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Abstract concept of structural decomposition are the aggregation and

The decomposition of large systems into parts is a gener#p stronger form composition. Both are expressing whole/part
princip|e of software design_ Even more, in the scope of dig’ElationShipS. Hierarchical state machines (CompOSite StateS)
tributed systems a partition of the whole system into distributare the main behavioral decomposition mechanism. Most lan-
able components is necessary. Decisions about wh&uages do not support a tight relation between structural and
constitutes a component of a system are usually either baseghavioral decomposition, as would e.g. be the case if both
on the behavior or on the structure of the system. Neverth#e structural and the behavioral decomposition are properties
less there is a strong mutual influence between both kinds 6f the composite class. Making decomposition a property of
decomposition. Despite the importance of structural andhe composite class would also imply that it would be subject
behavioral decomposition, many modeling notations and lanfo other properties of classes in general, as e.g. inheritance,
guages define the semantics of these concepts rather vag@¥namic generation, etc.
and this may lead to incorrect implementation. This paper SDL is an object-oriented specification and design lan-
presents the new structuring mechanisms in the object orpuage. The SDL-96 version ([1]) provides different concepts
ented specification language SDL as of November 199®r the structural and behavioral decomposition. The concept
(SDL-2000). The paper also gives a critical evaluation ofolock is used to specify the static structure of a system.
these concepts and a comparison with similar approaches iBlocks are containers for sets of concurrent behavior ele-
UML and ROOM. ments (processes) or are decomposed further into blocks. A
process may be just a single state machine or it may be
decomposed into services (orthogonal state machines).

This paper presents the new structuring mechanisms as

Decomposition is an essential principle in order to managg]gyta.:ﬁ Igr::r?t c(;rrt?]r: \e/e;'gnagff?:ﬁ dSeIgLfn%O?]grzgq'O?ee d
and master the complexity of large software systems. Brea%zl'osk/' ropce conce tscall ent ch ering all propertie 12
ing up a whole system into parts, which may then be define P SS pt (callagent3, covering all properties

or further decomposed, helps to overcome the limitations og(f)rt'zg fco\r/vniqtf]rs?;gksa?tri]t?or?;ogg\s/(iﬁ? at?]‘; argogggz'tgf st:]a(;ce
the human cognition. p p g prop

L . former service concept. Structural and behavior decomposi-
In general two main directions for a decomposition can b? . . )
distinguished: ion are integrated as properties of the composite agents.

* Structural decomposition focuses on the substance
aspects of the system, e.g. the objects or processes wittgn Structural Decomposition
a system and their relations.
« Behavioral or algorithmic decomposition on the other A system in SDL-2000 is a structure of communicating
side focuses on the actions and reactions of the systemagents. Each agent may be decomposed into part-agents with
However, in most cases there is a mutual influence betwee@ither a true concurrent or an alternating execution semantics.
both kinds of decomposition. A structural decomposition haghere is a strong life-time dependency between a container
implications on the behavior associated with objects of thand its parts: A part can not outlive its container, it may nei-
system, and a behavioral decomposition may require a spectier migrate into another containers nor exist before its con-
structural decomposition. This holds especially for theainer. Agents may be created dynamically and may cease to
domain of object-oriented specification and programmingexist before their container ceases to exist. The decomposi-
technique, because an object as the principal foundation B®n principles apply for type definitions (corresponds to class
these techniques is dually characterized by its substandefinitions in other object oriented languages) as well as for
(attributes and part objects) and its behavior. instance definitions (object definitions).
In most object-oriented analysis and design languages bothAn agent consists of three main parts:
kinds of decomposition are defined separately. The general « Attributes in terms of variables (member data, partly

1. Introduction



specifying the agents state) and behaviour patterdefinition of instances, the gatgsgli andg2 will in turn be
attributes in terms of procedures. used as connection points. Because the part agents are in fact
» Behavior in terms of a state machine. agent sets with a maximum number of fiwodkPart ) and
 An internal structure in terms of contained agents witHwo instancesrfocesspPart ), there is a maximum overall num-
interfaces and communication infrastructure in terms ober of eight concurrent elements at this level (including
connections. CompositeBlock 'S state machine).
The behavior of an agent is the combined behavior of its Although the decomposition structure is static (i.e. speci-
own state machine and of the behavior of the containefied as part of the type definition), the number of contained
agents. Each contained agent has its own unique identifiagent instances within a composite may vary over time. Con-

and its own input queue. tained agent instances can be created by the container’s state
SDL-2000 makes a distinction between two kinds ofmachine as well as by some other contained agent instances.
agents, blocks and processes: Destruction of an agent instance can only be performed by the

« A block agent executesoncurrentlywith other blocks, instance itself.
both with blocks at the same level and with contained
blocks. A block can contain both blocks and processes. 2.2. Alternate Decomposition

* A processagent executeslternating with other pro- |, contrast to concurrent decomposition by means of block
cesses, both with processes at the same decompositigBents, alternate decomposition by means of processes
level and with contained processes. Alternating executiofysjies that every contained process instance executes its
implies that every process executes transitions to complgransition to completion. This means that in an agent with
tion. (cf. Subsection 2)2A process can only contain pro- gjternate decomposition only one instance is executing a tran-

cesses, not blocks. sition at a time. Alternate decomposition is expressed similar
A systemegent is the special outermost block agent. to concurrent decompositioffig. 2 is a sketch of a process
N ) type with contained alternating processes. The only visual
2.1. Concurrent Structural Decomposition with Agents differences from block types are the keywomRGCESS

A sketch of a block agent type definition is giverFig. 1  instead oBLOCK) resp. symbol.
The block agent typ&ompositeBlock iS a composition of

agents of two other agent types dndP) and its own state process type CompositeProcess
machine (referenced by the state symbol). The contained g
<—><—>< > dcl n,o natural ﬁ
block type CompositeBlock
g
< dcl n,o natural
pl
ProcessPartl (0,5): P1 | | ProcessPart2 (1,2): P2 ’
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v v Figure 2. Alternating decomposition of a process.
gl g2
v v Due to the execution semantics the contained agents in a pro-

Figure 1. Sketch of block agent type definition cess have to be process agents, whereas block agents may
contain both blocks and processes.

agents are block agentsiockPart of block typeB) and pro- .

cess agent®focessPart of process type), distinguished by 2.3. Data Sharing.

the different symbols. Variables of a composite agent are shared by the state
Communication between the parts and between the pansachine of the container and by all contained agents.

and the environment afompositeBlock takes place via spe-  As specified in the sketches kig. 1 andFig. 2, only the

cial communication routes called channels. They connedtate machines of the composite agents have access to the

gates of the part®1, b2, p) with the state machine of the con- variables. The reason is that the state machines are defined in

tainer or with gates of the containgrd1, g2). The block type the same name spaces as the variables, while the block and

B defines the gates, b2, while the process typedefines the  process types of the contained agent® (P1, P2) are defined

gatep. When the block typeompositeBlock is used for the in some scope units outside the scope units of the composite



agents, e.g. packages. Packages in SDL are name spaopserations in the same transition to such a variable will return
where typically general, related types are defined so that theélge same value. Only the currently executing process may

can be used in different systems. change the value of such a variable.
An agent with variables and contained agents but no speci-
block type CompositeBlock fied state machine has an implicit state machine handling the
<<blocko> ‘_bl <<process>> _p> access to the variable;. .
B b2 P No special syntactic constructs are needed in order to
L access a global variable from within a contained agent. Due to

the visibility rules it can be used in the same syntactic way as

g a locally defined variable.
4_..4_>< ) dcl n,o natural

2.4. Dynamic Creation of Composite Agents

t'>1 It is possible to create composite agents dynamically. The cre-
BlockPart (0,5): B ProcessPart (1,2): P ation of a composite agent is a three-step procedure:

b2 p « The container agent with its state machine is created.

» The appropriate initial number of agent instances for all
v v contained agents are created.
v gl v 92 * The start transition of the container and the start transi-

tions of the contained agents are executed.
In case that the contained agents are again containers, the
An agent (and an agent type) is also a name space. It mé§gt two steps are repeated on that level too before any start
contain not only instance set definitions and variable declardransition is initiated.
tions as illustrated ifrig. 1 andFig. 2, but also local block Stopping of a container results in a switching its state
and process type definitions. Fig. 3 the types of the con- machine in a special ,zombie“-state. The state machine does
tained agents are defined locally to the composite agent, améw only handle internal read/write request for the variables
thereby the variables of the container agent become visiblef the container, all other communication requests by signals
also to the contained agents. While the instances (in the sefs remote procedure calls are discarded. If all contained
BlockPart andProcessPart ) are said to bparts ofthe compos- agents have stopped, the container itself will cease to exist.
ite instance, locally defined types are said toéstedwithin
the definition of theenclosingtype definition. Nesting is no 2 5 |nheritance of Agent Types
prerequisite for composition: the typesindp do not have to
be defined locally to the typeompositeBlock in order to  Agent type definitions can be arranged in an inheritance hier-
specify part objects of these types. Nesting combined witB'chy. For the type symbols this is specified &ign 4. This
composition provides, however, for part instances to havi$ & partial specification of the two subtypes: the fact that they
access to the attributes of the composite instance. are subtypes of a common block type. The complete type def-

Due to the different type of execution model, there arditions are provided in type diagrams, $ég. 5, 6 and?.

some important differences between data sharing in a concur-
rent and in an alternate decomposition.

Concurrent Decomposition. All contained agents have
equal rights to read and write a global variable. It is guararn
teed, that there are no simultaneous read/write operations, |as Z>
the reading/writing is performed by the state machine of the
owner (by execution of implicit get-/set-procedures). On the <<block>> <<block>>
other side, due to the concurrent nature of the agents it can not SubTypel SubType2
be guaranteed for a single agent, that two subsequent access
operations to such a variable will return the same value.

Alternate Decomposition.Variables of a container can be
considered as truly shared variables with direct access. TheA subtype inherits all structural and behavioral elements,
alternate execution of the transitions of the contained pranay add new contained agents, and may redefine (override)
cesses and the run-to-completion semantics guarantee natual properties. If therocessPart 0Of CompositeBlock shall
only the absence of read/write conflicts between differenbe redefineable, then the typ®f ProcessPart is specified to
processes, but also the property that two subsequent rebd avirtual process agent type, seig. 5.

Figure 3. Composite Block type with local type definitions

package types

<<block>>
CompositeBlock

Figure 4. Inheritance specification for agent types



explicity or may be derived from the connection points

block type CompositeBlock (gates) and the implemented interfaces of the agents. Com-
<<block>>| bl virtual p munication may take place as asynchronous signal exchange,
B « <<process>> — synchronous remote procedure calls or as access to public
_bf P (exported) or shared variables.
No special rules are prescribed for the communication with
g a composite agent. The specifier can completely hide the
4—'4—>< > del n,o natural % internal structure by connecting all external channels to the

agent’s state machine. The state machine would in this case
dispatch or delegate signals and remote procedure calls to the

A

bl contained agents and send the results back to the caller. The
BlockPart (0,5): B ProcessPart (1,2): P other extreme is to connect the contained agents with bidirec-
b2 p tional channels to the containers interaction points. In this
case a communication between an outside agent and a con-
v v tained agent is possible without any involvement of the con-
v gl v 92 tainers state machine.

Figure 5. Virtual process type

If we look into the diagram defining th&ibtype1 block 3. Behavioral Decomposition

type(Fig. 6), one other process s@k(aProcessPart ) and tWO  the pehavior of agents is specified by means of extended
channels connecting this set with the environment and thg,ite state machines. A state machine is a connected graph of
existingProcessPart_have been added. Using the virtual Con-gia1e5 and transitions. Transitions are triggered by external
stimuli (signals, conditions, remote procedure calls). A state
block type SubTypel inherits CompositeBlock machine is always waiting for a stimulus in a state or per-
forming a transition. During a transition a sequence of actions
2 ;r;C;S;P;n‘ - \49_1’ may be performed, including the sending of signals and the
| i ’ creation of agents. This implies that the underlying semantic
e ’ model of a state machine is a Mealy automaton.

- - Three main ways for a decomposition of behavior are pro-
Figure 6. Inheritance of types vided by SDL-2000:

« Decomposition of the full state machine into state parti-
cept it is even possible to change the inherited elements in a tions (state machines) handling disjunct sets of stimuli.
subtype definitionsubtype2 (Fig. 7) has the same structure as ¢ Decomposition of a state into sub-states.

CompositeBlock . However,ProcessPart is here based on the ¢ Decomposition of a transition into procedures.
In contrast to structural decomposition by agents, which
always implies also a behavioral decomposition, the behav-

block type SubType2 inherits

CompositeBlock ioral decomposition does not imply a structural decomposi-
redefined tion.
<<process>>
P 3.1. State Partitioning

State machines can be directly specified by a state-transition
graph or by a decomposition intiate partitions Such a
decomposition is obtained by dividing the set of all input
redefined type definition af. It may therefore have a differ- stimuli into disjunct subsets.

ent behavior as well as a different internal structure than the Each of these subsets is then assigned to a single state par-

Figure 7. Redefinition of the virtual type

original process type tition. The behavior of such a partioned state (machine) is the
combination of the behaviors of its state partitions. The exe-
2.6. Communication cution semantics is alternation of transitions (run-to-comple-

tion), i.e. exactly one state partition in a state decomposition
In order for two agents to communicate with each other, botls performing a transition at any point in time
have to be connected by a channel or a chain of channels. AAn example of a state partitioning is givenHRiy. 8 The
channel is a reliable uni- or bidirectional medium withstate machine is partitioned into two state partitions, one
optional delaying properties. Channels may be specifie(Controller ) handling the signal&wgame , endgame andresuit



state aggregation game
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Figure 8. State partitioning

and another oneplay) handling the signalrobe .These states
are directly defined by state-transition graphs as part of state

Cash P
<P <y Fanel Dispenser

block type ATM

ATM

v
v

diagrams ig. 9).

Figure 10. Composite States
the cash dispenser). The ATM state machine is sketched in

state Play
C ) C °‘|jd ) C evlen D) Fig. 11 The composite stafeadamount is referenced as part
signalset of the ATM, and it is defined iRig. 12 Note that an interface
probe; ( even ) | probe | probe < . ) ; . . .
I [ in terms of connection points is a notion that applies to both
none ‘Win to send@ ‘Iose to sendtb agents and state machines. While the gate connection points

[ I
| EBtRfSEnder I | Estnisender s
\ v
| none< ( odd > ( even >
L |

state Controller cycle

signalset
newgame, L I I
engame, | newgame | endgame | result
result I I
| GameOut | |'De|ete player'|

score(count) to
sender

Figure 9. State partitions

State partitions are created together with their containing
state machine. It is not possible to create state partitions
dynamically.

3.2. State Decomposition

Whereas state partitioning uses the set of input signals, which
is the first element of the Mealy output function, as basis for
the decompositionstate decompositiois based on the sec-
ond element, the states. State decomposition in SDL-2000

state ATM

VerifyCard del
account Account,
amount Integer,

acceptCard
(account)

aborted outOfServie

transaction

(account,aprount) ejectCard

display
('Limit excee

ReadAmount
via reenter

resembles the concept of hierarchical states known from

Harel's state charts. A sketch of a state decomposition fggure 11. State ATM with composite state (ReadAmount)

given inFig. 10, Fig. 11 and-ig. 12 It is a partial specifica-

tion of an automatic teller machine (ATM). It also illustratesfor agents €, ¢, d in Fig. 10 specify which signals may be
the combination of state machine and internal containedommunicated through the points, gtate connection points
agents. IrFig. 10it is specified that each ATM consists of a for composite statesegnter, aborted in Fig. 11 andFig. 12
state machine and two block agents (controlling the panel argpecify possible transitions through the points.



vices shared these features with their containing process.
state ReadAmount « Process instances within a process may be dynamically

aol nbr ntegy: cregted an.d.destroyed, while services live and die with
< > lé[ their containing process.
The valid input signal sets of the services of a process had
to be disjoint; that is not the case for processes in processes.

. : bort i :
(Select apfount)) ot State partitions replace the concept of service from SDL-96.
lectAmount aborted g
‘ 5. Related Work
[ ]
amount(&mount) otherAm@t Many object-oriented analysis and design techniques base the
7 description of behavior similar to SDL on extended finite
: communicating state machines. This section gives an over-
CERY ameunt) view over decomposition mechanisms in the two modeling

languages UML and ROOM (Real-Time Object-Oriented
Modeling, [6]).

amount :=(

reenter 5.1. Decomposition techniques in UML

.8 . . .
nterAmount UML provides different means for structural and behavioral

decomposition. The logical structure of a system in UML is
digit(nbr ok specified by static structure diagrams using classes and rela-
tions between classes, especially aggregation and composi-
tion relations. Component and Deployment diagrams on the
e nbr other side specify the physical structure of the system. The
relationship between the logical elements and the physical
representation is expressed by residence meta links. While
SDL provides class definitions (type definitions) that specify
the internal structure of objects of the container class, UML
Figure 12. State diagram for composite state ReadAmount emphasizes the relations between the class of the container
and the classes of the part objects. Structures of objects are

. ) mainly used as temporary snapshots in object diagrams and in
4. Relation to SDL-96 collaboration diagrams.

As mentioned above agents in SDL-2000 consists of three An aggregation is a whole/part relationship between two

aborted

s

)

B

main parts: classes with composite aggregation being a strong form
« data in terms of variables, which requires that a part instance be included in at most one
« behavior in terms of a state machine, and composite at a time and that the composite object has sole
« an internal structure of contained agents and their corfesponsibility for the disposition of its parts. The composite
nections. object has the life-cycle control over its parts. On destruction

Because all three parts of an agent are optional, the SDL-38 the composite object it has to destroy its parts or to force
concepts of block and process are two special cases of Hieir migration to another composite object. The physical dis-
agent: tribution of objects is modeled by assigning classes to compo-

« An SDL-96 block is an agent, which has no state machingents (as residents). In a further step components may be

nor local variables, parameters, etc.; it only contains prodistributed over physical devices (nodes) i.e. processors.
cesses. Unfortunately UML does not specify any well-formedness

« An SDL-96 process is an agent, which only has a statélles relating the distribution of objects onto components to

machine, optionally local variables, parameters, etc., buihe aggregation relationships in the static structure diagrams.
no contained agent definitions. In contrast to SDL the semantics of the derived behavior of

The alternating execution of the processes in a processcomposite object or of a component is left open. It is up to
resembles the concept of services from SDL-96, with the folthe user to specify what kind of execution mechanism (con-
lowing differences: current, sequential, alternate) applies. Also the rules for the

» Each process instance within a process has its own inpateation of and the communication with composite objects

gueue and its own unique process identifier, while serhave to be specified explicitly in a behavior diagram.



As in most object-oriented modeling techniques behaviar
in UML can specified by state charts. A single state of a state
machine can be decomposed into (orthogonal) concurrent
sub-states. The execution of transitions follows always a run-
to-completion semantics. Due to this fact, and to the orthogo-
nality of concurrent sub-states, an interleaving of concurrent
transitions is always possible. Although UML has special
annotations to specify the rules for a concurrent external
access to an object (call of operations), the semantics guide
does currently not contain rules for the access to shared
attributes of a container. The three ways to handle concurrent
operation calls are:

 sequential: external synchronization is required

« guarded: calls are sequenced by the called object

« concurrent: all calls are executed simultaneously.
A detailed execution model is not (yet) given in UML.

Figure 13. Composite state in ROOM

The example inFig. 13 shows a state hierarchy with the

superstateop which is refined by the statss ands2. State

s2 is composed by the sub-statea ands22. The leaf sub-

states ofs21 ares211 andsi112. Transitions which return to

The ROOM notation has the concept of concurrent entitiethe history state of a composite state is a transition segment

called actors. An actor may have both a state machine andtaat terminates on the outer border of a composite state (here

decomposition into sets of connected actors. Actors arei andt2). Assume that the current statesis2 when the

defined by actor types. ROOM does not support nesting aftimulus fort1 is fulfilled by an event. Then transition will

definitions. This means that actor types can not be locallpe applied because it is a group transition (whose execution is

defined to an actor type. Actor types are defined in packagesegardless in which sub-state the actor is). In that case transi-

An actor can be instantiated as part of another actor, but duien t2 will force the behavior back to the contesti2-s21-

ing run-time the actors are flattened out as completely encapz-top.

sulated objects. All forms of communication between actors Besides various syntactic differences the main difference

are via ports and bindings (connecting two ports). There angetween SDL and ROOM is that SDL allows type and sub-

no global shared variables. Variables in the container actor afgpes of composite states with the following mechanisms:

thgs_not visible in _the conta|_ned actors. The. |mpI|cat|on_of « inheritance of states and transitions

this is that a container actor is more or less just a container. - . "
. « redefinition of virtual transitions

The structure of contained actors can not reflect the effect of L _

their execution in the common container actor, so the reason * '¢definition of virtual states/sub-states

that they are contained in the same actor is only for genera- * context parameters in order to be usable in different sys-

tion of actor structures. tems.

The behavior of actors is specified by a variant of Harel’é&\n important aspect in favor for ROOM is its distinction
state charts. To control the complexity of the behavioPetween high-level and low-level behavior description. This
description of an actor, ROOM supports the same state hiera&lows to separate out implementation dependent control and
chy concepts as SDL: communication activities.

« A state at one level of abstraction may be refined into a

complete state machine at a lower level. The current state Compared to UML or ROOM the semantics of structural
of an actor is described by a nested chain of states (stalecomposition in SDL is more rigid. Rules for creation,

5.2. Decomposition techniques in ROOM

context). destruction and communication are directly integrated in the
» Each nested state represents a separate context (sctgreguage and free the specifier from overspecification. Nev-
unit) with its own optional set of data variables. ertheless, due to the provision of different semantic variants

« A so-called group transition is the concept in ROOM tothe rigid semantics does not imply severe restrictions on the
model the common behavior (set of transitions) that ispplicability. An overview over the structural and behavioral
independent of any sub-state at the next conceptual levetomposition/decomposition concepts in the three different

« ROOM supports the history concept. languages is given ifable 1.Table 1.

« State entry actions are optional detailed actions that are In the area of structural decomposition SDL-2000 provides
executed whenever the associated state is entered, indee same expressive power as UML, but adds both a clearer
pendent of which transition this state was addressedemantics and the feature of nested types and the implied
Similar state exit actions are supported. access control by the container.



Table 1. Comparison of decomposition concepts

procedures as part of transitions. While aggregation and com-
position are specified by special associations between classes,

SDL UML ROOM state machines are specified for individual classes. Implica-

Structural D ” tions of a structural decomposition on the behavior and of
ructural becomposttign y y y behavioral decomposition on the structure are often defined

Contained | , ions Ct;nttalntted rather vague. . . . y
concept (and possibly| A99régation}  (but no SDL has had its primary force in structural decomposition.
nested) Agentscomposmon nested) Object-oriented concepts as classes (types in SDL) and inher-
Actors . ) . p_ yp ’
_ itance were introduced into the language in 1992.

derived behavior semantics‘?i‘:t‘gﬁgae\;‘;;r ”grzzgﬁ]&c* concurrent This paper has presented the combined structural and
behavioural decomposition mechanisms of SDL-2000. It has
data sharing y y n been demonstrated that it is possible for a language to provide

access to containgccontrolled by

elements

migration of containe

gate/interface

d

no restriction

controlled by
" port/protocol

(with formal semantics) combined mechanisms like objects
with both state machines and internal structure of connected
objects, composite states with well-defined interfaces, mech-

elements n y n anisms for inheritance of such combined state machine and
internal object structure. Moreover, the language also pro-
separate class/type and n id hani f he d . . f h
structure definitio y y vides mechanisms for the dynamic creation of such compos-
o R ite structures, and mechanisms for the communication and
nested class/type definitions y n n data sharing between the contained elements. Combining the
Behavioral Decompositign y y y new concept of agent with the conceptirderfacesmakes
nested statas y y y S_DL v_veII suited for the d.eS|.gn and development 01_‘ applica-
tions in the context of distributed systems and middleware
concurrent sub-states y y y platforms (e.g. CORBA)
state types/classges y n n

*. No semantics defined.
t. Allowed by Semantics Guide, but no notation available.

In SDL the definition of types (classes) and the use of
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