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Abstract. The upcoming major revision of the UML (see OMG [2003]) has intro-
duced significant changes and additions ttee“lingua franca of Software Engineerihg

Within the UML, activity diagrams are particularly prominent, since they are the natural
choice when it comes to the modeling of web-services, workflows, and service-oriented
architectures. One of the most novel concepts introduced are so called structured nodes
(StructuredActivityNodes in the metamodel). This concept includes features like loops,
expansion regions, collection valued parameters, and data streaming.

Building on substantial previous work by the author, the purpose of this paper is to
understand better these new concepts and notations, and actually defines a semantics for
them. Since the UML standard is still immature in some parts, this article is restricted
to those concepts, for which a reliable interpretation is currently possible. This article is
followup to Strrle [2004d].
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1. Introduction

The modeling of business processes and workflows is an important area in in-
dustrial software engineering, and, given that it crucially involves domain-experts
which are usually non-programmers, it is one of those areas, where model-driven
approaches definitely have a competitive edge over code-driven approaches. As
the UML has become thdit\gua franca of software engineerihgnd is the cor-
nerstone of the Model Driven Architecture initiative of the OMG, it is a natural
choice for this task. Within the UML, activity diagrams are generally considered
to be the appropriate notation for modeling business processes, workflows, and
system-level behaviors, such as the composition of web-services. Unfortunately,
the ActivityGraphs of UML 1.5 have certain shortcomings in this respect, one
of which is the lack of structuring mechanisms within ActivityGraphs. The only
way to model non-linear control- and data flow is the DecisionNode (depicted by a
diamond-shaped symbol), that is, a goto, with all its negative repercussions.

In programming languages, the goto-construct has long since been abandoned.
Modern programming languagefer a whole range of structuring constructs like

1 Adopting the convention of the standard, words in “CamelCaps” refer to meta-classes.
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different kinds of loops, properly nestedlierfelse or cagetherwise expressions,
exceptions, transactions and more. None of these are present in UML 1.x. Un-
surprisingly, some people consider the ActivityGraphs of UML 1.5smaghetti-
diagrams. And consequently, the OMG has addressed this problem by adding the
concept of StructuredActivityNode gtructured nodg for simplicity) in the new
version of the UML.

However, all of these constructs are new in the UML. For some of them, there is
the experience from programming languages or other notations to guide us. For
instance, exceptions in, say, Java, or conditional nodes in Nassi-Shneiderman-
Diagrams. Some other constructs, however, seem to be new altogether, like
ExpansionRegions. In either case, there is little to no experience yet as to how
these constructs integrate with the rest of UML activity diagrams.

Also, it is currently unclear what the precise semantics of these new concepts
is, for in the standard this is described only in a very superficial way, without the
formal rigor necessary for practical model exchange, or enactment, or verification
tools. In fact, the standard does not even provide adequate examples to illustrate
the intention behind these constructs and to clarify their meaning.

This paper thus explores the new notions both syntactically and pragmatically,
striving to provide a plausible and viable interpretation for the various types of
Structured Activity Nodes, including at least a partially formal definition of their
semantics. Be warned that the UML is a moving target, however, and so this paper
is restricted to those concepts for which an interpretation can be currently pro-
vided with suficient validity; for the remaining concepts, some interpretations are
offered, but they are more on the speculative side (see section 5).

2. Activity diagrams

Activity diagrams serve many purposes, during many phases of the software life-
cycle, and are a tool for many roles:

o They are intended for being used for describing all process-like structures,
e.g. business processes, software processes, use case behaviors, web services,
and algorithmic structures of programs, though other purposes like hardware-
descriptions are also conceivable.

o Activity diagrams are thus applicable throughout the whole software lifecy-
cle, i.e., during business modeling, acquisition, analysis, design, testing, and
operation, and in fact in many other activities.

o Thus, they are intended for usage not just by Software-Architects and
Software-Engineers, but also by domain specialists, programmers, admin-
istrators and so on.

Activity diagrams are best explained by means of an example (see Figure 2.1,
adapted from OMG [2003, Fig. 203, p. 290]). The example consists of two dia-
grams, a class diagram (left) and an activity diagram (right). Note, that the class
Order has a third compartment that contains a reference to the activity diagram
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OrderBehavior. This way, the class diagram sets the necessary context for the ac-
tivity diagram, providing us with an inscription language for the activity diagram
(see Section 3.1 for more on contexts).

I!:I OrderExample / n: OrderBehavior /

—
filled: Bool l[accepted]
billed: Bool _

paid: Bool @
shipped: Bool v{fiII = true}
goods: Good

same (Order): Bool

A h 4
init (Int): Order (Eroduce goods) (“send invoice
~

join (Order, Order): Order
pay(): void receive
4 ent

bundle (Good collection): void ship goods paym
T
h 4

1:\] OrderBehavior
®

Fig. 2.1 An introductory specification consisting of a class diagram (left), and an activity diagram
(right). The icon in the third compartment of cla@sder is a reference to the Activity specified in
diagramOrderBehavior.

Concerning on the activity diagram, the following behavior is intended. First,
an order is received by the actioeceive order. The diamond-shape represents a
decision node. The expression with square brackets on the first branch asserts that
if this branch is taken, the context is in staterepted. Note that guards like this
may, but need not correspond to attributes of the context. Next, the &itttavder
is executed, the behavior in curly brackets is invoked, and a fork (the first black
bar) is reached. The fork splits the path of control flow into &@n the left path,
the actionsproduce goods andship goods are executed. On the right path, the
actionssend invoice andreceive payment are executed. Aftareceive payment,
the behaviompay() is invoked. Both paths are pursued concurrently. When they
have both completed their execution, the join (the other black bar) may take place,
and the actiortlose order is executed. Returning to the decision node above (af-
ter receive order), its second branch invokes the behavigiect. Note, that this
behavior is not specified by the context.

In general, this is only an intuitive example, not a complete one: a model com-
piler would probably reject it, or at least warn the user that the system is underspec-

2 Itis currently undefined by the standard what happens to data tokens here.
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ified. It is also arguably the case, that the problem in question should be modeled
in a different way, but for the sake of argument, | will stick to this example, since
it is the one used throughout the standard itself.

This example goes beyond the UML standard, in that each diagram is put into
a frame denoting its type and name, while the standard defines this only for inter-
action diagrams. It is good practice, however, and should be followed, whenever
specifying a system. Observe that it is only this feature that allows us to spec-
ify OrderBehavior separately in a digram of its own, and reference it from within
the third compartment oOrder. The procedure proposed in the UML standard
would require us to draw the whole Activity (and only a single one!) in the third
compartment.

3. Activities

A detailed discussion of the concrete and abstract syntax of UML 2.0 Activities,
the semantic domains of procedural and colored Petri-nets, respectively, and the
semantic mapping of control- and data-flow, and exceptions of Activities is found
in Stirrle [2004b], Sérrle [2004a], and Sirrle [2004c].

In UML, the abstract syntax is defined by the metamodel (also called abstract
syntax). The various notations and digram types are the concrete syntax. The
concept underlying the notation of activity diagrams is called Activity. In this
section, this concept and related metaclasses are explained.

3.1 Abstract syntax

Compared to UML 1.5, the concrete syntax of activity diagrams has remained
mostly the same, but the abstract syntax and semantics have changed drastically.
In the new UML metamodel, the whole area of Activities has been structured into

a graph of packages of increasing expressive power (see Figure 3.2).

CompleteStructuredActivities

CompleteActivities
ExtraStructuredActivities

IntermediateActivities

StructuredActivities

BasicActivities

Fig. 3.2 Levels of expressiveness in activity diagrams.
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Figure 3.3 shows a small portion of the metamodel concerned with
StructuredActivityNodes. An Activity consists of several ActivityEdges and
ActivityNodes. The nodes are connected by the edges, so that an Activity is basi-
cally a graph of ActivityNodes.

Activity ||< cal

P ActivityEdge

incoming|* % /outgoing

target|1 1|source
*| ActivityNode |-

| ControlNode | | ExecutableNode |
[ InitialNode pyrT |
| FinalNode

4—‘ StructuredActivityNode|

| DecisionNode

ConditionalNode |

LT T T 7]

| MergeNode setupPart
LoopNode bodyPart
| ForkNOde isTestedFirst: Boolean test
|JoinNode ExpansionRegion
mode: {concurrent, iterative, stream}

Fig. 3.3 The UML 2.0 metamodel as far as ExpansionNodes are concerned (simplified).

ActivityNodes may be separated into two groups: ControlNodes and Exe-
cutableNodes. Each of these groups has several subclasses. The subclasses of Con-
troINode are rather similar to the corresponding concepts in UML 1.5. For the pur-
poses of this article, it is shicient to consider only Actions and StructuredActivity-
Node. The latter has three subclasses, ConditionalNode, LoopNode, and
ExpansionRegion, which are examined in sections 4.1, 4.2, and 5 in turn.

As an aside, the metaclass StructuredActivityNodes is a subclass of Action

The standard also states thhthaviors, as such, do not exist on their gwn].

If a behavior operates on data, that data is obtained from the host objedtA
behavior has access to the structural features of its host objett.OMG [2003,

p. 369]) This is sometimes described as the embodyment of behaviors in UML 2.0
(see Figure 3.4 for the relevant portion of the metamodel). It may be visualised in
the way shown in Figure 2.1.

3 StructuredActivityNode is also a subclass of ActivityGroup, but since this is enieheric group-
ing construct for nodes and edgesd has ho inherent semanti¢gcf. OMG [2003, p. 301]), they
may be safely ignored here.
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Classifier Behavior

>I

context

| BehavioredCIassifier| | Activity | | Interaction | |StateMachine|

| Class || UseCase ||Col|aboration|

Fig. 3.4 Metamodel of Embodyment

3.2 Semantic domain

Since the standard stipulates that Activitiesé a Petri-like semantit$écf. OMG

[2003, p. 292)), it is natural to use Petri nets as the semantic domain. Petri-nets
have the additional advantages of providing an almost trivial mapping for basic
Activities (see next section), something that is not at all easy in other formalisms.
Grace to the straightforward mapping, traceability is also ensured and thus the
semantics as such and every translated model can be easily validated. Consider
Figure 3.5 for an example. There, the activity diagram of Figure 2.1 is mapped
intuitively to a Petri-net and a CCS-expression. Obviously, the structure of the
model remains visible (literally) in the Petri-net translation, but is lost in the CCS-
translation.

Capturing hierarchical abstraction and data-flow requires high-level nets, of
course. In Sirrle [2004b, 2004a, 2004c], | have shown how control-flow, pro-
cedure calling, data-flow, and exceptions in UML activity diagrams can be mapped
to different variants of Petri Nets. For the purposes of this paper, flat higher-order
nets are sfiicient. For pragmatic reasons such as availability of good tool support,
| propose to use Colored Nets Jensen [1992].

3.3 Semantic mapping

While in UML 1.5, activity diagrams have been defined as a kind of State Machine
Diagrams (ActivityGraph used to be a subclass of StateMachine in the Metamodel),
there is now no such connection between theActivities are redesigned to use

a Petri-like semantit(cf. OMG [2003, p. 292]). The intuition of the semantic
mapping is presented in the first six compartments of Figure 3.6.

For elementary Activities, the mapping to Petri-nets is rather simple, as the exam-
ple in Figure 3.5 already suggested. Intuitively, Actions that are ExecutableNodes
become net transitions, ControlINodes become net places or small net fragments,
and ActivityEdges become net arcs, possibly with auxiliary transitions or places.
This intuition is described in detail in Figure 3.6. There, each field shows the intu-
ition of the translation for one area of Activities. Each activity diagram fragment
(left column) maps to the corresponding Petri-net fragment (right column). The
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l ? Activity = a.P

P = receive_order.Q

Q=R+S
fill order fill_order S = fill_order.T
. aux R=1T
T=U i
(produce goods) (send invoice ) | produce_goods | | send_invoice |
l U = produce_goods.V

V = ship_goods.W

X = send_invoice.Y
( ship | ship_goods | |receive7payment| Y = receive_payment.Y'

— Y =join
Y' = join. Z

ose_order

Z = close_order.0

(a) UML 2.0 Activity (b) Petri-net (c) CCS-process

Fig. 3.5 Comparison of two semantic domains by example: (a) basic activity diagramyTdneP
(c) CCS-process.

details are defined in 8trle [2004b, 2004a]. Exceptions are left out (seérde
[2004c] for this issue).

For data-flow, the mapping is not quite as easy, and also requires colored Petri-
nets as the semantic domain to cover data-types, guards, and arc-inscriptions. As
Actions may call Activities, transitions should be able to call nets like procedures.
Obviously, this goes beyond traditionglTPhets, so that 8trle [2004b] resorts to
procedural Petri-nets (first described in Kiehn [1989]). | require that each Activity
is represented by a separate boxed and named activity diagram similar to UML
2.0 Interaction Diagrams (cf. Figure 4.10 ané@e [2003]), each of which may
then be transformed separately into a plain Petri-net. These individual nets are held
together by a refinement relationship exploited at run-time, i.e., when a family of
Petri-net is executed.

With such a mapping, standard Petri-net tools may be applied to validate the
mapping, and in fact to validate models. See Figure 3.7 for a screenshot of using
the CPN Toolset for this purpose on the running example.
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ExecutableNodes UML ADs Petri-nets ActivityEdges UML ADs Petri-nets
AN
ControlNodes except «—>
= —®
PS O unless:
O O —
o O o—(©
ObjectNodes ObjectFlows
OTYPE lexpr expr

Fig. 3.6 The intuition of the semantic mapping for Activities. Actions that call Activities are repre-
sented as Petri-net transitions with a double outline. They are translated into refined transitions of a
procedural Petri-net.

4. Simple StructuredActivityNodes

In this section, ConditionalNodes and LoopNodes are explained. They can be ex-
plained in terms of syntactic sugaring of more elementary constructs, the semantics
of which has been defined in@tle [2004b, 20044a] (see also Section 3.3 above).

4.1 ConditionalNodes

A ConditionalNode is a kind of set of guarded commandscdnditional node is a
structured activity node that represents an exclusive choice among some number of
alternatives. (cf. OMG [2003, p. 313]). Each consists of a set ofduses, [each
consisting] of a test section and a body sectiolhen executing a Condition-
alNode, all tests are executed. Then, the body section of one of those that yielded
true is chosen nondeterministically and executed. Alternativegtiencing con-
straints may be specified among clauses

The standard gives no hint concerning the concrete syntax of a conditional node.
Thus, | propose a representation similar to that of ExpansionRegion, namely a
dashed box with Pins (i.e., ObjectNodes) for the input- and output-parameters and
one compartment for each pair of condition and consequence, separated by dashed
lines (see Figure 4.8, left).

In order to reduce complexity, | propose that the test sections be Seld-feee.
Thus, it is probably the easiest to use the guards introduced with DecisionNodes.
Also, | suggest that the body section consist of single Actions. These may call
upon other Activities, of course. Then, ConditionalNodes are just syntactic sugar,



STRUCTURED NODES IN UML 2.0 ACTIVITIES 9

= CPN Toals (=]
- History R
vT.:LSii:w O”Rd;‘P‘rocessimg
- Create
L=
» Hierarchy 1‘1**1‘3“1‘3“1 ORDER .
¥ Met ¢ initial ™ @) 101 falsaalsz falsaalse)
» Nenhlet T T - |
MewPage . . (id false, false, false, false)
Closehet DM
Loa
Sawe
Sawehs
#Print
¥ Simulation
Rewined Simulation
Stop
e D] 2 oy
»Flay ¥
* FastForsard T
MLEwaluate
> Statespace
> Style
»Help
»Binders
» Options
F#OrderPracessing2.cpn
Step: 1
Time: 0
¥ Declarations
#Standaid declarations
QrderProcessing
Mew Page
joinforder, order2)
#1 arder
INT order ORDER order

Mone

Fig. 3.7 Validation the semantic mapping in general and specific models in particular usiggthe
Toolset.

and their meaning is best defined by an expansion into more basic constructs. Fig-
ure 4.8 (right) shows how this may be done.

4.2 LoopNodes

A loop node has Setup, test, and body sectidrisf. OMG [2003, p. 341]), all

of which consist of a set of ActivityNodes. Alsathe test section may precede or
follow the body sectidifibid.), depending on the value of the attribute isTestedFirst
(see Figure 3.1). Alsothe setup section is executed once on entry to the loop, and
the test and body sections are executed repeatedly until the test produces a false
valu€'(ibid.).

Additionally, a loop node may have several OutputPins for outputting various
values, including the loop variable, the test value, and so on (these are ignored in
the remainder). The initial value for the loop variable is provided on an InputPin.
Note, that intermediate values may be stored in the context.

As with conditional nodes, the standard gives no hint on the concrete syntax of a
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Fig. 4.8 ConditionalNodes are syntactic sugar: sugared form (left), and its meaning (right).

LoopNode. | propose to also represent it similar to an ExpansionRegion (and my
proposal for ConditionalNodes) as a dashed line with ObjectNodes for the input-
and output-parameters and compartments for setup, test, and body regions sepa-
rated by dashed lines, see Figure 4.9 (a).

There is only a single possible interpretation of LoopNodes: setup, test, and body
compartments are individual Actions (possibly refined by Activities) in a simple
Activity like those presented in Figure 4.9 (b) and (c). These two possibilities
implement both while-do and repeat-until loops, that is, loops where the condition
to continue execution is tested before or after executing the loop body. If the former
case is intended, the isTestedFirst-attribute of LoopNode is set to true, in the latter
case, it is set to false.

Another interpretation is presented in Figure 4.9 (d). There, the test is treated
similar to the guards in ConditionalNodes. This interpretation is not admissible
according to the standard, however, since test is modeled explicitly is an Activity-
Node.

There is no syntactic feature in the standard to distinguish between while- and
repeat-loops. Thus, | propose to use the sequence of the body and test sections in
a LoopNode, that is, if the test section stands above the body section as in Fig-
ure 4.9 (a), the test is executed first, implementing a while-loop. For until-loops,
the sections are simply interchanged. This would avoid an additional inscription,
and make the type of loop very obvious even for people that are not familiar with
the underlying concepts.

4.3 Open questions concerning LoopNodes

So far, interpreting the standard has been rather straightforward. There are some
questions concerning the interpretation of LoopNodes, however. For instance, the
standard declares that a LoopNoded costructured activity node that represents

a loop with setup, test, and body sectidngf. OMG [2003, p. 341]). Unfor-
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Fig. 4.9 LoopNodes as syntactic sugar: sugared form (a) and possible expansions (b—d).

tunately, the meaning of the wor@dstructured remains opaque. The standard
goes on by saying thateach section is a well-nested subregion of the activity
whose nodes follow any predecessors of the loop and precede any successors of
the loop! (cf. OMG [2003, p. 341]). This seems to indicate that a LoopNode is
just a kind of additional structure on top of an Activity. That is, the activity diagram
fragment shown in Figure 4.10 (left) is identical to the Activity diagram fragment

of Figure 4.10 (right), and the LoopNode structure shown there has no meaning at
all, and is just a kind of reading guide that overlays the structure of the Activity.
But then, why are there LoopNodes in the first place?

Also, consider the interaction of loops with exceptions. A natural construction
one would expect to be admissible (and simple enough semantically) is the situa-
tion shown in Figure 4.11 (a) and (b)What is the scope of the exception—is the
body section also an InterruptibleActivityRegion? Or should it be possible that the
exception is raised in the test dadsetup, too, as suggested by Figure 4.11 (¢)?

Actually, both situations make sense. So | propose to follow the interpretation
shown in Figure 4.10 (b) where the LoopNode is a plain Action refined by the
Activity of, say, Figure 4.9 (b). This node is now also the protected node of the
exception. This way, itis possible to raise an exception anywhere in the loop. If the
scope of the exception is supposed to be more restricted, the Activity that refines
the “looping actiori node must raise an exception.

5. ExpansionRegions

In this section, ExpansionRegions are explained. The description of Expansion-
Regions in the UML standard exhibits far more errors and inconsistencies and is

4 On the syntax and semantics of exceptions in UML 2.0 activity diagrams, 8e#e$2004c].
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n: LoopSample /

Interpretation 1, pt.1 /

n: Interpretation 2 /

- - setip -y
0—»‘ previous action ' \
Vs ~ p
| setup | |b° dy |
r - - looping action bod
— | test |
I_test 1 "
~ - - 1 subsequent action }—»( : ) | |
' v
subsequent action ° subsequent action

Fig. 4.10 LoopNodes in context: a fragment of an Activity containing a LoopNode (left), inter-
preting a LoopNode as an Action calling an Activity as described in Figure 4.9 (middle), and an

alternative interpretation where the LoopNode is expanded in its context (right).

, |+ ~ - B
setup | n:useaReglon/ n:the Region /
|
F----d
| test 1
I | r = N
I
- - - = _ keyword !
2 PO
1 I
\ /

(b)

Fig. 4.11 Interactions between structured nodes and exceptions (a); the context of an Expansion-
Region (b) may call upon an Activity defined, say, like (c). In this example, the raising scope of
the exception (the InterruptibleActivityRegion) has been set to encompass both the body and the test
section.

much less detailed than the descriptions of basic activities or LoopNodes and Con-
ditionalNodes. Also, there is a fairly straightforward intuition for loops and condi-
tionals in terms of their practical usage and value, even if this is not documented
in the standard. For ExpansionRegions, however, such a pragmatic intuition is not
obvious. So, to some degree, this section is speculative in exploring possible inten-
tions of the standard. This is nevertheless a worthwHilere however, given the
significance of the UML and MDA.
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5.1 Intuition

ExpansionRegions are ActivityNodes that process collections of elements as a unit.
The standard declares that whem“execution of an activity makes a token avail-
able to the input of an ExpansionRegion, [it] consumes the token and begins exe-
cution. The ExpansionRegion is executed once for each element in the collection
(cf. OMG [2003, p. 326]). In a way, thus, an ExpansionRegion can be viewed as a
kind of map-function from one collection to another.

Now consider an example (the standard does not provide one). In Figure 5.12,
the running example from Figure 2.1 has been extended to cope with orders where
the attribute goods is not just a single item of type Good but a Good collection. For
instance, instead of ordering a single item, a whole batch might be ordered by one
customer. While the administrative processing like general ordering procedure,
invoicing, payment and so on are the same as for orders consisting of just one item,
the actual production must now be executed once for each item in the batch. This
could be modeled explicitly, or one could use an ExpansionRegion for this purpose.

OrderExample E!OrderBehaVior/ Order
reject
o (e arde) HC—

filled: Bool [accePtedLL
billed: Bool (" fill order ){orderfill()}
paid: Bool
shipped: Bool h 4
goods: Good collection {order.goods}
h 4
same (Order): Bool ------

’ \
rproduce goods;

N jterative,

init (Int): Order send invoice

join (Order): Order - - g
]pay(gz void) {order.bundle(goods)lr receive

) _ . payme
bundle (Good collection): void ship goods orderpay ()}

1] OrderBehavior 4 il
(D lose order 4 H

{order.close ()}

Fig. 5.12 An example for using an ExpansionRegion in an activity diagram.

Please note the keyword in the lower right corner of the ExpansionRegion in Fig-
ure 5.12. Itindicates the mode of processing the arguments. It may be implemented
in four different ways (not counting mixtures of these).

iterative that is, in a loop where each of the elements is treated in turn, but
processing starts only on the complete set of arguments;
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streaming is similar to iterative in that only one element is processed at once,
but processing of the first element may start even though further ele-
ments have not yet arrived;

parallel meaning that all elements are processed in lockstep, starting, proceed-
ing, and ending together, irrespective of the actual time needed to pro-
cess individual elements, and so possibly creating idle times;

concurrent is similar to parallel in that all arguments are treated potentially at
the same time, but independent of each other rather than in parallel.

Following the UML standard, it is possible to specify three of these variants by
setting the mode-attribute of ExpansionRegion. It may carry the values iterative,
stream, and concurrent. Beware of the last mode setting, however: due to a spate
of printing mistakes in the standard, the word parallel is used in all but one place
instead of the word concurrent. The behavior explained is definitely concurrency,
though, not parallelism:the execution may happen in parallel, or overlapping in
time, but they are not required 'tgcf. OMG [2003, p. 326]). To achieve paral-
lelism, the standard would have to specify the executionpasdllel in lockstep,
beginning, proceeding, and ending simultanecustysimilar.

At this point, an important feature of Activities is encountered. The standard
states thatthe expansion region is executed once for each element in the collection
(or once per element position, if there araultiple collections): (cf. OMG [2003,

p. 326, emphasis added]) This seems to imply that an Activity is a kind of dataflow-
computer with diferent parameters flowing through it—similar to a Petri-net, in
fact®, and not like an individual run.

Unlike simple StructuredActivityNodes, ExpansionRegions can not be explained
easily in terms of more elementary constructs. Thus, a semantics should be de-
fined in terms of a more fundamental formalism, i.e., Petri-nets. In addition to the
reasons given above, there is another reason why ExpansionRegions can not be
covered by elementary Petri-nets: if there are several computations going on at the
same time, they must be isolated from each other to avoid unintended interactions.
Thus, a macro-like expansion strategy, as has often been proposed for high-level
Petri-nets, is not the best choice here. lar8e [2004b], this problem has already
been solved silently by the very definition of procedural Petri-nets.

So, using the procedure call semantics we already discussed for LoopNodes and
ExpansionRegions, this problem is avoided altogether (details on the formalism
are found in Sirrle [2004c]). Thus, similar to the treatment of LoopNodes as
proposed in Figure 4.10 (middle), ExpansionRegions should be translated as re-
fined Actions (see Figure 4.11 b and c), where various calls to the same refine-
ment transitions executes in its own state space. Depending on the mode of the
ExpansionRegion, ffierent refinement nets must be used (see Figure 5.13). What
these refinement nets look like will be explained in the following sections for each
kind of ExpansionRegion.

5 Also, this raises again the question how well activity diagrams are suited for, say, workflow mod-
eling, and whether Activities represent a workflow tigmhema or an instance.
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5.2 lterative ExpansionRegions

In an iterative ExpansionRegionthe executions of the region must happen in se-
guence, with one finishing before another can bedin] Subsequent iterations
start when the previous iteration is completed. During each of these cases, one
element of the collection is made available to the execution of the region as a to-
ken during each execution of the regibgef. OMG [2003, p. 326]). This mode is
treated semantically as shown in Figure 5.13 (left). While similar to a loop node,
an iterative ExpansionRegion does not define any order in which the items are pro-
cessed.

At this point, a small digression concerning the tool used is in place. The nets
in Figures 5.13 and 5.14 have been drawn, simulated, and analysedQRing
Toolset (see CPN Tools Team [2004]). Therefore, the inscriptions are Standard
ML code (the programming language used for inscriptions inctAll Toolset, cf.
Paulson [1991]), with some special conventions. For instahég,the color of
plain tokens (black dot token that is, the regular Petri-net tokens), and the only
value of this type is. Multisets are represented likeg true++2‘ false, which
means: one token of valugrue and two tokens of valu€alse. Tuples are written
as x,y), and lists aghead: : tail).

Returning to iterative ExpansionRegions, the collections there have been imple-
mented as lists, simply for convenience. Other implementations (in particular mul-
tisets) are of course possible. In the net, the region is represented by a transition. It
may be refined to call another net in the sense of procedural Petri-nets (cf. Kiehn
[1989], Stirrle [2004b]). The region may start processing the first element of the
collection right away by taking it from the list and, after processing it, adding it
to a result list. When all elements have been processed, the Input collection is de-
pleted (i.e. has become the empty list), and the resulting list is reversed to achieve
the original order again (this last step may be omitted of course, if the collection is
unordered).

5.3 Concurrent ExpansionRegions

In a concurrent ExpansionRegionhé execution may happen in parallel, or over-
lapping in time, but they are not required’tgcf. OMG [2003, p. 326]). This mode
is treated semantically as shown in Figure 5.13 (right). There, the collection is first
split up into its elements. The number of elements is tracked in the place Counter.
Then, each element may be processed by the Region. Observe, that a transition
may fire concurrently to itself as often, as there are tokens activating it. As soon
as the first results are produced, they may be collected again by the join collection
transition. If all results are processed, the Counter has been decreased to zero, and
the output may be produced.

Note that it would be not easy at all to realize a truly lockstep-parallel execution
mode of an ExpansionRegion, since then it is ndfisignt to use a procedure call
or macro mechanism. Instead, it would be necessary to resort to a kind of net
folding.
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Fig. 5.13 Semantics of ExpansionRegions: iterative mode (left), streaming mode (middle), and
concurrent mode (right).

5.4 Streaming ExpansionRegions

In an ExpansionRegion with mode strearthére is a single execution of the re-
gion, but its input place receives a stream of elements from the collection. The
values in the input collection are extracted and placed into the execution of the
expansion region as a stregm ]. Such a region must handle streams properly or

it is ill defined. When the execution of the entire stream is complete, any output
streams are assembled into collections of the same kinds as the i{pit&MG

[2003, p. 326]). Thus, at any given time during the stream processing, some ele-
ments of a stream may have been processed already, some may be being processed
in the very instant, and some may still be awaiting processing. This is in contrast to
other collection-valued ExpansionRegions, where all elements of a collection must
be presenbeforethe processing starts, and all elements of the collection must be
processedbeforethe Region is terminated.

Starting with the simple case of an individual stream, this behavior may be
captured by the net shown in Figure 5.13 (middle). Collections may be repre-
sented by tagging the elements with sequence numbergliement STREAM =
Element X SequenceNumber.

First of all, the stream is split into sequence numbers and elements proper. While
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the element is processed by the Region, the sequence number is passed by. The
complement place ensures proper synchronisation.

The mappings provided in this and the two previous sections may be validated
again usingCPN Toolset (see Figure 5.14).

6. Conclusion

6.1 Summary

In this paper, the concepts related to StructuredActivityNodes are examined.
LoopNodes and ConditionalNodes may be defined as syntactic sugar. Expansion-
Regions may be defined by mappings to high-level Petri-nets. Some problems con-
cerning the concrete and abstract syntax and the semantics have been uncovered in
the standard (concrete syntax of Conditional- and LoopNodes, scope of exceptions,
singlegmultiple inputs), and some possible solutions have been proposed.

There have been several proposals for semantics of activity diagrams, but most
of these aim at UML 1.x. For UML 2.0, there are only Barros and Gomes [2003]
and Sbrrle [2004b, 2004a, 2004c] dealing with the semantics, and Bock [2003a,
2003b, 2003c, 20044, 2004b] dealing with some of constructs on an intuitive level.

6.2 Related work

There are two kinds of related work that are to be considered. On the one hand,
there are predecessors and relatives of activity diagrams, that is, all the other no-
tations that server similar purposes. Table 6.15 shows a comparison of the expres-
siveness of some of these notations.

o UML The most obvious comparison is of course between the activity dia-
grams in the various UML versions (cf. OMG [1998] and OMG [2003] vs.
OMG [2003]). While the basic constructs remain more or less unchanged,
version 2.0 adds several powerful features, including exceptions, arbitrary
fork/join-conditions, LoopNodes, ConditionalNodes, anffedient kinds of
ExpansionRegions.

o formal methods The earliest notations for processes ay@-mets (see
Baumgarten [1996],Murata [1989]). While exhibiting desirable and inter-
esting theoretical properties, they have never quite reached industry. High
level nets like colored Petri-nets (CPNs, see Jensen [1992]) have increased
expressive power, but have not caught on, despite a number of successful
case studies. The same is true for other formal methods for concurrency like
Process algebras (e.g., CCS, see Milner [1989]). They have the additional
drawback of being a purely textual notation, thus lacking visual appeal.

o business processds business process modeling, (extended) Event-Process-
Chains (eEPC) are very popular (cf. Kellgral. [1991],Scheer [1995]), in
particular in conjunction with ERP packages such as SAR REPCs and
similar notations are now in widespread use, despite their limited expressive-
ness, rather restricted tool-support, and the persistent lack of adequate formal
foundations.
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o general purposeAnother notation with a similar scope, if slightly more ori-
ented towards IT applications rather than the domain as such are data-flow
diagrams (DFD, see Gane and Sarson [1979]) and IDEF-3 (see National In-
stitute of Standards and Technologies [1993]). Both of these originate with
the structured methods of the 70’s and 80’s, and provide by and large similar
expressiveness as UML 1.x activity diagrams.

o Workflows On an even more detailed level, there are workflow description
languages that feed into workflow engines. As one representative, consider
BPEL4WS (see Andrewst al. [5 May 2003]). Like CCS, BPEL4AWS lacks
an adequate graphical representation. It is conceivable, though, that activity
diagrams be used as a front-end for BPEL4AWS.

Obviously, UML activity diagramsfder several new concepts and notations that
are not present in any of the traditional business process modeling languages. It
has been argued that such a rich languagefigdit to handle, and too powerful
for many tasks or users. However, UML activity diagrams are intended as a nota-
tion for modeling processes of all kinds, underlining the general ideauoifaed
modeling language, i.e., one for all purposes and users. In practical applications,
thus, the available expressive means may be tailored to fit the respective users. For
instance, concepts like exceptions might be disallowed in an organisation for use
in modeling business use cases.

On the other hand, there is a body of work concerning the semantics of UML ac-
tivity diagrams. Since the UML standard has been written from scratch as far as ac-
tivity diagrams are concerned, most of the previous work examining UML activity
diagrams (see Allweyer and Loos [1998], Apvridleal. [2001], Bolton and Davies
[2000], Bolton and Davies [2000], @geret al. [2000], Dumas and ter Hofstede
[2001], Eshuis [2002], Eshuis and Wieringa [2001], Eshuis and Wieringa [2001],
Eshuis and Wieringa [2001], Eshuis and Wieringa [2002], Eshuis and Wieringa
[2003], Gehrkeet al. [1998], Li et al. [2001], Petriu and Sun [2000], Pinheiro da
Silva [2001], Rodrigues [2000]) has become obsolete. See Figure 6.16 for a com-
parison.

In particular, structured nodes which have not been there in the UML 1.5 have not
been addressed so far. Also, it seems that so far, only very little has been published
on the UML 2.0 activity diagrams: Barros and Gomes [2003] examines expansions
and streaming in a intuitive way, focusing on shared input pins and some aspects
of streaming.

In a series of articles Bock [2003a, 2003b, 2003c, 2004a, 2004b], one of the
main figures behind Activities in the UML 2.0 has tried to supplement the standard
by a more elaborate description, still lacking a formal semantics, though. While
rather instructive in many respects, important aspects are not covered, in particular,
ExpansionRegions.

In a series of articles 8trle [2004b, 2004a, 2004c] | provide formal definitions
of the semantics of control-flow, procedure call, data-flow, and exceptions in UML
2.0 Activities, respectively. This paper builds on the latter.

The most up-to-date account of the state of the discussion on the UML in general
is found in the OMG'’s Issues-Database OMG [2004]. Currently, it seems as if the
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Fig. 6.18 Comparative categorization of the previous work leading to this article (in column

“control-flow/, wf means well-formed, and nwf means non well formed. The degree of rigor is

approximate, where a completely formal definition is high rigor, examples and some formalism is

medium, and mere text is low.
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OMG actually makes a move towards formal semantics after all.

6.3 New questions

Building on this work, one may now turn to questions like what refinement and
composition means for Activities, or how the new constructs work in the field,
which subsets are suitable for which tasks, and whether there are any omissions.
For instance, treatment of transactions is definitely an important issue, but is cur-
rently not supported.

Also, it would be interesting to apply traditional complexity and size-measures
to activity diagrams. For instance, how does the replacement of explicit loops by
loop nodes fiect the cyclomatic complexity of an activity diagram.

Finally, the combination with other parts of the UML must be examined, in par-
ticular the relationship to Interactions and StateMachines, whose natural semantic
domains must be related to Petri-nets. Also, examples soon become too complex
for manual treatment, and so tool-support is needed. &nrigt[2004a], | have
shown how standard Petri-net tools may be applied to verify properties of UML
2.0 activity diagrams, using a Petri-net semantics.
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