulas. In particular, each
atomic formulas of the logic applied to RS is mapped to a formula of the logic applied to RS".
From rep, it can be derived that an atomic action of RS corresponds to an atomic action of RS',
i.e., we have a one-to-one-relationship. Also, non-atomic actions of RS are mapped to actions of
RS' via rep. Thus, rep gives us the action refinement introduced in Section 2.5. It is clear that the
restrictions on action refinement are observed, i.e., each atomic action of RS is refined, and each
action is refined separately. In addition, the action function of the refinement respects the
architectural refinement (compare Section 2.5).

Defining rep is a crucial step in the verification process, because it can cause bad results.
Therefore, rep has been kept simple. In case of the drink server, it is then straightforward to
prove that Behav' O rep(Behav) is initially-valid.

7 Refinement as defined here has been termed conformance in [Got93].
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rep (at DS.ipl.?) = at W.ipl.?

rep (after DS.ip1.2(p(x))) = after W.ip1.2(p(x))
rep (at DS.ip2.!(p(x)) = at TG.ip2.!(p(x))
rep (after DS.ip2.!(p(x)) = after TG.ip2.!(p(x))
rep (at DS.ip3.!(p(x)) = at CB.ip3.!(p(x))
rep (after DS.ip3.!(p(x)) = after CB.ip3.!(p(x))

rep (— @) = —rep(9)
rep (@1 A 92) = rep (@1) A rep(¢2)
rep (Vx. 1) = Vx.rep(9)

rep (O @) = O rep(9)
rep ([¢]) = [rep (¢)]
rep (#[9]) = #[rep (¢)]

Table 3.3: The representation function rep

4 Conclusion

In this paper, we have made an effort at clarifying several basic ODP concepts. Since the
definitions given here may affect the standardization process of ODP as a whole, the concepts
have been chosen and defined very carefully. Also, they have been kept very general in order to
allow for a broad spectrum of representations and specializations in formal descriptions. The
intention of this work is to lay the grounds for a more substantial discussion about the meaning of
basic ODP concepts. It is expected that in the course of this discussion, some of the concepts
treated here will be specialized, and further concepts will be added.

Based on the results of this work, FDTs currently considered for the area of ODP should be
evaluated. For each FDT, it should be investigated what basic concepts can be formally expressed
in that language, and how this could be done. Every choice will have to respect the meaning of the
basic ODP concepts, and may specialize their meaning where necessary. As a result,
specifications written in different FDTs or at different design stages should become better
comparable. As a further result, this should improve the basis for the development of large
systems with a variety of components specified in different FDTs, and for their verification.
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colleagues in the Computer Science Department of the University of Kaiserslautern for valuable
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