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ABSTRACT. This paper presents a novel, sce-network gateways, and web servers, to name but a few
nario-based notation called Use Case Maps (UCMs) foipossibilities. To avoid confusion, note that the use of the
describing, in a high-level way, how the organizationalterm componenthere is both more and less restrictive
structure of a complex system and the emergent behathan the use of this term in an important software nota-
ior of the system are intertwined. The notation is not aional standard, UML [31]: It is more restrictive because
behavior specification technique in the ordinary senseijt refers only to runtime entities of systems; it is less
but a notation for helping a person to visualize, thinkrestrictive because it does not apply only to software. A
about, and explain the big picture. UCMs are presentedlifferent term would avoid confusion but the term is so
as “architectural entities” that help a person stand back appropriate that it seems artificial to look for another.
from the details during all phases of system develop- Systems have large scale units of emergent behav-
ment. The notation has been thoroughly exercised oior cutting across them, such as network transactions,
systems of industrial scale and complexity and the disthat are part of the way we think about systems but that
tilled essence of what has been found to work in practiceend to be hard to see as coherent entities in the detailed
is summarized in this papeExamples are presented terms in which they emerge at runtime. Another side of
that confront difficult complex-system issues directly:this coin is difficulty seeing how such entities arise from
decentralized control, concurrency, failure, diversity, the collective efforts of components.

elusiveness and fluidity of runtime views of software, The focus on behavior implies, for the software
self modification of system makeup, difficulty of seeingarts of systems, that we shall be concerned with the
large-scale units of emergent behavior cutting acrosguntime picture not the organization of source code. The
systems as coherent entities (and of seeing how suchntime picture of software is often characterized by a
entities arise from the collective efforts of components)gertain elusiveness and fluidity, viewed from the per-

and large scale. spective of a programming language. Elusiveness results
_ from the fact that many types of runtime components
1 Introduction may not be explicitly identified as such in the program-

This paper presents a scenario-based notation for "9 language (e.g., processes supported by separate

describing, in a high-level way, how the organizationaIOperatIng systems, co_mpongnts deflr!ed by_ grouping
source code elements into a file, container objects iden-
structure of a complex system and the emergent behay:. . o
; ) . ol ified as such by the fact that they store identifiers for
ior of the system are intertwined. The notation is not a , . -
. e . : ) objects of other classes). Fluidity results from the fact
behaviorspecificationtechnique in the ordinary sense,

but a notation for helping a person visualize think that practical software systems may be self-modifying

about, andexplain the overall behavior of a complex as they run, meaning they dynamically chapge their
. o . makeup as a routine part of normal operation (e.g.,

system. The focus is on the big picture, not on details., .
. . . _“Objects, processes, and threads are created and

To be practically useful for this purpose, the notation

must be capable of dealing with the following Complex_destroyed; visibility relations among them are changed;

. . . intercomponent protocols are changed; applets are
ity factors in an integrated and manageable way. '
. : ; moved from one network node to another; network
The behavior of the kind of system that interests . . .
. S transactions take different forms under different system
us emergedrom the self-coordinated individual efforts

of semi-independent components, which operate (ofteﬁonditior.ls)' . .
' This mix of complexity factors presents a strong

ncurrently) with he explicit help of an ntral . . . .
concurre tly) without the explicit help of any ce tra challenge to notations, with respect to showing the kind
algorithm or plan. The components must cope with the

possibility of failures of both other components andof big picture we seek. Notations may have two prob-

; o lems in this respect: 1) System-representation notations
intercomponent communication. The components ma

L . hat require commitment to a lot of detail will produce
be software or hardware, may be distributed in a net- o . S .
. . . descriptions that hide the big picture we seek behind
work, and may be quite diverse, such as objects, pro- . .
. . . . clouds of details as the scale of the system increases.

cesses, threads, interrupt service routines, monitor

ﬁ"he current generation of software design notations,

modules, packages, communication chips, workstauonséxemplified by UML, tends to have this problem.
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2) Stand-alone scenario specification techniques thainly mentioned briefly in earlier sections. Section 7
focus more on formal specification of sequences than osummarizes UCM properties, compares UCMs with
system organization will not give a self-contained archi-other techniques, and describes related work. Section 8
tectural perspective. Section 7 provides references amdraws conclusions.
more discussion with respect to these points. The paper is relatively long, for several reasons: It

Use Case Maps (UCMs) [5][6][7][8][9][4][10] are aims to demonstrate the unusual breadth of coverage of
presented here as a solution to these problems. The notae notation and needs the length to cover important top-
tion was invented by the author in direct response to thies and examples that demonstrate this. It aims to con-
complexities of practical systems, not as an extension ofey the message that the path (wiggly-line) notakipn
techniques appearing in the literature or used in théself leverages thinking; this idea is novel, takes some
workplace, and it approaches these complexities from getting use to, and space is needed to make a convincing
unique angle. The basic idea is very simple and is cagpresentation of it. The paper aims to provide an
tured by the phraseausal paths cutting across organi- up-to-date, compact reference for all important features
zational structuresThe realization of this idea produces of the visual notation, including interpretations and
a lightweight notation that scales up, while at the samextensions that have emerged from recent experience.
time covering all of the foregoing complexity factors in In spite of its length, some topics that a reader
an integrated and manageable fashion. The notation remight expect should be included are deliberately omit-
resents causal paths as sets of wiggly lines that enableed as side issues that would distract from the main mes-
person to visualize scenarios threading through a systesage (to say nothing of adding to the length). These
without the scenarios actually being specified in anyinclude notations for different component types, formats
detailed way (The termwiggly lines may seem too for textual documentation, and a formal description of
informal for a technical paper but nicely captures thevisual syntax (a syntax has been developed for a tool,
look of UCMs—e.g., Figure 1—while also underlining but is somewhat tool-dependent in its present state and
the fact that there is no more to the notation: Wigglywould be out of place in this paper).
lines are what you see, and what you see is what you  The notation has been thoroughly exercised on
get. | am grateful to lan Graham for this term from asystems of industrial scale and complexity and the dis-
review [13] of a book on UCMs [5].) Compositions of tilled essence of what has been found to work in practice
wiggly lines (which may be callebehavior structurés is summarized in this paper. Everything in this paper is
represent large-scale units of emergent behavior cuttingxplained only in words and pictures, because this gives
across systems, such as network transactions, &se bestidea of how UCMs are intended to be used.
first-class architectural entities that are above the level
of details and independent of them (because they can ke Basic Principles of UCMs
realized in different detailed ways).

The notation is intended to be useful for require-2.1 The Core Notation
ments specification, design, testing, maintenance, adagks shown by Figure 1, the core notation, is very simple.
tation, and evolution. By no means does this papeThe notation has only three fundamental elemesue:
attempt to cover all of these topics. However, it doesario pathsare represented by wiggly lines; rectangular
attempt to show that the notation is so lightweight andboxes represent runtimeomponents responsibil-
expressive that its usefulness for all of these purposes ity-pointsalong paths touch components to indicate that

at least plausible. components have responsibilities along paths (the order
of touching along a path expresses a causal sequence).
1.1 Outline of the Paper The start (filled circle) and end (bar) symbols for paths

Section2 summarizes basic UCM principlesindicate places—in the environment or internal to the
(Section 2.1 presents the look of the core visual notatiosystem—where stimuli occur and the effects of stimuli
and Section 2.2 provides guidelines for interpreting thestop actively rippling through the system. Paths, compo-
notation in behavioral terms, and using it). Section 3nents, and responsibilities all have labels, not shown. To
provides some realistic examples that illustrate the foremake diagrams as uncluttered as possible, responsibility
going complexity factors, and also introduces additionapoints are usually identified in UCMsnly by their
notation that helps a person to visualize the impact ofabels.

these factors on a system. Section4 and Section5 Paths, component boxes, and responsibility points
enlarge on techniques for large-scale systems andre all formal elements of the notation. Additional infor-
self-modifying systems, respectively, that were intro-mation may be associated with these elements for
duced in Section 3. Section 6 completes the notatiomuman use, but this information is not formal. For exam-
picture by presenting topics that were skipped over ople, a component may be identified as storing data
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items, and responsibilities may be identified along paths
to operate on these data items, but there is no formal
representation of the data items and no formal way of
specifying how responsibilities use or change them.
This lack of formality in the details is what makes the
notation lightweight.

(a) Imagine tracing a
path on top of a dia-
gram of the structure

of a system to explain
a scenario as a causal
sequence of events and
actions, leaving behind
a wiggly line to be pre-
served as a visual
record of the path.

)

s

(b) Paths touch compo-
nents at points called
responsibilities, shown
as x’sin (a), but UCMs
are usually displayed
with responsibil-
ity-points shrunk to
invisible dots, as here.

(c) Unbound maps
(without components
shown explicitly) may
be useful as require-
ments entities or as
stand-alone “behavior
structures.”

Figure 1 The Essence of UCMs.

This notation deals with the complexity factors
identified in Section 1 in the following ways:
* Lack of any central algorithm or plaRaths are, in
effect, high-level visual representations of implicit

* Diversity. The simple notational elements of
Figure 1 stand back from the kinds of details that
make practical systems so diverse, to focus on the
high-level aspects that make them similar.

* Difficulty of seeing large-scale units of behavior
cutting across systems as coherent entities (and of
seeing how such entities arise from the collective
efforts of componentsThis is the central purpose
of UCMs.

System self modificatioiself modification is rep-
resented in a lightweight fashion by simple addi-
tions to the notation (Section 3, Section5) that
identify placeholders for dynamic elements (com-
ponents and submaps); the picture is completed by
adding responsibilities that treat these dynamic
elements as data.

Large scaleThe notation has no inherent scale and
minor notational enhancements (Section 3,
Section 4) provide specific mechanisms for creat-
ing related sets of diagrams that provide a coherent
view of large-scale systems.

Useful incomplete UCMs may be created by com-
bining any pair of the three fundamental elements.
Figure 1(b) combines paths and components, without
responsibilities. This kind of diagram is useful for
back-of-the-envelope-style sketching of ideas and for
presenting an overview of the big picture. Figure 1(c)
combines paths and responsibilities, without compo-
nents. Diagrams of this kind (callediboundmaps) can
be useful as requirements entities that provide a transi-
tion from prose use cases to UCMs. They may also be
useful as stand-alone behavior structures that may be
reasoned about or saved for reuse. Not shown because it
is not particularly useful as a diagram (although the

plans, as seen by a person from a perspective odffformation may be useful) is the combination of com-

side the system.
* ConcurrencyThe path notation by itself is concur-

ponents and responsibilities, without paths.
The UCM term for arrangements of boxes, such as

rency_neutraL meaning any set of paths may bén Figure 1, iS(:0mp0nent SubstratBO we shall use this

interpreted as having concurrent scenarios pro
gressing along them or not. The proper interpreta
tion is provided by the application context and/or

term from now on instead adrganizational structure
The termsubstratedoes not imply geographic locality.
For example, the component substrate in Figure 1 could

the types of components to which the paths areis easily represent computers in a nation-wide network

bound.

as software components in an individual computer (or

* Failures. Paths may represent normal operation ofsome combination of both). For large scale systems,

recovery after a failure. Additional notations intro-

UCMs may be both decomposed and layered. Section 4

duced in Section 3 may be used to highlight failure;qyers these topics, but a brief indication of how they

points and identify failure-handling paths.

* Elusiveness of software runtime componeftse
component notation has no programming-languag

baggage associated with it. A box may represen

any type of runtime component, whether or not it
is explicitly identified in a programming language.

August 31

relate to the component substrate will be helpful here. A
single component substrate identifies a system layer.
eparate system layers have separate component sub-

strates. Decompositions of a single substrate may be
shown either all at once, by showing components as
glass boxegas in Figure 1), or revealed in multiple dia-

grams in which components are black boxes in one dia-
gram andglass boxesn another. In the latter case, the
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substrate is composed—at least conceptually—by ovefFhis is a consequence of the deliberate lack of commit-
laying the diagrams (imagine transparency overlays, bunent to detail in UCMs and should be regarded as a pos-
do not confuse this concept with system layering, whichitive feature of UCMs, rather than a defect.
requires separate substrates that should not be visualized Some labeling conventions for start/end points,
as transparency overlays). responsibilities, and route segments are indicated by
Composite UCMs may be built up from many Figure 3. Routes may be identified for reference pur-
paths. When this is done, different paths may end uposes by paired labels of start and end points (e.g., route
being partially superimposed on each other, such thaB, route CD). In more complicated cases (such as
they share common segments, as shown in Figure 2vere identified in the previous paragraph), variations on
This creates joins and forks in the map (call#tjoins  a route may exist between the start and end points, due
and OR-forky. OR-joins/forks are artifacts of visual to the possibility of different combinations of route seg-
superposition; they have no implication for synchroniz-ments between these points. In such cases, it may not be
ing scenarios along them. Scenarios proceed indepempractical to identify all route variations by labels.
dently through OR-joins/forks. OR-joins/forks neither Uppercase, unitalicized labels indicate
increase nor decrease whatever level of concurrency is start and end points (e.g., A, B, C, D).

intended to be present In-amap. Lowercase, unitalicized labels indicate

A & B responsibility points; these labels may
N In a UCM in which routes are ) be shown at an angle to the path to pin-
» . . e c s2 point responsibility points more clearly
a) OR-ioin b) OR-fork partially superimposed, differ- 9., 11, 12).
@ ! ®) ent shading, thickness, or col- ©g.rL.r2)
N\ N %rlngg‘fof “ngsdm?y b? ﬁs.eg.to Lowercase, italicized labels indicate
l/igzail};(iﬂes IStinguish indli- path segments (e.g1, s2).

(c) Permissible routes
assumed identified

Figure 2 Shared routes and OR forks/joins. Informal information may be associated with any
label (e.g., for Figure 3 precondition of CD is that AB
has been traversed at least onck changes the system
state; r2 reads the system sfat€he purpose is only to
%rovide information to the person reading the UCM.
There is no implied underlying relationship between

lines in UCMs may be useful (highlighting may be with - :
different line shadings, as here, or with different Iinef#:nrl:;iggptlons’ other than that provided by the words

thicknesses or colors). The meaning of line highlighting Paths may be concatenated as shown by Figure 4

is not standardized, but is diagram-dependent. The pay: .
ticular highlighting in Figure 2 is intended to make g (and also broken into parts by the reverse process).

Figure 3 Labeling conventions.

OR-forks/joins may introduce apparent visual
ambiguity that may be eliminated by highlighting
through-routes, as suggested by Figure 2. This figur
shows one of the many ways in which highlighting of

diagram unambiguous by indicating that only two routes ./31\4 s2 Concatenated paths.

are possml_e through the shared path_ se_gment,_ a route ./31\/ 2 Effectis of one longer path
highlighted in black and another one highlighted in gray with the constituent segments
(visualize the black route as overlaying the gray one oined end to end.

along the shared segment). This means there is no cross- Figure 4 Concatenated paths.

over from the black route to the gray one, or vice versa. There is another type of UCM fork called an

The concept of routes is very important for com- : . .
posite UCMs, whether the routes are identified by visua16‘ND fo_rk (Flgure 5). The notatpn for AND forks is a
line highlighting or by other means. A composite UCM _generahzahon of the concatenation notation (the outgo-

in which some path segments are shared must always f:)neg paths are jointly concatenated to the end of the

understood as an overlay of different routes. Tracing gleomng path). AND-forks split a single scenario into

scenario through a UCM requires picking a route an(f)arts t_hat may proceed independently (and, if concur-
L g rency is allowed, concurrently). AND-forks are comple-
following it. The forks and joins along the way have no

decision logic associated with them at the UCM level Otnented _by AND_JO”.]S (Figure 5?; th_ese_lnd|c:_:1te astrong
: ! . orm of interscenario synchronization in which scenar-
abstraction to determine which way to go.

In some practical situations, attempts to identify'os along different paths are mutually synchronized.

all possible routes may be defeated by combinatorial iIN:: :Nl:l
explosion (e.g., if routes double back on themselves to v
retry a segment after an error). In such cases, one must AND-fork  AND-join

be satisfied with identifying main route segments, leav-

ing it to the UCM observer to visualize combinations. Figure 5 AND-forks/joins.
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For concurrent situations, AND-forks/joins 2.2 UCMs and System Behavior
change the level of concurrency (AND-forks increase itHow can such a lightweight notation say anything
AND-joins decrease it). However, the notation is con-important about system behavior? The answer is: Much
currency-neutral because the forks and joins have meauf it is in the eye and mind of the beholder, as follows
ing even when there is no concurrency, namely thafguided by heuristics which will be explained beginning
sequences are independent. in Section 2.2.1):

Annotations on the fork/join bars of the form N:M * Paths enable a person itder scenarios by men-
indicate the number of independent scenarios leaving a  tally moving tokens along them (think of the point-
fork or being synchronized at a join (in general, this ing finger in Figure 1 as moving a token), without
could be different from the number of paths entering or ~ requiring complete specification of all the details
leaving because of the possibility of many scenarios  that govern the actual scenarios.
proceeding along a single path). Responsibilities along paths enable a person to

Some variations on the basic concept of visualizehow implied data changes and transfers
AND-forks and joins are useful. Figure 6 summarizes  Will be performed and observed along and between
the important variations, which will now be explained. paths,.wnhout the presence of any gpr|C|_t repre-

L L . sentation of data, and thereby to gain an informal
The fork-join shorthand is just a concatenation of a fork

- o s understanding of how scenarios affect the system
followed by a join, to indicate a temporary split of asce-  giate. Thus scenario preconditions and postcondi-

nario into independent parts that are then resynchro-  tjons that make statements about the system state

nized. The rendezvous shorthand performs the may be given meaning even though UCMs have no

concatenation the other way round (a join followed by a  explicit way of representing the system state.

fork), to indicate scenarios coming temporarily together. e Composite maps with many paths enable a single

The synchronize shorthand indicates a point rendezvous  diagram to represent many related scenarios,

(the shared rendezvous path segment has shrunk to zero allowing a person twisualizeinterscenario rela-

length). The other shorthands indicate situations where  tionships.

multiple independent scenarios may proceed along the ¢ Paths crossing components enable a perswuiste

same path. alize how scenarios affect components and how
different scenarios interact through components.

N:il LN N:N Paths crossing intercomponent gaps enable a per-

1N N:1
4@4" :l—ﬂ :Iiz son to infer intercomponent communication

Fork-join Rendezvous  Synchronize requirements.
The component substrate enables a perstinirik

N N NN about the behavior picture in light of assumptions

—> —+> 1> about the nature of components, intercomponent
Zﬁlﬁé" f;t%a iﬁi&ea'gg?ha FOZJ&Q;L?Q” communication, and implementation technology.
¢ After working with a set of UCMs for a while,

Figure 6 Variations on AND-forks/joins people start to see them as helpful visual patterns
thatstimulate thinking and discussiabout design

In summary, the core notation contains only wig- issues at both the level of UCMs and at more

gly lines, responsibility points along lines, component detailed levels.

boxes touched by the wiggly lines at responsibility2 2 1 |nferring Scenarios

points, and some special notations for start points, enihe YCM notationis path-specification technique (in
points, forks, and joins. Elements of UCMs may bethe sense of wiggly lines not formal path expressions).
highlighted for special purposes by shading, coloring, ofrhe paths do not specify how scenarios that follow them
thickening lines, but there is no standard meaning fogjj| emerge. This is because UCMs do not specify any-
such highlighting. Elements are labeled and informakhing about details such as data transfers along paths,
prose descriptions may be associated with the labels by§cal data values at points along paths, and local deci-
there is nothing underlying the visual notation to linksjons based on local data values. As formal specifica-
such descriptions other than the words themselvesions, UCMs provide only the information that the

Everything that follows is built up from these elements.jgentified paths, components, and responsibilities exist
Additional notations will be introduced as we go alongang are related as shown visually.

but these are mostly no more than visual shorthands for  Reading UCMs is like playing a board game with

constructions that can be shown with the core elementsyytiple players and a token for each player. Just as the
board layout and the game rules determine possible play
scenarios, so does a UCM and some rules determine

August 31, 1998/5



possible scenarios. The rules are provided by the mean-  Responsibilities
ings of the notations, the nature of the system and its ~ @kerealtime ,\

components, and knowledge of the nature of scenarios %
that the paths are supposed to represent (which includes (4> B Kl 0]
having an informal understanding of the nature of their [ 4

L. . . Path segments
preconditions and postconditions). In the examples in { take real time
Section 3, the rules needed to understand particular HE\
UCMs will be explained informally in unstructured

prose. Structured prose documentation is a housekeep- ) o
Figure 7 Real time along paths is implied by the assumed

Ing 1ssue m.)t covered in this paper. existence of components, intercomponent communication,
Here is how to read a UCM: Put a token (mentally and implementation technology.

or literally) on each start point from which a scenario

may start concurrently. Then move each token along its )

path. If the rules allow it, start other tokens from the2-2-2 Paths Crossing Components

same start points before previous tokens have reach&gths Crossing intercomponent gaps enable a person to
their end points. Start tokens at different times relativdnfer intercomponent communication = requirements.
to each other and move them along paths at differerffaths crossing components enable a persofsialize
rates to experiment with possible race conditions in conOW components Controll Ipcal parts of scenarios and
current situations. Generate additional tokens along thBOW Scenarios interact within components.

way at AND-forks (or take them away at AND-joins). If A segment of a path joining resppn3|b|l|t|es pf t\A(o
tokens have to wait at certain responsibility points, condifférent components, as shown in Figure 8(a), implies
tinue to move other tokens, and begin moving the waitthat the.cqrnponents must communicate after the first
ing tokens again when events have cleared the waitings’pons'b”'ty has completed and before the second one
condition (see Section 3 for examples of waiting situa.@S startedbut not how they will communicate. In gen-

tions). When a token reaches an end bar, remove it frofff@ there are many ways of arranging communication
the UCM. at a more detailed level (see Section 6.1). The simplest

If alternative routes are identified by OR-forks and Would be for the first component along the path to make
OR-joins, follow different routes in different sessions. 2 call or send a message to the second. Other possibili-
Although it may seem that some sort of logic is being'€S include exchanging a series of calls or messages,
invoked when choosing which path of an OR-fork to fol-Starting  with either component, or communicating
low with a token, the concept is that a route has beel{rough some underlying layer.
mentally selected in advance, according to assumed pre-
conditions and stimuli, and then followed end to end. T~ |2 | 5 T~ 1 2
Components of an actual system must have logic to
implement OR-forks and OR-joins but the logic is at a , i
lower level of abstraction than UCMs. O oo A

Understanding how scenarios affect the system
state and, through it each other, requires paying atten-
tion to responsibilities. The interaction of scenarios A ¢ h th
through the system state is indicated by responsibility _Segfne”t of a path that crosses a component, as
names and descriptions. Understanding the effects OEI-\own in Figure 8(b), tells us that componeontrols

responsibilities on the system state leads to understan 1e sequence of responsibilities within its edgegen-

ing scenario preconditions and postconditions and Vicgratll,_lthgrle arle mané W?yi tsolarr;’;m?e mﬁfte]rs ?t a r‘?]o_re
versa. As said earlier, all of this is informal. A quick etailed level (see Section 6.1). For example, responsi-

overview of the nature of scenarios and their possiblfIIItIeS may be programmed as functions, or sets of

interactions may often be obtained without paying muc l:]n(_:tlogst, antﬂ th_elr e>_(ecut|on artrgnged dtrl;roggzh calls
attention to responsibility points except as markers tgained togetherin various ways, triggered by intercom-

indicate which components are involved. ponent calls or messages. An important property of
Figure 7 reminds the reader that consumption O{JCMS is their ability to provide a framework for reason-

real time along paths, although not literally specified b})ng about such details without requiring commitment to

the notation of this paper, is always implied. the details. . . . .
Interscenario relationships are important aspects

of UCMs. Beyond the specialized relationships of
Figure 6, interscenario relationships are indicated by

Figure 8 Paths crossing components.
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paths sharing a responsibility or traversing a share@.2.3 Using UCMs
component, as shown in Figure 9. For example, aJCM elements may be developed in different orders:
responsibility along one path may be identified asPaths and responsibilities may be developed before
changing the state of a shared component, and responsemponents during requirements analysis. Paths and
bilities along other paths as examining the state to makeomponents may be developed before responsibilities
decisions or extract data. Such relationships may exigbr back-of-the-envelope style design exploration. Com-
between concurrent or sequential scenarios. In thponents and responsibilities may be developed before
former case, an effect of a responsibility may be felt bypaths for cases where the design starting point is compo-
another scenario before the causing scenario is finishedent organization and functionality rather than scenar-
In the latter case, the effect may occur after the causings. Thus the notation is intended to be very flexible.
scenario is finished. An earlier statement said that end UCMs are particularly useful for design explora-
points of paths are where stimuli stop actively ripplingtion. A designer may explore different component sub-
through the system. However a stimulus may have astrates for the same paths (which amounts to designing a
indirect effect after this, due to changes made to the sysystem organization to realize end-to-end behavior
tem state in the manner just described. requirements expressed by the paths) or explore differ-
Interference may occur when multiple concurrentent path-structures for the same component substrate
scenarios traverse a single component, and mutugivhich amounts to designing the behavior of a given
exclusion may be desirable to prevent it. In the examplsystem organization at a high level of abstraction).
of Figure 9, if mutual exclusion is required the descrip- UCMs provide a high level framework for reason-
tions of r1 and r2 would say that further scenarios alongng about the implications of low-level details. A quali-
any of the paths must wait while a single scenario ortative real-time picture, useful for exploring design
any path is performing either rl or r2 (the componenissues and alternatives, may be formed based on
notation of [5] includes symbology for components thatassumptions about the nature of components, intercom-
enforce such mutual exclusion, often called monitors). ponent communication, and implementation technology,
without these things being explicit in a UCM. For exam-

ST 4 ple, referring to Figure 7, there will be progressively
- B more communication overhead for path segments imple-
= ~ mented with inter-object function calls, inter-process

communication, or inter-computer messaging. We
understand these things, not because of anything explicit
in UCMs, but because we can mentally project onto
The same paths may be interpreted quite differUCMs an understanding of how objects, processes, and
ently if components along them are passive objects ctommunications are implemented in a particular system.
active processes (or threads). Concurrent scenarios may As was said in the introduction, the notation is
interfere with each other as they traverse a passivimtended to be useful for requirements specification,
object, because the object has no independent thread @ésign, testing, maintenance, adaptation, and evolution.
control to prevent it. For an active system componenErom a requirements-design perspective, the idea is to
(e.g., process, thread), the opposite is true. design the pieces of localized logic that give rise to
A book on UCMs [5] distinguishes visually emergent behavior not as pieces developed separately in
between different types of components (e.g., objectsan ad hoc manner, but as related pieces that flow from
processes, teams). Although this can be useful, it adddCMs identified during requirements analysis. From a
nothing to the path notation, which is the focus of thistesting perspective, the idea is to choose tests that will
paper, so we do not present this component notatiogive suitable coverage of UCMs. From a maintenance
here. perspective, the idea is to use UCMs as references for
Observe that the paths of UCMs aret control  understanding how to change details. From an adapta-
paths. In the types of systems for which UCMs are mostion-evolution perspective, the idea is to use existing
useful, control is often decentralized among many comUCMs as a starting point for defining new ones.
ponents along a path, with no single component havin% ]
control of the whole path. UCMs do not indicate how?-2-4 Visual Patterns _
control of paths is to be achieved. All they show abouf\ter working with a set of UCMs for a while, people
control is that all components along a path must some>tart to see them as helpful visual patternsstiatulate
how, collectively, exercise control to make the impliedthinking and discussiombout design issues (the term
sequences emerge and that all paths traversing a singﬂ@“em is not used here in the specialized technical

component are somehow controlled by that component€nSe adopted by the object-oriented patterns commu-
Control details are at a lower level of abstraction. nity). To make this possible, visual structures in UCMs

Figure 9 Interscenario relationships.
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must be shaped with considerable care and artistry. Thacture of the systems is not presented. Therefore some
arrangements of boxes in the component substrafenagination must be exercised when studying the exam-
should not be arbitrary, but should give clues to humaiples. Imagine scaling up the system and the coverage of
observers about the roles of the boxes, using converi; such that inch-thick stacks of conventional diagrams
tions that will be understood by people who will see thewould be required, because this is representative of
UCMs (e.g., a project team). There is an interdepentarge, complex systems in practice. Also remember that
dence between the component substrate and the pattmany details are deferred by UCMs, so they do not nec-
that suggests that the former should be arranged, at leasgsarily directly reflect the scale of a system.
in part, to give the paths helpful shapes. For example, if Although, in principle, no new notation is required
possible, boxes should be arranged so that paths that gw present these examples, visual shorthands are useful
in opposite directions from a functional perspectivefor some path constructions that amount to UCM boiler-
should go in visually opposite directions (e.g., transmisplate. These shorthands make diagrams less cluttered
sion and reception paths in a computer communicatioand more understandable at a glance (once you are used
system). to them). Readers who are encountering UCMs for the
However, seeing useful visual patterns is noftfirst time may feel that they complicate the notation, but
dependent on absolute shapes, but relative ones. Patlwgperienced users find them helpful. The shorthands
may be deformed to accommodate changes to the comll be introduced as the examples are developed (boxes
ponent substrate and the component substrate may lbé the tops of figures identify any new notation in the
deformed to accommodate changes to the paths. As lorigures).
as the deformations preserve the continuity and general
relationships of the paths, humans are still able to se8.1 Behavior Strucures for Network

the intended meaning. Transactions
. . Figure 10 makes Section 1's concept of a behavior
3 Examples and Additional Notation structure for a network transaction concrete. A simple

Published work on UCMs includes applications to"€Work transaction may be represented by a path wind-

object-oriented frameworks and design patterndnd its way through a network from some starting point,

[6][8][9], attributing behavior to system architectures eventually ret.urning to indicate transac?ion completion
[7], front ending conventional design models of the(the assumptlpn that no errors occur will be relaxed as
UML-ROOM variety [4] and formal description W€ develop this example).

techniques [1], and designing/understanding dynamic
agent systems [10]. However, this is only the tip of the

iceberg. The author is personally aware of a large Somponent
number of unpublished applications by students,
collaborators, and readers of UCM publications. Here is
a very incomplete list of them: understanding and
describing WIN (Wireless Intelligent Network) and

ATM (Asynchronous Transfer Mode) standards and
their realization; controlling multimedia conferences; .
designing a distributed banking application; designing '
control software for a utility company; understanding a client
complex object-oriented framework for telephony
applications; finding race conditions in telephone billing
systems; finding race conditions in transparent Figure 10 A simple network transaction.
intelligent network (TIN) applications; 911 call

processing scenario analysis; and the list could go on.

A few realistic examples will now be presented to The meaning of the component stacks is that

iIIust_rate t_he issues and notational principl_es covered uﬂwany concurrent but independent transactions may be in
to this point. The examples are necessarily small Scal&Togress at once, involving many client and servers. The
There is never suﬁ|c||ent lspace In ? paper olr bOOdeha jotation avoids visually replicating paths that are the
_t;erhto present corpp ete, darge—scaldebexamp es adn. + ©V&Ame for multiple components. The nature of this partic-
It there was, very few readers would be interested In Seq; . 50 hjication problem makes clear, without additional

ing the details. Examples such as the ones about 10 Reyi-iion *that scenarios along independent transaction
presented are abstracted from actual systems but the fﬂ ths may be concurrent

NEW NOTATION

Client Network Server

server
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Figure 10 illustrates a powerful property of

UCMs, namely the ability to defer decisions while pro- NEW NOTATION

viding a context for thinking about them. The decision 1 Ground symbols indicate

that is deferred here is how transaction-path concur- " possible path failure point
rency will be implemented. It could be implemented in

two different ways, and the same UCM covers both. On Client Network Server
way is to have client and seryamocesseschieve trans- transactor ]

action concurrency by explicitly interleaving sequences —

for different client and serveabjects The other way is AL ¢S normal= -

to have client and servehreadshandle the different of imeout ¢ -

transactions independently in the context of a single pro- 5 ] = svar
cess that manages all transactions in a network node. &

The difference lies in the nature of the components I

bound to the paths, not in the paths themselves. This dia-
gram has not yet made a commitment about the nature
of the components (such a commitment may be made by ~ While such a diagram can be made clear by appro-
appropriate labeling, or by using the component notapriate labeling and prose documentation, the time-
tion from the UCM book [5] that provides different out-recovery mechanism within thexnsactor may
shapes for different types of components). be usefully regarded as UCM boilerplate that could have

Figure 11 adds more “behavior structure” to pro-the same meaning in many contexts. A simple visual
vide for transaction completion in case of network fail-shorthand is supplied in Figure 12 to indicate the nature
ure. Possible failure points are shown by groundof this particular mechanism (asynchronous interpath
symbols borrowed from electrical engineering. To makecoupling with timeout) at a glance, without textual
the diagram easier to read, normal paths are shown iabels and associated responsibility definitions; the nota-
black and abnormal ones in gray (this is just a convertion also reduces textual clutter.
tion for this example, not a general one for the notation).
There are two alternate routes from A to B, one as a NEW NOTATION
result of a timeout and the other as a result of normal waiting patfi
transaction completion. The AND-fork provides a local , =

. . . timeout pati

path toset a timer and tavait for cancellation of the
waiting condition through either normal transaction
completion or timeout. Normal transaction completion
triggers acancel responsibility that cancels the wait-
ing condition and the timer. The A to C path is intended
to have a null effect (it just terminates the AND-fork in AT (O {c
the case of no timeout). Thensactor component Bl_—\"/\_//\
groups theset , wait , andcancel responsibilities, to clent
make clear that they are related; prose documentation |of
the responsibilities would be sufficient to do this, bu L

visual grouping helps. Figure 12 A generalized network transaction
expressed with a visual shorthand.

Figure 11 A generalized network transaction.

continuation

clearing path

Client Network Server

1H -Il—(

server

The clock symbolizes a timed waiting place along
a path. The implication is that the entering path may
wait here for a canceling event and then either continue
normally or follow a timeout path. In this example, the
normal path simply ends without further action (no tim-
eout was needed so there is nothing more to be done).
The event that cancels the waiting condition comes
asynchronously from either a timer (implicitly set by the
path that enters the timed waiting place) or a separate
clearing path. The clearing path touches the timed wait-
ing place tangentially, symbolizing asynchronous cou-
pling. The zig-zag visually distinguishes the timeout
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path from the continuation path (in general, a zig-zag There is no free lunch. The end-to-end sweep of
after the start of UCM path indicates a path triggered byaths through the system as a whole that is a major
some exceptional condition, of which a timeout is a spestrength of UCMs is partially lost with stubs. Experi-
cial case). The notation assumes that any quantities thahce has indicated that judicious use of stubs and
must flow along or between paths through the timedlug-ins can simplify understanding of complex situa-
waiting place will flow, without indicating how. The tions but that great care must be taken to keep the big
notation is not intended to cover all nuances of asynpicture as intact as possible. To be avoided is forcing the
chronous coupling with timeout (for example, whetherUCM reader to piece together paths cutting across a
multipleclear events are queued or not remains undewhole system from many plug-ins described in many
fined and must be covered by prose documentation). different diagrams. How to stub is not always obvious

Figure 13 gives additional insight into how to read because UCMs may have different purposes. For exam-
Figure 12 by displaying the token traces that should bele, the UCM of Figure 14 focuses on transactions, leav-
imagined while reading it. In either case, the originaling recovery mechanisms as details. However, what if
UCM embodies all the possibilities; there is no need tdhe requirement is to focus on recovery mechanisms in
draw separate diagrams (except for presentation puthe context of a system as a whole? Then leaving them
poses, as here). to stubs may be undesirable.

First token
“““““““ Second token

NEW NOTATION

Stub:

b
a [
N~ (from ¢ ' ggrver)
client)
d L c
(to 1 (from
client) server)
e — plug-in 1
[ ] a. i 30
(from server)
ﬁ_ client)
) Efrom )
server,
w6 F bjec
L | client)
Figure 13 Different token traces that should be imag- plug-in 2
ined while reading the previous UCM.
Client Network Server
Figure 14 continues this example by showing how ]
astubnotation may be used to defer details. A stub iden- .
tifies a place where path details are deferred to a —> T
sub-UCM, called alug-in. Two alternative plug-ins are — -
identified for the particular stub in Figure 14, plug-in 1 ciient dve ' “server
with pass-through paths (which reduces Figure 14 to

Figure 10), and plug-in 2 with additional failure han-
dling capability (which reduces Figure 14 to Figure 12).
The stub is static (a dynamic stub would be indicated by
a dashed outline), so dynamic selection among the
plug-ins is not implied (the plug-ins simply indicate 3.2 A System Modifies it Own Components
alternative static path decompositions). There is no spéFhis example illustrates how UCMs express situations
cial notation for identifying plug-ins or the stubs with in which a system dynamically modifies its own
which they are associated. In practice they would be imakeup, in terms of components, as it runs. The exam-
separate diagrams, with relationships identified by labelple is provisioning device handler objects from a central
ing. Here, all are shown in the same diagram, so relssite to customize device driver processes for newly con-
tionships are conveniently shown by light lines (not partnected devices (Figure 15).

of the UCM notation). By definition, the proxy object The sequence starting from A is triggered by the
has control of all paths traversing it, and thus isolateshipping of new devices to customers. The sequence
local objects from network issues. starting from B is triggered by connecting a new device.

Figure 14 Deferring details with stubs and plug-ins.
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The only new notation is a dashed-outline box, called @ase, the DC would be a handler object. This diagram
slot, which represents a potential location for a dynamicclearly shows that device operation at b4 follows local
component (DC); the concept is that a slot is empty anthstallation of a handler object. The diagram should be
therefore inoperative until a DC is installed in it. In this relatively self explanatory.

NEW NOTATION - — — 4

I I
| | Slot for a DC

My

A: device shipped L _ _. (DC=dynamic component B: device connected
.\ provisioning site user site /
server_ /
process
Slrlgge]'sesf_ Responsibilities:
P bl L al: create handler
handler; - a2: save handler
slot| p3 | b1: decode request
— b2: get handler
— b3: install handler

{
\ / driver process b4: perform operation
a2 b2MNe————
repeated
us
_/ poot b4L7
pool .
l—— device — _I

——————— |

Figure 15 Provisioning device handlers.

Figure 16 shows how a bit of visual shorthand tomay be temporarily stored as data. Small arrows identify
express boilerplate operations associated with creatingesponsibilities for creating and moving DCs as data.
moving, saving, installing, and destroying DCs can helprhe only explicit responsibilities from Figure 15 that
to make diagrams more readable at a glance (to thosemain along the paths of Figure 16 are the two that do
used to the notation) and to reduce textual clutter. not directly relate to the foregoing boilerplate operations

In Figure 16, pools identify places where DCs (b1, b4).

Vizzzzzz 7
é/m (DC = dynamic component)
Z " sIotj‘
7
Z /r—mDC ¥ fmove (selected DCﬁS“-}
é + into pool) out of pool) | move |
7 create i
7 | (DCinto
Z (new DC) | slot) |
Z pool L
A: device shipped B: device connected
provisioning site user site
server_
. process
supplier_
process
bl handler” ~— = =
slot | |
+ -
, T
/ driver procesy
E handler F
pool ) b4L
l__ device i
——————— |

Figure 16 The same example using some notational shorthand.

3.3 Many Scenarios in One Diagram nications applications (for those interested in ACE, the
This example (Figure 17, Figure 18) is drawn from ACEsources are [20][21][22][23][24][25]). For those not

(Adaptive Communication Environment), a well known, specifically interested in ACE, the references should
public-domain, object-oriented framework for commu-only serve to indicate that there is a lot behind this
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example; they are not required reading to understanbly itself very complex as communications systems go,
what is presented here. The example explains part of understanding it from reading ACE code and documen-
gateway application that is included in the ACE distribu-tation is remarkably difficult (this is typical of frame-
tion software. Although the gateway application is notworks).

NEW NOTATION

Synchronization
(with timeout on one side

Gateway Process Peer Process
aService_Config aService_Config ]
G 1N aChannel_Connector

/—‘ °
% ateway_Acceptor

[ S

~—/

aGateway_Handler

aGateway

aRouting_Tabk

Gateway Service Slot
N
N

Peer Service Slot

|
j
D
‘

Figure 17 Startup synchronization in the ACE gateway application.

Figure 17 uses a shorthand notation that combinedifferently for implementation purposes.
the synchronize notation of Figure 6 with the timeout The AND fork near the beginning of the G path
notation of Figure 12 to indicate mutual synchronizationindicates that many concurrent scenarios progress along
of scenarios with timeout on one side. Given that thehis path concurrently (as many scenarios as there are
elements of this shorthand were explained in some depibeers to be initialized). This means that explaining the G
previously, we shall rely on the explanation of Figure 17path for one peer serves to explain it for all. The G path
that follows to make its meaning clear. shows the following sequence: create a handler for a

Figure 17 shows how processes in different netpeer and install it in the appropriate slot; either succeed
work nodes of the gateway application synchronize oror fail to synchronize with the peer (different routes are
start-up. One does not need an explanation of the wholtaken for the different cases); then initialize the handler.
gateway application to follow this diagram, only to Different routes express different ways of giving up on
know that there is one gateway node and many peeghe synchronization attempt (immediately when some
nodes and that the precondition for the paths is that asystem condition prevents communication, or after time-
initialization mechanism, not shown, has populated theut) and for retrying after a back-off period. The path P
service slots with appropriate dynamic componentss the same for each peer and simply synchronizes with
(DCs) containing the internal fixed components andthe gateway to initialize its own (single, fixed) handler.
slots shown in the diagram. The initialization leaves aAn error path E from the peers indicates that a retry may
set of handler slots in the gateway process unoccupietbme from the peer (details of the error are not impor-
(the initialization specifies the number of peers, thugant here).
identifying the number of slots needed for them). The For those familiar with ACE, this UCM directly
purpose of this UCM is to show how handlers to fill incorporates two ACE patterns (connector and acceptor)
these slots are dynamically created and initialized, irn UCM terms and treats another ACE pattern (reactor)
cooperation with a handler in each peer. The handleras part of an invisible underlying layer.
could be objects or threads (ACE supports either); the
UCM paths are the same for either case, just interpreted
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First token
Second token

A — I N I L___J______ L1 __
| | | |
| —— || — |
| +T | | | | | | |
! RN | (\ : :E :
| | | |
: "'!' | : : : :
r— - - - — | | I s |
: ) : [ [ [ . jp‘ [ : :
| o I N . i J
(a) Normal synchronization. (b) Gateway retry after timeout
[ ] L] I [ 1] [ 1 I

(c) Immediate failure/retry. (d) Peer-requested retry.

Figure 18 Different token traces that may imagined while reading Figure 17

Figure 18 gives additional insight into how to readto grasp the big picture than if different terms were used,
the foregoing UCM by showing some possible tracess they often would be with other notations.
and partial traces of token movements that may be imag-  The only new notation is dashed outlines for
ined while reading it. The partial traces are for retriesdynamic stuhsThe stub/plug-in ideas are the same as in
that could result in either normal synchronization orSection 3.1 except that the new stub notation implies
more retries. As before, the original UCM embodies thethat plug-ins are selected dynamically when a scenario
different possibilities; there is no need to draw a sepaarrives at the stub location. The CSP (Call Side Process-
rate diagram for each. ing) and ASP (Answer Side Processing) stubs have

dynamically selected plug-ins for different features

3.4 A System Modifies it Own Path Structures  (both stubs are shown in both agents to show that the sit-
This example (Figure 19) is telephony feature interacuation is symmetrical, in principle, although only one
tion in a network environment in which software agentsdirection is shown).
handle telephone calls on behalf of human users. It illus- There are basically two forward routes through the
trates the use of UCMs to represent the kind of systernentral UCM, depending on which features are selected.
self modification in which the makeup of transactionsOne of the plug-ins is duplicated at the top and the bot-
(telephone calls) changes dynamically according to sysom of the figure (the right-hand one) so that all the
tem circumstances (different users subscribing to differplug-ins for each route are grouped together at either the
ent features). In this example, telephony features artop or bottom of the figure.
represented by plug-ins, the dynamic selection of fea- A default route is followed when the default fea-
tures is represented by the dynamic selection of plug-intires at the top are selected. This route proceeds directly
for stubs, and feature interaction appears as incorreftom a caller through a pair of software agents to an
end-to-end routes that may be traced through particulsanswerer and is free of feature interaction.
combinations of plug-ins. An important property of this A forwarding route is followed when the features
way of representing dynamic situations is that the bigat the bottom are selected. This route is the same as the
picture and the modifying details are all represented ilefault route initially but then follows a diversion path
the same terms (paths). This makes it easier for a pers¢d a forwarded-to agent and on to its associated
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answerer. The implication of the diversion path segmenivarding) does not consult the caller’s OCS list. One way
is that the route continues for a different agent in thef removing the defect (not shown) is to route the diver-
stack (a diversion from would not go back to the same sion path back through the calling agent to check if the
agent, by definition). The forwarding route may exhibitnumber is forbidden. This provides an example of how
feature interaction. UCMs may be used to discover and correct problems at
The feature interaction along the forwarding routea very high level of abstraction.
is as follows: A caller may call some number not on the Figure 20 displays token traces for scenarios with
OCS (Originating Call Screening) list and be forwardedand without feature interaction, extracted from the pre-
to a number on the OCS list. vious UCM (to make these traces clearer, the two
The design defect that results in the feature interAnswer-Side agents involved are shown separately
action can also be immediately spotted: CF (Call Forinstead of stacked).

NEW NOTATION CONVENTIONS OF THIS DIAGRAM diversion
~ STUB FORM FOR CSP AND ASPnormal L2 _w normal
¢ 70 N (CSP = Caller-Side Processing ~ entry ’ 7 P exit

ASP = Answerer-Side Processing)

StatUSK

N 7/ dynamic stub: e

If a stub or plug-in does not use all edge crossings,
it means the associated plug-in paths are not active at that location

RING
b
a send-req b busy o
o I c ringing
Default plug-in Default plug-in

Answer-Side Agent

Call\Side Agent

diversion
Caller Answerer
rgst-cal ring
® 2| '
c X 1
I_ / N
notify " \

ORDINARY CALL WITHOUT FEATURE INTERACTION

FEATURE INTERACTION POSSIBLE

Default plug-in
OCS plug-in CF plug-in. in forwarded-to agent
(Originating Call Screening) ir(]cfglrlN';?S’i"r%‘ggg%t RING
OCS list b
send-re fwd-re
2@ check q l b a q I d . busy
refused ringing

Figure 19 A telephony feature-interaction example.
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ing at the implementation level of abstraction: decompo-

AgentB sition may be performed by packaging source code into

compilation units; layering may be performed by mak-
e Oiij‘": Answerer B ing a layer a separate runtime unit to which other code
P [ ] - Rgi v must be dynamically linked after loading (e.g., an oper-
— ) ating system). Although deferral of detail takes place in
— both these examples, in the terms of Figure 21 this is

accomplished by code organization not abstraction.
Abstraction requires making a paradigm shift away from
code.

(a) Without feature interaction.

Agent B Agent X Abstraction Ko

Agent A

Answerer X
Caller A

OCS list RING fing
call B fwd-reﬁ L
[ | —

(b) With feature interaction.

Figure 20 Token traces from the previous UCM
for scenarios with and without feature interaction.

4 Large Scale Systems S

Figure 21 Three dimensions of system description
Figure 21 positions architectural descriptions of large Here is how to interpret Figure 21: A point along
scale systems in a space defined by three orthogoane a )

. . L bstraction axis identifies the level of abstraction of
coordinate axes—abstraction, decomposition, and layer; L . :
) . . he description technique (the farther away from the ori-
ing—and gives some examples of points along eac

. . ) o in, the more distant it is from implementation details).
axis. These points are only intended to indicate th P )

. point along the decomposition axis identifies the
nature of the axes, and are not intended to be complete, . o .
S L existence of an actual system description at a particular
One of the points introduces a new temiring, used

) I?vel of decomposition (the farther away from the ori-
here as an umbrella category for any technique that. o .

o . in, the more levels of decomposition exist underneath).
expresses system behavior in terms of intercompone

: point along the layering axis locates this description
calls and messages that flow over literal or conceptual L
) . . L In a set of layers (the farther away from the origin, the
intercomponent connections (i.e., wiring), such as .
. .~more layers exist underneath).
[3]1[31][16][26]. The three axes are orthogonal to indi- . .
These are not the only dimensions of system

cate that, in general, levels of abstraction, decomposi — . . .
. X : description (e.g., they do not include class hierarchies in
tion and layering may be chosen independently.

Figure 21 views abstraction as a paradigm Shifobject-orlented programs), but they are the only ones

. ) - %hat UCMs directly express. Other dimensions may be
not just deferral of detail. Both decomposition and Iay'related to UCMs (e.g., [6]), but these matters are outside
ering defer detail. However, unless deferral of detalil isfhe scope of this paip.e'r '

performed by making a paradigm shift, it is regarded in Whether a component in a UCM is regarded as a

the scheme of Figure 21 as simply an organizing tech- o
) - . . peer component of others or as underlying infrastructure
nique within a single level of abstraction. Thus decom-

- : _."'in a separate layer is largely a matter of how we choose
position and layering are regarded as organizin

. ) . ) regard it. There m little or no differen h
techniques. Granularity of description is a separatgo egard it ere may be little or no difference at the

. . . (t:ode level, apart from how the code is managed and
issue. At any level of abstraction, different degrees of .~ . : : . .
maintained (again, this provides reinforcement for say-

granularity may be employed for both decomposition I . : .
and layering: and, at higher levels of abstractionmg that layering is not by itself an abstraction technique,

fine-arained details mav be left to lower levels but is an organizing technique for a description at any
9 YD . . level of abstraction). Some CASE tools at the wiring
The nature of the view of Figure 21 is illustrated

by the following examples of decomposition and Iayer-dlagr.am Ieve_l .Of abstraction (e.g., ObjecTime) support
layering explicitly.
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In general, many complementary system descripagement of transparency overlays.
tions may exist for a practical system, characterized by
many points in the space defined by these axes. F&.2 UCM Factoring
example, a top layer of a system might be described firftactoring (Figure 22) means cutting a UCM into frag-
by UCMs (perhaps with many levels of UCM decompo-ments by cutting its paths at judicious points, adding
sition) and also, as a step towards implementation, bytart and end symbols appropriately to the cut ends, and
descriptions at the level of wiring diagrams. Lower lay-then separating the fragments into separate UCM dia-
ers of a system might not merit being described withyrams. Conceptually, the UCMs in these diagrams are
UCMs, but might be described only at the level of wir-connected peer elements of a single UCM (the concep-
ing diagrams, or even left to code. tual relationship is intended to be preserved through

Paradigm shifts along the abstraction axis do notlocumentation). The start and end symbols added after
necessarily imply replacement of lower level paradigmscutting amount to off-diagram connectors, which must
Just as descriptions at the level of wiring diagrams d®e appropriately labelled to make the peer relationships
not necessarily replace code (although tool vendors trglear (to minimize the number of symbols in the nota-
to go as far in this direction as possible), so UCMs daion, no special notation is provided for off-diagram
not replace descriptions at the level of wiring diagramsconnectors). Compatible peer UCMs may be composed
They only supplement them to give a better view of thénto a single UCM by the reverse process of path concat-
big picture. enation.

Earlier UCMs in this paper show a single layer of
a system, with at most one level of component or stub — —
decomposition (component black boxes were opened up
as glass boxes to show the second level in the same dia-
gram, stubs were shown separately). These diagrams
showed selected aspects of systems that might or might
not be large scale. UCMs by themselves have no inher- Factoring is useful for splitting a large diagram
ent scale. Their scale is determined by their relationinto smaller diagrams at the same level of decomposi-
ships to other descriptions. The key to using UCMs fottion (several levels of component decomposition may
large scale systems is splitting them into individuallyalso be collapsed into a single diagram that may then be
understandable diagrams that form a coherent picture ¢éctored). However, factoring leaves dangling path ends
the whole in UCM terms, and that are also clearlythat have to be traced to other diagrams to get an over-
related to descriptions at lower levels of abstractionview of paths.
UCMs do not have to (and should not try to) do it all.

A number of useful UCM techniques exist for 4,3 UCM Decomposition
dealing with large-scale systems. Two of theepara-  Decomposition refines UCM elements recursively.
tion and factoring are not identified in Figure 21 Componentlecomposition makes black boxes into glass
because they amount to little more than diagram marboxes with their own internal components, with the
agement. They are described in Section4.1 angaths simply following along.Path decomposition
Section 4.2. Decomposition and layering are describednables paths to be refined in very general ways, using

Figure 22 Factoring.

in Section 4.3 and Section 4.4. stubsto indicate where path details are deferred and
plug-ins to describe the details. Plug-ins may jointly

4.1 UCM Separation refine both paths and components.

When UCM diagrams become too complicated for a Decomposition has several nice features: it keeps

person easily to separate out the possible routes by eyde big picture intact (no dangling path ends); it provides
a useful technique is to separate different routes througfor reusable pieces; and it has a useful runtime interpre-
them into differentpresentation diagramsagainst a tation—choosing an appropriate decomposition at the
background of the same component substrate, possiblgist minute to match current system conditions. How-
with all the other paths shown lightly, to provide contextever, care must be taken not to decompose UCMs so
(e.g., Figure 18). When UCMs become too complicatedirastically that the big picture is no longer clear, because
to show all paths on a single diagram, different aspectthis defeats the whole purpose. Particular care must be
of operation—for example, initialization/finalization, taken with path stubbing, which can easily be used to
error discovery/recovery, normal operation in differenthide the end-to-end connectivity of paths, which is
modes—may also be separated into different presentaxactly the opposite of what we want UCMs to do.
tion diagrams, but still against a background of the sam®ecomposition and factoring may be performed as alter-
substrate. These techniques are analogous to the mamative steps of a recursive design process.

August 31, 1998/16



Black box Glass box Black box S1

atlevel n ) shows level r:-l at level n-1 o X E1 s El
. s3 ||||||||""""""m e
d t i > @ E2 0 2
J I » Figure 24 Stubs and path continuity.
\ E Figure 24(a) gives an example of the most general

type of statically decomposable stub, namely one with
multiple entry and exit paths. The distinct edge cross-
ings identify requirements for distinct start and end
Component decomposition (Figure 23) is the sim-points in any associated plug-in. In accordance with the
plest and least general form of UCM decomposition, buhature of UCMs, the continuity of end-to-end routes
is nevertheless useful. A black box with paths traversinghrough stubs must be identified at the stub level. For
it at one level becomes a system of black boxes with thexample, Figure 24(b) indicates, with different line
same paths winding through them at the next leveshadings, three permissible routes through the stub
down. Path segments at all levels show the same respof&1-E1, S2-E1, and S3-E2).
sibility sequences, the only difference being that the The fact that a stub is represented by a shape does
same responsibilities are bound to progressively finenotindicate that a stub is a component in the component
grained subcomponents (this may require distorting thgubstrate—it is not. Stubbing is a path concept, not a
paths in successive lower-level diagrams). Containmerdomponent concept. Think of a stub as a kind of gener-
of components within other components in a diagranmalized responsibility that may be decomposed. Accord-
like Figure 23 only has an operational meaning and doeiaigly, the principles of stubbing are explained here with
not commit to whether or not enclosing components arenbound maps. However stubs of bound maps may
code-level containers. Therefore UCMs may be used tinclude components, providing a way of jointly decom-
explore many levels of component decomposition withposing path segments and components, and these com-
out committing to details at the level of componentponents do become part of the component substrate
interfaces or intercomponent interactions. The absencgSection 4.3.1).
of commitment to such details makes relatively light- Plug-ins are described in separate diagrams and
weight work of exploring design alternatives, reducingare bound to stubs by associating elements in the plug-in
the tendency that arises at lower levels of abstraction tdiagram (e.g., start points and end points) with elements
give up exploring alternatives too soon. If the lowestin the main UCM diagram (e.g., path-stub edge cross-
level components in a UCM such as Figure 23 are primings). Binding a plug-in to a stub is performed by the
itive, meaning they contain no internal components, butreator of the UCMs as part of UCM documentation.
only logic to implement the path segments crossinginding identifies operational substitutionghat may
them, then we may proceed directly to detailed design afccur when the system is initialized (or, for self modify-
the logic (Section 6.1). Otherwise, decomposition maying systems, while it is running). In general, any plug-in
continue in terms of either paths or components. may be bound to multiple stubs in different places. Mul-
Path decomposition is more general than compotiple alternative plug-ins may be identified for the same
nent decomposition. In the sequence of decompositionstub, but, for static decomposition, only one would be
in Figure 23, there is no provision for decomposition ofbound (all could be bound to a dynamic stub, in which
responsibilities or path segments. However, Figure 28ase, only one at a time would be operationally substi-
hints at an approach to such decomposition, namelyuted).
regard path segments traversing the black boxes as stubs The relationship between stubs and plug-ins for
for subpaths. This is the germ of the idea of path deconthe case of static decomposition is summarized by
position in UCMs. However, instead of path segmentsrigure 25. For simplicity, no responsibilities are shown
themselves being treated as stubs, a more generalthe plug-in, but you should imagine that all paths have
approach is to superimpose stub symbols (diamoneesponsibilities along them. This is an arbitrary example
shapes) on the path segments (Figure 24). (For a numbierwhich a plug-in, bound to a single stub, provides syn-
of reasons, a diamond shape has been adopted for stulfgonization for some, but not all, paths through the
instead of the superimposed-bar-and-filled-circle iconstub. The meaning of binding is indicated by visually
used in [5] and some other publications, but readers whsuperimposing labels of start and end points of the
like the other icon can think of the diamond shape as aplug-in on the main UCM next to the stub edge cross-
abstract outline of it). ings. Operational substitution means that start and end

Figure 23 Component decomposition with black
boxes and glass boxes.
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points of the plug-in disappear, in effect, leaving the4.3.2 Control of Stubs

associated path segments of the plug-in directly joinedlthough UCMs do not define control arrangements
to the path segments of the main map. Observe how tteemong components (e.g., who calls whom), they give
continuity of Figure 24 is preserved by Figure 25. hints about control. For example, in Figure 27, binding

Causal nature of path sequences defers
control/interaction details

main map plug-in

S c1 c2
‘c\ﬁd’\l a. l b

Stub binding implies control

Binding means assaciating start/end
points of the plug-in with actual edge
crossings of the stub

UCM level

a
of abstraction
lower level
of abstraction
C
plug-in

Pluggmg inmeans operatlonal N
substitution of a plug-in. Cl |y C2
Figure 25 Path decomposition with stubs and plug-ins. \ c N \
Any plug-in must have the requisite number of c1 2 c2 c1 c2
start and end points for binding to a stub and these are

bound to a stub in a one-to-one fashion.

Componenft interaction diagrams %c_)lr_nmit to details
4.3.1 Components in Path Decomposition (a few among many possibilities)
The essence of the relationship between stubs, plug-ins Figure 27 Implied control.

and components is shown in Figure 26. S to C implies that C controls the components of S in

\ /Qsél;:r;zgz‘;?dbty" this location (let us call them C.C1 and C.C2). How this

Incomplete N\ & el superposition control will be exercised is undefined by the UCM and
substrate T | left to detailed design as described in Section 6.1 (C
with a ~ o might send a message to C.C1 to start things off, leaving

superimposed

o A plug-in C.C1 and C.C2 to implement the rest of the path

is bound to the stub I

s boundio the stu between themselves, but many other possibilities also
exist, including C individually controlling C.C1 and
C.C2).

E

Internal components of the plug-i
are components of the substr
at the stub location|

te

,/S'D—‘:"

4.4 UCM Layering
Layering enables a large scale system to be represented
. N by a hierarchy of layers that are described indepen-
composite| [] D . .
substrate dently,without explicit reference to each oth&he con-
cept is that lower layers provide infrastructure for higher
ones. Layering provides a way of describing large scale
systems with many levels of infrastructure without
Figure 26 The effect of plug-ins on the becoming bogged down in details of how infrastructure
component substrate. is used. If the infrastructure is not itself described with
UCMs, and if its existence is implied clearly enough by
Stubs are not components, meaning they are nahe nature of components and relationships in UCMs,
part of the component substrate of a UCM. Howeverthen relating UCM elements explicitly to the infrastruc-
stubs areboundto components in the same way thatture may be deferred to detailed design (Section 6.1).
responsibilities are, by visual superposition. TheHere we shall only be concerned with cases for which
plug-ins of a bound stub may, in turn, contain compo-his is not so.
nents bound to its paths. These componarggart of There are two cases of interes€Case 1:
the component substrate. (Figure 28) An infrastructure layer is described by

L]«
O
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UCMs and relationships must be made clear at the UCNigher layers detour through these paths. Detouring
level. Case 2:An infrastructure layer is not described by means diverting the main path to a specific layer start
UCMs, but understanding UCMs requires the relationfpoint and directing it back to the detour point from the
ship between UCM elements and the infrastructure to beorresponding layer end point. Documentation of this
made clear. In either case, the relationships have the&quires no more than listing associated points in the
meaning of cross-references between otherwise-indelifferent maps (e.g., r3 is associated with S2 and E2, and
pendent descriptions, not of “opening up” UCM ele-the midpoint of the r1-r3 segment is associated with S3
ments to show layer details underneath (this would band E3). The operational effect of detouring is a lot like
decomposition, not layering). For Case 2, the most thgbositioning a stub at the place indicated by the concep-
can be done is to cross-reference UCM elements anial magnifying glass, except that layer UCM is an
layer elements (e.g., responsibility r is performed byactual separate part of the system, not a plug-in that is
layer component C). See Section 6.6 for ways of showinserted at the magnifying glass location.

ing such things visually. Case 1 will now be explained. Detouring may have more subtle implications than

Figure 28 suggests. Figure 29 provides three examples.
Conceptual
magnifying
glass

Higher »

layer
El \ "
@
Make association lists

corresponding to /l

the arrows L ‘\:I:
| CEANE =
'\ s2 ’ T E2 /l ¢

_
||_ower '\— functional /I
ayor layer ] Higher

layer »
() %ﬁ'
Path in o >\>
A
-
A

Pat.h in s1
a higher
layer

a higher r3

layer S1 r1 Lower o
Make association lists layer
corresponding to —> ‘/
the arrows monitor
s3 ’ T E3 higher
Lower Q /l layer
layer N »
@  communications #/I ‘ \
layer (c) -;\;
\ .
X . . . . lower \ X
Figure 28 Documenting interlayer relationships. layer va __//I j

Figure 28 positions a conceptual magnifying glass
over two places where layering might occur, underneath Figure 29 More complex interlayer situations.
a responsibility and underneath an gpparently empty Figure 29(a) shows that paths that appear to be
path segment. The conceptual magnifying glass symboh

izes the existence of knowledge about layering that i§ ncoupled may be directly coupled in an underlying
not documented in the UCM itself. ayer. Figure 29(b) shows that paths may be coupled

) L through congestion at a shared layer component that has
Layering under responsibilities means that the 9 g y P

A, . ) . some restrictions on concurrent use (e.g., a monitor).
rt_asponsmlhtles require fu_nctlonal infrastructure pro—Figure 29(c) shows that an underlying layer may be trig-
vided by the layer. Layering under apparent_ly empty ered to do its work in parallel with a higher layer and
path segments means that the segments require com

nication infrastructure to advance causal sequences a [t to return results later, requiring some interlayer cou-
. q % ng machinery. The machinery of this example con-
move associated data.

. . ists of an AND-fork to start th th th h the |
A UCM for an underlying layer will have start and SIsts of an ork fo start the pa roug © layer

. ’ and a path with a waiting place along it to pick up the
end points of paths for different purposes. Paths fron?esult IZ\ter. The AND-fo?kpwouId beglayere% undper a
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responsibility that implicitly requests a service of theity); it must be in a slot to be operational.

layer and the waiting path would be layered under a Care must be taken to distinguish this usage of the

responsibility that implicitly gets the result. Other exam-term pool from other usages in software practice that

ples may be imagined, but these examples give the gisimply sets of components that are already in an opera-
tional state, ready to provide service (the UCM repre-

5 Self Modifying Systems sentation for this would be a set of fixed components or

. . e slots).
Section 1 introduced the concept of self-modifying sys- At any particular time, a slot is either occupied or

tems and Section 3.2 and Section 3.4 provided examémpty. When a slot is occupied, it is like a fixed compo-

ples. The UCM approach to self .mod|fy|ng systemsnem. When it is not occupied, it is no more than an
centers around two types of dynamically pluggable ele- . .

) . empty hole in the substrate that cannot do anything
ments:Dynamic components (DCaye system compo- . : :

including cause itself to be occupied).

nents that may be created, stored, moved around, and .
destroyed as datajynamic plug-insare dynamicall UCM paths are used fmply the creation, move-

y y piug y y ment, and destruction of DCs in relation to pools and

selectable sub-UCMs. These two types of dynamic eleélots, without explicitly representing these things.

g;str;tsa:g\ée nraer%?gtgg E:Tlrzleucc(:)?\/lcse cta I(I)?d,h:esgi?ﬂvely, The UCM notation for manipulating DCs as data
y P piugg y igure 31) will now be described. The concepts are as

for slots and dynamic stubs is a simple generalization g o
y pleg ollows: paths are conduits (in an abstract, causal sense)

the concept of static decomposition developed inf .
. . or moving DCs, as data, from one place to another, and
Section 4 for components and static stubs. The only ne Cs move into or out of paths at pools or slots. The

factor is that the receptacles (slots and dynamic stubs o . ;
! . ) aracterization of paths as conduits for DCs-as-data is
are filled by system actions during normal system opera- . i
. . - . not meant to be taken literally; paths are never more
tion, making necessary additional UCM notations to .
S ’ . . . than traces of causal sequences, and characterizing them
indicate the system actions. Terminology is not uniform : .
as conduits means only that we assume needed quanti-
between somewhat analogous concepts (slots versus .
. . . —1jes will somehow be transported to where they are
dynamic stubs, dynamic components versus plug-ins . g
. ; eeded to enable causal sequences to be realized. This is
because slots and stubs are different kinds of system .
. ._ng more than has been assumed before for ordinary data
entities (slots are components and stubs are generalize

responsibilities) quantities.
P ' The movement of DCs-as-data into or out of paths

is indicated by small arrows perpendicular to the paths.
The direction of these arrows indicates the local source
or destination at those points (one is the path and the
other is a pool or slot). No arromalong paths are
pool | Place for DCs needed, because paths are implicit conduits and the
D g// as data movement direction along the path is implied by the
direction of the path. The small arrows are actually
visual notations for special types of responsibilities that
D slot could be shown as ordinary responsibilities, except that

P this would not convey the meaning as graphically.
L— Place for DC s

operational units

5.1 Dynamically Pluggable Components
Slots and pools (Figure 30) identifjacesin the com-

(DC = dynamic component)

Movement of DCs-as-data may be implied by position-
ing two or more of these responsibilities at different
points along a path.

The responsibilities, which these arrows symbol-
ize, are described next:

b here d . DCs) di * move: Used for unaliased moves from a path or
ponent substrate where dynamic components (DCs) dis-  q0] 10 a slot, or vice versalnaliasedmeans the

Figure 30 Notations for dynamically plugga-
ble components.

play different personalies DCs have dual source forgets the component.
personalities, as dafi pools and while moving from * move-stay: Used for aliased movesAliased
place to place), or as operational units giatg. Only means the source does not forget the component,

one of the personalities is normally manifest at one time.  so that the component ends up in more than one
A DC may be stored for a while as data in a pool and  place at once (meaning it is visible in more than
then move across the system as data to become an oper- one place at once, in other words, is aliased). The
ational unit in a slot. When a DC is in a pool, it is not staypart of the name refers to what happens at the
operational (this is a manifestation of its data personal- tail of the arrow after the scenario moves on. For
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MOVEMENT OF

example: after anove-stayof a DC into a slot, the arrows as responsibilities: superimposing one of them
DC stays in the path (in a conceptual sense); after an a slot does not indicate that the responsibility is per-
moveof a component into a slot, the DC does notformed by the slot. The implicit assumption (Figure 32)
stay in the path; however, in both cases, the DGs that the responsibility belongs to whatever component
moves into and remains in the slot. forms the operational context for the slot—every slot
create and destroy: The component is created pas some component as an operational context, even if

pelf_ore_the MOove, or d%stroygn‘ter the TO\;]e' Ini- only implicitly in a particular UCM. Otherwise, binding
tialization IS assumed to be part of the creat&,c oqnqnsipilities to slots is the same as for any other
responsibility. These operations imply use of an

underlying factory layer. component. . S
copy: This is like move-stay, except that instead of e e oy e oamiona
moving the same component, a copy of it moves context of a slot

(so there is no aliasing). A copy is a new, distinct

component that starts out with the same internal . !
state as the original, but that may diverge from the . A
original over time. Note that this notation does Lo
mean the same thing as create followed by

move-stay (the notation looks like it might mean
that); create followed by move-stay requires use of
both symbols, one after the other.

r— — —nA

Figure 32 Move responsibilities
are not performed by slots.

5.2 Dynamically Pluggable Path Stubs

Dynamically pluggable path stubs (Figure 33) provide

the UCM means of expressing how a system may mod-
ify its own behavior structures. The concept is that the

DIRECTLY INTO OR OUT OF PATHS

/?\/ create DC in path
v

DCs AS DATA

move

-St delete DC f path . .
Ve o delete DG outof pat system selects from among alternative plug-ins for a
create stub at the last minute according to prevailing system
] conditions. To distinguish stubs used only for static
estroy

decomposition from ones intended to be dynamically
pluggable in this way, the latter are shown in dashed out-

[

copy

INTO OR OUT OF SLOTS

r—

+

al r
I
-

INTO OR OUT OF POOLS

line, like component slots. Figure 19 provided practical
examples.
stub

al r -
(.
PR S,

%

-

EI -
[

|
FES R

paths because this makes for clearer diagrams, but the
meaning is that the pool is a fixed component withand moved
responsibilities to get a component (as data) from storate/move/destroy notations are needed, and also a pool
age or put it (as data) into storage (recall Figure 15 ang@iotation. The notations of Section 5.1 may be borrowed,

Figure 16).

) P ~ r
create DC in pool /N
I create DC in slot /TE',\/ \( \_,/
>
/ N2 /j
q . S
/}/ . plug-in 2
delete DC from slot E delete DC from pool plug-in 1 0 /l ]
re A
a@ s
/_7\/ get DC from pool i@ 4 s \l
move DC out of slot E plug-in 3
re [ T
) @ s
move DC into slot E/ put DC in pool \l

L

Alternative _differentplug-ins
choice made at last minute according to system conditions

Figure 31 Movement notation (a visual notation for

some special responsibilities). Figure 33 Concept of dynami-

cally pluggable stubs.
The convention is to shopools to one side of
To show how plug-ins may be created, selected

to where they are needed, cre-

with slightly different interpretations and some con-
There is one new aspect to interpreting the smalstraints, considering the different nature of plug-ins and
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stubs (Figure 34). Carrying over the complete compot QOther Aspects of UCMs

\/\ 6.1 From UCMs to Conventional Design Models

P —> UCMs are able to defer detail because they rely on
\Sek;T\ . L’ design models at lower levels of abstraction to supply it
S~ when the time comes (UCMs do not need the detail for
associated ~ Stub their own purposes). An overview of how missing detail
plug-in pool is intended to flow from UCMs is provided by

Figure 35.
In Figure 35, “determine” means with the aid of

human input; some of the detail flows directly from

nent-movement model is neither required nor desirablg,~n1s some is implied by UCMs but requires human
A restricted movement model is sufficient for the practi—input to express, and some requires creative decisions.

cal applications we have studied. In the restricted mode|Irom a tool perspective, the process would be one of

plug-ins never move directly from stub to stub; themachine assistance, not machine translation. Design

source for plug—in; for a particular stub is alwaysa!oqabattem& such as those in [11][22][23][24][25], may
pool associated with the stub. The stub-pool assouatloHelp in providing standard interfaces, interaction

is a type of responsibility-component binding, beC""“S(:sequences, objects, and so forth. For object-oriented

stubs are generalize_d responsibilities and pools are Corﬂhplementations, some objects at the detailed level may
ponents (a dashed line could shown from the pool 10 the the same as in the UCMs, except with missing details
stub to indicate the relationship, but visual proximity 5jyeq to reflect detailed design decisions, and some
seems sufficient in the cases we have studied). may be new, for example, small scale objects may be

In the restricted model, movement of plug-ins ;qqeq that were omitted from the UCMs as too
across a system may occur, but is constrained to b\ o oineq

either from a pool to a pool or from a point of creation to Edge crossings (where paths cross component

a pool. Movement of a plug-in into or out of a stub IS, qyeq) are important design elements in themselves
implied by a move arrow from th? aS_SOC|ated pool Ny cause they provide the starting point for defining
the path before the stub (shown in Figure 34), or to th‘la'nten‘aces and associatednteraction protocols.The

pool from the path after the stub (not shown). In SOM&,cM notation does not itself treat edge crossings as

examples we have studied (e.g., Figure 19), only onaesign elements, but transitioning from UCMs to more

path enters the stub and it always selects a new plug"(Fl]etailed levels of design requires them to be so treated.

from the associated pool. In such cases, the selecnqp components are decomposed, internal components

and_ mqvement, and the poql itself, may be assumed Rill themselves have edge crossings that will become
be implied by the path crossing the stub. interfaces

How such plug-in mechanisms would be imple-
mented is less obvious than for the corresponding ca€ > CMs and Object-Orientation
with component slots. Software components are easinJ'

fsé(r)rrnesd ;P(Sctrlnms/ﬁd ar(tJuchb (literally or f_|gur|at|ve|y) N concerned with systems of collaborating objects (in the

Y supported Ly programming 1anguages, general sense of the term). An integrated high level
such as by';e code and pomters. However, UCM plug—'ln\s/iew of object-oriented systems is provided by a combi-
have no .d'rec.t programming Ianguage'representanonnation of UCMs and high-level class-relationship dia-
Some insight into the issues can be gained as follow

; . ; jrams (omitting methods and messages because UCMs
Imagine that the detailed design process (e.g., as sug- (omitting 9 .

gested in Eigure 35) has cr.eated different box-arrowidial-er\?elrilfleag ;:P;;i Ofr?)r. gzzafléﬁé]ig? n];l(;?;thﬂ&hty at this
grams for implementing different plug-ins. Then think
of the implementation of a particular plug-in as setting
up and exercising the appropriate boxes and arrows and
imagine that, instead of hard-coding this, high level
scripts are developed that can be interpreted to yield the
same results, scripts that can be stored, retrieved and
moved around. This is of practical interest for agent sys-

tems (Figure 19 and [10]).

Figure 34 Selecting and moving plug-ins.

CMs are inherently object-oriented because they are
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c is b Intercomponent path segments %
_ ~omponents become determine sequences of interactions
objects, processes, modules, ... (and data become explicit)

-
.EE/ 1

5/

Edge crossings

T i i
@ determine component interfaces
[ ‘ (and data become parameters)
.
Sets of cross-component paths (with responsibilities H
determine component logic and state System-environment edge crossings

Qg determine system interfaces

Figure 35 From UCMs to design models that are closer to code.

6.3 Diagramming Conventions many-to-one association). Any input quantities coming
Because UCMs are intended to provide insight by prefrom the source of the stimulus, or output quantities at
senting relationships visually, the style of presentatiorthe end, are named and described. Legal and illegal
should be as regular, clean and uncluttered as possibkautes through multi-path UCMs are identified.

Stimuli of related types that follow the same path, per- Responsibilities are named and explained by
haps with minor variations, should have the same staghort, active prose statements that indicate their effect
point, not be OR-joined to the path from different starton the state of the component or the system (this must
points. Stimuli that come from the same source but carrpe informal, because these states are not defined by
information (e.g., data or commands) that requires thelWCMs). Preconditions and postconditions may be
to follow different paths should have the same startlefined for some responsibilities.

point, with paths OR-forking after entering the system. Cross-reference lists are provided of short-form
Paths should cross as little as possible, and crossimgames on maps and associated long-form names and/or
points should be indicated by standard diagrammindprief characterizing phrases. Where appropriate, identi-
conventions (e.g., line breaks). Relative positions of thdication of associated classes or types is provided (e.g.,
same components in different diagrams should not btypes of parameters, classes of components). A name

changed. And so forth. dictionary provides descriptions and cross-references. If
a UCM is part of set of related UCMs, then relationships
6.4 Documentation among the members of the set are identified.

UCMs will mean nothing to anyone but their creators

without documentation, which must include at least théd.5 Styles of Plug-ins

content outlined below. In the examples presented eafwo diagram styles for plug-ins are useful, distin-

lier in this paper, this content was given in unstructuredyuished by how they treat components. Figure 36 illus-

prose. Documentation format is an important issue outtrates the two styles.

side the scope of this paper. The constrained-path styleequires paths and
Each scenario has a name, a short prose descripomponents of a plug-in to be confined within the area

tion, and an indication of which route is followed (or of the stub. In other words, paths of a plug-in cannot

routes, for concurrent scenarios). Preconditions antbuch components of the UCM in which the stub is

postconditions of each scenario (and plug-in) arehown. This style was assumed in Figure 24-Figure 26.

defined in prose, including whether or not a new scelt provides for orderly, stepwise decomposition and

nario may start while one is still in progress. Start andecomposition of paths, but is too rigid for some pur-

end points are named to give clues to the nature of trig20Ses.

gering stimuli and observed results at the end. Stimuli The unconstrained-path stylallows a plug-in

and responses are named, described, and associated wiirectly to extend its paths beyond the confines of a stub,

start and end points (in general, this may be &0 touch components of the UCM in which the stub is
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located (but not components internal to other stubs). At the stub level, the unconstrained-path style
This type of stub is known asshared stupbecause its means that paths may, in effect, extend outside the edges
paths are shared between the area inside the stub loa#- the stub, without explicit edge crossings being
tion and the area outside it. Shared stubs are symbolizetkfined.

by an overlapping-diamond icon. Components in Naming of anchored components in plug-ins
plug-in diagrams that belong to the larger UCM outsidedepends on binding conventions that would be sup-
the stub are known aschored componen{suggesting ported by a tool, but are not specific in the notation. For
they are anchored outside the plug-in). Anchored comexample, C2 in Figure 36 might be the actual name of an
ponents are identified by cross hatching underneatlgnchored component in the bigger picture, or it might be

suggesting anchored to solid ground. a formal name that can be bound to different anchored
main map components associated with different stub locations.
o N — 6.6 Simplifying Paths
l*‘/_— ¢ Situations in which complex path variations are required
error c1 c2 to express different scenarios for the same set of respon-
plug-in sibilities, or many back-and-forth traversals are required
c3 ca between many components to express a single scenario
a b may be indications that some judicious simplification is
required.
¢ A complex path may be product of trying to
constrained path style express algorithmic detail that properly belongs at a
unconstrained path style lower level of abstraction, such as localized looping or
main map localized sequences of function calls. Then there is a
simple solution: redefine the responsibilities to get rid of
@ Y b \l the path complexity, thus deferring the details to a lower
v level of abstraction.
c1 c2 shared stub However, situations may be deeper than that. Here
, are some useful tricks for dealing with such situations.
plug-in Figure 37 provides a notation fehared responsi-
c3 ca bilities. Each component is viewed as having a part of a
c1 a b single responsibility, r. In Figure 37(a), the square-wave
error symbol along the intercomponent path segment indi-
l‘ﬁ cates that back-and-forth interactions—deferred to a
¥~ anchored component lower level of abstraction—are required between the
in corresponding plug-in componentsas part of the responsibilityo enable the

Figure 36 Different diagramming styles responsibility to complete (this notation is different
for plug-ins. from [5] because experience has shown it to be more

. expressive, but the concept is the same). The symbol
The unconstrained style enables a person to use . .. o . .
. ) indicating responsibility sharing may be duplicated for
plug-ins to define standard forms of paths that may - S :
) . each responsibility, but it is simpler to show it only once
traverse different anchored components in the same way
long the shared path segment.

in different places in the main UCM. It also enables Shared responsibilities are useful to indicate nego-

main UCMs to be simplified by showing only the gen- tiation: the first component is assumed to make a

eral trend of paths through a set of components, treatinl% . . o
. guest, completing the request requires negotiating its
local meanderings among the same components as

. . pParameters, and we want to indicate théstenceof
details deferred to plug-ins (for example, error paths), o . : . .
. : . LT . “’hegotiation while deferring its details. Contrast
This provides considerable flexibility in filling in

details, because stub edge crossings do not have to En%;ure 8(a) with Figure 37(a): although intercomponent

. . . . . eractions may be required to implement the
defined first. However, it leaves the big picture incom-. L
T . inter-component path segment of the earlier figure, any
plete, requiring it to be mentally pieced together from

. ) . . such interactions occur after the first component has
different plug-ins. Therefore this style can partially
. ; completed r1 and before the second component has
defeat the purpose of UCMs. In spite of this, the uncon-
: . started r2.
strained-path style can be useful, when used with care.

Both styles can be used to focus on different issues.
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C1 c2
(a) simple shared ~~—__| o AR

responsibility .\r\gm___,r_‘Qﬁ/I

/:’n\ (a) Shared responsibility
T
/ \ c1 Shared c2

% R r3 /I

(b) more general L = 5 Iy

shared responsibility

\rl:h/

Plug-in

Figure 37 Shared responsibilities.

Figure 37(b) shows how the same notation may be b
used to indicate multi-component negotiations in which a@
the order of component involvement is not predeter-
mined. (b) shared stub
Although these shorthands can be useful, they Figure 38 Shared responsibilities and stubs.

defer everything to a lower level of abstraction and so o _ _ _
provide no clean way of associating a negotiation failure ~An implication of Figure 38(b) is that the plug-in
with a follow-up path to take alternative action. contains C1 and C2 as anchored components for its start
Shared stubs are generalizations of shared respoA’d énd points (these do not have to be shown in the
sibilities and have the same detail-hiding purposeP!Ug-in because the positioning of the stub in between
except they do it at the same level of abstraction. Th&1€ components implies i).
difference between shared responsibilities and shared A Situation analogous to Figure 37(b) may be rep-
stubs is illustrated by Figure 38. resented with a shared stub along the path through each

In Figure 38(a), suppose the shared responsibilitfomponem- In this case, the plug-in would be shared,
r indicates a negotiation that must be perforroetbre but the paths through it from each component could be

allocation of some resource is to be performed by théifferent. _ _

stub AR. The implication is that a message sequence is ~ Complex paths may be avoided by layering. How-
required between components C1 and C2 to complete §Ver. layering completely hides underlying functionality.
Now suppose that the resource allocation must be part 6f visual indication of what is hidden may sometimes be
the negotiation because the negotiation involves discoWSeful. Figure 39 shows how to indicate that different
ering whether or not the resource required to give théesponsibilities use the same layer (perhaps a shared
desired service can be allocated, and agreeing on dfta base that is deliberately left implicit in the
degraded service with a different resource if it cannotligher-layer UCM). Layered components made visible

One approach (not shown) is to put resource allocatioHis Way are not regarded as part of the UCM in which
into the part of r that is in C2 (thus leaving it to a lowerthey are shown (meaning paths cannot cross them and
level of abstraction). responsibilities cannot be bound to them).

Another approach, shown in Figure 38(b), is to

replace the shared responsibility by a shared stub S
between C1 and C2, the plug-in for which will include T > >
both negotiation and resource allocation in UCM terms. v
The possibility of negotiation may be indicated by an \\
OR-fork to a return cycle. T - — >
/\)‘T/\///\//\ «—=—symbolizes
symbolizes shared bolte%g;ry
use layer
component

Figure 39 Making layering visible.
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6.7 Nuances of Slots and Dynamic Stubs f . .

Figure 40 shows that slots may be black boxes that can ' ' AN
; : ; I ! —pp < >
be opened up as glass boxes, just like fixed components | | S ompare N Y
N 7

(this was illustrated by the Gateway Server slot in Sotwitha dynaniic stub
Figure 17). In UCMs, DCs are never shown directly, static stub bound to it
either as black boxes or glass boxes, but only implied by Figure 41 Nature of dynamic stubs.

slots and pools. Slot decomposition is a way of implying

DC decomposition. A DC that may be in multiple slots6.8 Expressing Exceptions in UCMs

would have the same decomposition in each slot, buAs illustrated by Figure 42, an exception-handler path

might have different paths traversing its components immay be indicated visually by a small zig-zag just after

different slots, as appropriate for different roles. Fixedthe start (this was used earlier for a specific case,

components in such decompositions (including poolshamely timeout paths).

are fixed relative to the DC that occupies the slot. They However, visually showing the coupling between

are created at the time the DC is created and move witkuch paths and the source of the exceptions tends to be

it into and out of pools and slots. Slots in such decompampossible in practice because of the large number of

sitions are initially empty and require paths traversingpossible points along source paths that may generate

the primary slot to populate them. The DC that occupiegxceptions. The figure shows notations that allow us to

the primary slot is not itself directly representadhe  talk about the issues but that are of limited usefulness in

slot, because the concept is that the bletomeshe  most practical situations the author has encountered.

DC. The most that can usually be done is to show exception
o - paths originating in the environment (implicitly, they

T T ) originate in an underlying system layer).

| <> | A scenario that generates an exception is viewed

| |

| |

| |

as coming to an abnormal end immediately after the
error is observed. This is indicated visually by a diver-
sion from the main path (shown by an OR-fork) that
e 4 generates the error even and then ends.

Apart from the way they are triggered, handler
paths are just ordinary paths that may wind through the

The apparent inconvenience of not having a direcsystem, aborting activity in progress and undoing dam-
way defined for showing a single decomposition of aage by re-initializing fixed components, destroying old
DC that may appear identically in many slots does nodynamic components and replacing them with new
seem to be much of an inconvenience in practicepnes, and so forth. If a handler path specifically aborts
because experience indicates little requirement to do it.activity along other paths, a special shorthand may be

Figure 40 also shows that a slot may have a stubiseful: a lightning-strike-shaped abort symbol, drawn
bound to it. This provides more decomposition flexibil- between the paths. This is a shorthand for a handler path
ity because different DCs with different stubs could bewinding through all the components touched by the
used in different slots, provided they are capable of fill-to-be-aborted path, restoring everything to some stable
ing the roles required by the slots. Dynamic stubs protnitial state.
vide the same flexibility more simply because they do

Figure 40 Slot decomposition.

not require extra DCs (however, if the system design Observe error ]
demands the extra DCs, then flexibility is not an issue). | /_ll\

What is the difference between a slot with a static — a2

. . . . Generat =3

stub bound to it (one of the options in Figure 40) and a error event Abnormal end g3
dynamic stub? The answer is (Figure 41) that the former  gxpressed with the basic notation ~ Visual shorthand gg
is acomponent and the lattexr not acomponent, but is 22
a type of generalized responsibility. Using a slot with a
static stub to get the effect of a dynamic stub would ew’"’wr scenarios
introduce an extra component level, gratuitously. o

error-handler path
Figure 42 Exceptions.
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7 Discussion

7.1
The

Properties of UCMs
main important properties of UCMs are summa-

rized below:

Scenarios are represented as architectural entities
that give a whole-system view of intertwined
behavior and structure. This view of architecture
goes beyond conventional views, such as [27], by
including within its scope both organizational
structures (UCM components) and behavior struc-
tures (sets of UCM paths). (From the perspective
of this paper, software/system design notations,
such as those of [3][31][14][16][26], are not con-
sidered architectural descriptions, but detailed
design descriptions, so any comments about prop-
erties of architectural descriptions are not meant to
apply to them.)

Scenarios are not specified, only paths for scenar-
ios are identified. This makes the notation more
abstract and more useful in architectural terms than
stand-alone scenario notations, such as [15][18],
scenario notations embedded in software/system
design notations, such as [3][31][14][16][26], or
formal scenario specifications, such as [12].

The notation directly represents, as architectural
entities, large-scale units of emergent behavior cut-
ting across systems, such as network transactions,
that are difficult to come to grips with as
whole-system entities in any other way.

Causality is shown directly, avoiding the need to
infer it from diagrams that express scenarios in
terms of temporal sequences along timelines, such
as those of [3][31][15][16][18][26].

The parts of causal sequences threading through
and between components are presented in a uni-
form way, as path segments, reducing the mental
effort required to grasp the big picture. With other
techniques, a person may have to piece together
representations that are different in kind and often
in different diagrams (e.ghetween components
sequences are often viewed in terms of messages
or calls; inside componentssequences are often
viewed in terms of state transitions).

The combination of behavior structures (wiggly
lines) and organizational structures (arrangements
of boxes) in the same diagram helps a person to
understand intertwined behavior and structure
directly without having to mentally integrate infor-
mation from different diagrams.

Because paths are continuous and notationally
lightweight, many may be combined in a single
diagram in a way that enables the mind’s eye both
to see them together and to sort them out. This also
enables UCMs to give a more complete scenario

picture than other techniques, in the sense of being
able to include more scenarios without unreason-
able effort.

The notational elements stand back from the kinds
of details that make practical systems so diverse, to
focus on the high-level aspects that make them
similar. The component notation takes the
one-concept-fits-all view that a rectangular box
represents any type of runtime component imple-
mented in either software or hardware (a notation
for a small nhumber of different universal compo-
nent types is provided in [5]).

The approach expresses system self modification
in a coherent way that scales up. It enables us to
have our cake (describe self modifying systems)
and eat it too (use fixed diagrams). It stands back
from details such as software messages that
request the creation and destruction of compo-
nents, intercomputer messages that pass compo-
nents from node to node in a network (e.g., as with
Java applets), and messages of any kind that pass
information to set up new relationships among
components (e.g., to identify the components to be
involved, and the required protocols). It includes a
concept of behavior structures that may be used to
describe self-modifying behavior entities, such as
transactions.

The notation provides a vehicle for
back-of-the-envelope-style thinking and discussion
during all phases of system development.
Although this paper has not addressed all phases
specifically, it has given enough information to
make this statement at least plausible.

UCMs may provide helpful visual patterns that
stimulate thinking and discussion about system
issues and that may be reused.

The lightweight nature of the notation causes
fewer problems with scaleup than more detailed
notations and explicit techniques are provided to
support scaleup. (This does not mean there can be
no problems with scaleup. The ability of UCMs to
give a quickly-understandable, end-to-end view
can be compromised by overuse of techniques
such as stubbing.)

Although not covered by this paper, we are investi-
gating whether and to what extent system perfor-
mance requirements can be stated by attaching
them to UCM paths (e.g., response time along a
path, throughput along a set of paths). This offers
the prospect of tying system behavior requirements
to specific system functionality, rather than regard-
ing them as non-functional requirements as is tra-
ditionally the case.

UCMs are by no means a complete notation for all
issues that arise in system development. They only
deal with the issue of getting a high level view of
emergent behavior of systems and are important
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only because this is such a difficult view. UCMs for aspect-oriented programming. The use of UCMs for
supplement other techniques that give views ofadaptive systems has been explored in [29].

emergent behavior in more detailed terms, to give Aspects of UCMs have been made executable
a different perspective. They neither replace suchyith | OTOS [1]. A formal XML syntax has been devel-
techniques nor depend on them. oped for use in a tool that covers most of what is in this

*UCMs may be usefully integrated with other naner[30], but it is evolving and somewhat tool-specific
high-level techniques that have other purposes thaQ4 so would be out of place in this paper.
behavior description, such as high-level class rela-

EiSO]r[g]r)]ip diagrams in object-oriented design (seea Conclusions

This paper has presented an unconventional approach to
7.2 What’s in a Name? scenarios, centering around the use of diagrams of sce-
The notation was originally given the natmaethreads  nario paths as visuakehavior structureshat can be cre-
which set it apart as a new notation, different from any-ated, manipulated, reused, and understood by people as
thing else, but seemed to require too much explanatiofirst class architectural entities of a system. The dia-
to the uninitiated, especially considering that the namegyrams are called Use Case Maps (UCMs) and their use-
did not accurately reflect the central idea of causatulness is broader than their name suggests. The aim of
sequences. The name was eventually changedas¢o the approach is to leverage human understanding of the
case mapbecause the use of the by-then-widely-underbig picture during all phases of the life cycle, not just to
stood termuse caseeduced the amount of explaining specify scenario sequences. The paper has showed how
required (this change was endorsed by the popularizer @fe approach may be applied to systems that have some
the use-case approach, Ivar Jacobson, who providedoa all of the attributes of being concurrent, distributed,
forward to the book that used the term for the first timecomplex, large scale, and self modifying. The paper
[5]). This name was (and is) an accurate description cérgues that UCMs merit being added to the suite of sys-
the notation as a way of projecting the scenarios of usgem description techniques for a number of reasons.
cases onto solutions. Unfortunately, it fails to convey theThey give a bird’s eye view of whole-system behavior
idea of UCMs as architectural entities, thus tending tahat is first class (meaning independent of how the
give the incorrect impression that UCMs are just anothebehavior will, eventually, be made to emerge from
notation for use cases. Among other things, this papefetails), uniquely compact and expressive for complex

has aims to correct that impression. systems of all kinds, and general enough to supplement
almost any other technique that defines system behavior
7.3 Related Work in more conventional, detailed terms. The notation is

UCMs come at system issues from such a novel angligghtweight enough to learn quickly and to be useful for
that there are few directly related techniques known taketching design ideas or explanations quickly in
the author. back-of-the-envelope fashion. A novel and powerful
As summarized in Section 7.1, well known nota-feature of the notation is the way it represents highly
tions for softwaredesignand scenarigpecificationare  dynamic situations in a direct and understandable way.
more detailed or narrower in scope, or both, and thereFhis paper provides an up-to-date, compact reference
fore do not do the same job as UCMs. UCMs havdor all important features of UCMSs, including interpreta-
something in common with the CRC method oftions and extensions that have emerged from recent
object-oriented design [2], in the sense that both are cemxperience.
tered around causal sequences of responsibilities, but
the CRC method offers no visual notation to record itsAcknowledgments

results and UCMs go deeper (e.g., Section4 ange h int has b ted b
Section 5). The concept of slots in UCMs is related ta esearch 1o Use case maps nas been supported by
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programs. His group is working on an extension toorder): Daniel Amyot, Don Bailey, Francis Bordeleau,
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