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Abstract Ideally, a software project commences witquirements gathering and speci-
bcation reaches its major milestone with systémplementation and deliveryand then
continues, possibly indebnitely, into aperation and maintenancgghase. The software
system@architectureis in many ways the linchpin of this process: it is supposed to be an
effective reibcation of the systemOs technical requirements and to be faithfully reRected in
the systemOs implementation. Furthermore, the architecture is meant to guide system evo-
lution, while also being updated in the process. However, in reality developers frequently
deviate from the architecture, causiagchitectural erosiona phenomenon in which the

initial, Oas documentedO architecture of an application is (arbitrarily) modibed to the point
where its key properties no longer hoktchitectural recoverys a process frequently used

to cope with architectural erosion whereby the current, Oas implementedO architecture of a
software system is extracted from the systemOs implementation. In this paper we propose a
light-weight approach to architectural recovery, cakfedus which has three unique facets.

First, Focus uses a systemOs evolution requirements to isolate and incrementally recover only
the fragment of the systemOs architecture affected by the evolution. In this manner, Focus
allows engineers to direct their primary attention to the part of the system that is immediately
impacted by the desired change; subsequent changes will incrementally uncover additional
parts of the systemOs architecture. Secondly, in addition to software components, which are
the usual target of existing recovery approaches, Focus also recovers the key architectural
notions of software connector and architectural style. Finally, Focus does not only recover a
systemOs architecture, but may in fact rearchitect the system. We have applied and evaluated
Focus in the context of several off-the-shelf applications and architectural styles to date. We
discuss its key strengths and point out several open issues that will frame our future work.
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applications, the second requirement can be fulfilled relatively simply, by using the appli-
cation and observing its behavior. The third requirement may present a somewhat greater
challenge to a developer who is unfamiliar with the given implementation platform. However,
it is necessitated by the reliance of present-day software development on an increasing body
of libraries, frameworks, and middleware solutions.

Our ultimate goal is to evaluate Focus and assess the extent of its applicability across
applications of varying sizes, belonging to arbitrary domains, and employing many differ-
ent architectural styles. However, for practical reasons we have had to narrow down the
scope of our evaluation to date. As already discussed, we are currently working with ap-
plications developed in OOPLs. We have conducted five case studies on small-to-medium
sized systems, not counting their implementation substrates (e.g., MFC); two additional
case studies have been conducted by external teams (Software Architecture Recovery
with Focus http://sunset.usc.edu/ neno/Focus/). We have relied primarily on (combina-
tions of) three architectural styles in our case studies: client-server, pipe and filter, and
C2 (Taylor et al., 1996). Clearly, further experience is needed before we can fully and
definitively assess Focus. However, our evidence to date indicates that Focus is an ef-
fective approach to architectural recovery in the explored settings, and suggests broader
applicability.

The remainder of the paper is organized as follows. The details of the Focus approach
are discussed and illustrated with an example in Section 2. Three additional case studies are
outlined in Section 3. We evaluate Focus based on our experience to date and discuss several
open issues in Section 4. Section 5 presents related work, while Section 6 concludes the paper.

2. The Focus approach

The Focus approach is driven by evolution requirements and applied iteratively. Each iteration
is composed of two interrelated steps: architectural recoveryind system evolutiarUsing this
approach, the architecture of the original system is partially recovered, evolved to address
new requirements, and enriched with detail in an incremental fashion.

To illustrate the details of Focus, we will use an example application. The application,
DrawCli, is implemented in Visual C++ and provided as part of the MFC release. DrawCli
provides an editor that allows users to manipulate 2-D graphical objects (lines, rectangles,
polygons, etc.). The specific evolution requirement we used as the basis for applying Focus
to this system is to extend DrawCli into a collaborative application that allows concurrent
drawing and editing of graphical objects by multiple, distributed users. The new system,
called ShareDraw, must also provide some level of group awareness, such as recording one
user’s actions (e.g., movement, object selection) on another user’s screen. A subsequent
evolution requirement was to extend ShareDraw with a “chat” facility to rapidly discuss
issues during collaborative editing.

The details of the application, recovery of its architecture, and its evolution are discussed
below. We use UML (Booch et al., 1998) as the notation for expressing different activities
and artifacts in Focus. For exposition purposes, we discuss the two major steps of Focus
(recovery and evolution) separately. However, we should reiterate that the two steps are in
fact interrelated and applied repeatedly in an iterative fashion. Additionally, although the
two modifications (support for collaborative editing and for chatting) were achieved in two
successive applications of the Focus approach, in the interest of brevity we will discuss their
details together whenever appropriate.
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Fig. 1 The architectural recovery step of Focus

2.1. Architectural recovery

The architectural recovery step is composed of six activities, as illustrated in Fig. 1. These
activities are divided into two categories: (1) logical and (2) physical architecture recovery
The former starts with an idealized high-level model of the architecture inferred from the
selected architectural style, the application’s user-level behavior, and its implementation sub-
strate; it focuses on specific parts of the architecture affected by the required change and tries
to rePnethem by integrating more concrete details. The latter starts with the source code and
tries to abstractit to get the actualcomponents and their interactions in the implementation,
in order to inform and influence the architectural refinement activities. It is important to point
out that the goal of this process is not to arrive at a software system’s architecture that is fully
“correct” in relation to the implemented system. Such a property would be very difficult to
verify given the likely complexity of the system in question and the lack of architecturally
relevant documentation. Rather, our goal is to arrive at an architecture that “makes sense”
for the system in question. In fact, we assume that the resulting architectural model will have
inconsistencies in relation to the implementation, i.e., that it will be only partially “correct.”
Any such inconsistencies will be discovered and eliminated incrementallyas different por-
tions of the system are studied in depth in order to effect different evolution requirements
(see Section 2.2).

The following is a detailed explanation of the activities depicted in Fig. 1. Note that the
activities and their dependencies form a partially ordered graph. Therefore, as highlighted
in activity headings, the order in which we discuss the activities does not always imply
dependency, but rather follows a logical progression.

A. ldentify components (independent activity)

The first step in generating the initial logical architecture for a system consists of identifying
the coarse grained components from the source code. Focus identifies both the processing
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components and, optionally, the data components in the system. Processing components are
presentin all existing architectural modeling approaches and languages (Medvidovic and Tay-
lor, 2000). On the other hand, data components are considered an integral part of software ar-
chitectures (Perry and Wolf, 1992), but are absent from a majority of the modeling languages.

Identify Processing Componerid his step can be further divided into three stages:

(1) Generate class diagramslo class attributes and methods need to be identibed at this
stage. However, three kinds of static relationships among classes should be captured in
the diagram: association, generalization, and aggregation. A number of tools are available
to infer class diagrams from the source code automatically. Figure 2(a) shows the class
diagram of DrawCli, generated automatically by Rational Rose

(2) Group related classe3he class diagram is further simplibed by grouping related classes
using ten rules, the prst bve of which are completely automatable. An engineer may
choose to apply only a subset of these rules. However, the rules, or any subset thereof,
are intended to be applied in the order in which they are presented. (i) Classes isolated
from the rest of the diagram comprise one grouping (Fig. 2(b)). Classes that are related
by (ii) generalization (i.e., inheritance) comprise additional groupings, as do classes
related by (iii) aggregation and (iv) composition (Fig. 2(c)). Note that it is possible for
multiple application-level classes to inherit from a single base class that belongs to the
implementation substrate (e.g., MFC). Inthat case, the base class is replicated to facilitate
mutually exclusive groupings. Finally, (v) classes with two-way associations are grouped
together since they denote tight coupling (Fig. 2(d)). Note that, at the end of this process,
the only relationship spanning class clusters is association. The relations between classes
belonging to different groups are still preserved and displayed. However, this is now done
at the level of relations between entire groups, so that, for example, multiple associations
are displayed as one.

The application of the above rules to DrawCliOs implementation resulted in clusters of
classes that could be abstracted into seven components (Fig. 2(e)). However, these bve
rules alone are not always sufbcient to determine components, especially in more com-
plex systems. For this reason, we introduce additional rules. (vi) Classes that have large
numbers of incoming and outgoing relationships with other classes are recognized as
domainclasses (Quatrani, 1998): their high level of interdependency with other classes
implies a signibcant role in the system; this role is derived from the nature of the prob-
lem domain. Determining which classes are domain classes is inherently subjective and
requires some level of human judgment. Based on our experience with Focus, we have
found the following heuristic to be very effective: domain classes are likely those classes
whose number of dependencies with other classes in the system is 2D3 times greater
than average; after the application of the brst bve clustering rules, most classes have
1D2 dependencies on other classes; therefore, classes with 4 or more dependencies are
candidate domain classes. The remaining rules are based on domain classes and further
help in reducing the complexity of a systemOs class diagram. (vii) If€laas a single
dependency, and that dependency originates from a domain clas< tineyy be ab-
stracted into the domain class. (viii) Every class belonging to a circular dependency path
with a domain class along the path can be abstracted into that domain class (Fi§. 3(a)).

2 A path is debned as a set of uni-directionally connected classes, so that by following the direction of the
dependency, the last class in the path can be reached starting from the brst class. A minimal path contains two
classes and a dependency between them.
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Fig. 3 Example of clustering
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In addition, (iX) if there is a path whose start node and end node are both referenced by the
same domain class, then all the classes from that path can be abstracted into a new cluster
of classes (Fig. 3(b)). We call this rule open circular dependenc¥inally, (x) if there are
two different paths with the same end node, and whose start nodes are referenced by the
same domain class, then all the nodes from the two paths can be abstracted into a new
cluster of classes (Fig. 3(c)). We call this rule transitive dependency

(3) Package classes into compone@histers of classes identified in the previous stage are
packaged into abstract components. These components can be further grouped, using the
above rules, to form even larger components.

The above discussion concentrates on the first iteration of the task of identifying compo-
nents. During subsequent iterations, a subset of these components will be refined to satisfy
the given evolution requirement. The information captured during this stage is used to ensure
that the refinement of the architecture is consistent with the implementation throughout the
evolution process.

Identify Data Component&he next step is to identify the data components that the pro-
cessing components packaged in above manner will exchange. The obvious choice for the
data components are the parameters of the processing components’ public methods. How-
ever, since each processing component may comprise many implementation classes, the
corresponding numbers of methods and their parameters may be very large. In the cases of
components with clearly identified dependencies on other components (e.g., DrawObj Mgr
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interacts with DrawToolLMgr and DrawDocumentMgr in Fig. 2(e)), Focus considers only
the data exchanged among them. However, this will clearly not suffice in the cases of compo-
nents that have no identified dependencies on other components (e.g., FrameWindowsVigr).
Three possibilities suggest themselves:

Only include data from components that have identified dependencies. This option is
easiest, but may elide important information.

Include the parameters from all of a given component’s public methods. This option is
most complete, but may obscure architecturally relevant data with a lot of data relevant
only at the implementation level.

Include the parameters from only those public methods that are not already accessed by the
component’s internal classes. This option is potentially most accurate, but may omit some
data that are architecturally relevant (e.g., data accessed both internally and externally).

None of these three possibilities can be considered universally applicable, so Focus leaves
the decision to the engineers’ discretion. Recall from the above discussion that a fourth
option, adopted by a number of architectural approaches, is to ignore the data components
altogether. While our discussion in the remainder of the paper does not extensively center on
data components, they play an important role in Focus (e.g., as evidenced by Figs. 5 and 10).

B. Propose idealized architectural model (independent activity)

During the initial phase of architectural recovery, the selection of an appropriate architectural
style is critical. Since Focus assumes that the style used during the original development of
the application is not known, the style can be selected based on several criteria, including
the experience of the engineers involved in the recovery process, the characteristics of the
implementation (e.g., a distributed application may imply a network-based style, Fielding,
2000) the characteristics of the application domain (e.g., a GUI-based application may imply
the MVC (Krasner and Pope, 1988) or C2 styles (Taylor et al., 1996)), and, if available, the
reference architecture for applications in the given domain (e.g., the reference architecture
for Web servers uses the pipe and filter style (Hassan and Holt, 2000)). Based on that style,
the engineer’s understanding of the application’s architectural properties (e.g., program logic,
development platform) and user-level properties is captured in an architectural model. The
components identified in the idealized architecture need not match those extracted in activity
A above (recall from Fig. 1 that activities A and B are indeed independent). Also, there is
no burden on the engineers to produce a “correct” architecture, only an architecture that
“makes sense” for the application. The subsequent steps of Focus will identify and rectify
any problems with the idealized architecture.

Our use of styles and architectural models in this situation differs in at least three ways
from their typical use. First, while styles may be used in the initial formulation of a system’s
architecture, only a few of the approaches we have come across (e.g., Harris and Holt 2000)
make use of them in the process of architectural recovery. Secondly, as foreshadowed above,
Focus allows for the style selected during this activity to be different from the style used in
the application’s initial development. This significantly lessens the burden of guessing the
“correct” style. Finally, the architectural model at which one arrives as part of this activity
is idealized it is understood that parts of it may characterize the application incorrectly. The
model only sets a target for future adjustment and evolution (e.g., see activity C).

Figure 4(a) represents the initial idealized architectural model for the DrawCli system
described in the C2 style (Taylor et al., 1996). C2 is a style intended for applications with
a significant GUI aspect and has been successfully applied in the development of numerous
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D. Identify key use cases (independent activity)

Focus expresses the major application requirements using UML use case diagrams. Use cases
are derived by observing the user-level behavior of the application and from the statement
of the desired application modibcation. When evolving an application, Focus identibes three
categories of use cases: those unaffected by the chang®(amtDiagramin DrawCli); those
corresponding to the new requirements (62haf; and those denoting existing functionality

that must be modibed (e.@pen Filg. Identifying and prioritizing the latter two categories

of use cases sets thiecusfor recovering additional architectural detail and evolving the
application. We do not show the DrawCli use cases here for brevity; a prioritized view of
them may be found at (http://sunset.usc.ed@no/Focus/).

E. Analyze component interactions (depends on activities A and D)

To integrate all the identiped components into the architecture, in addition to the components®
static relationships (Fig. 2), their interactions (i.e., control Row) must be analyzed as well.
We use UML sequence diagrams to this end. We rely on two simplifying factors during
this activity. First, we describe the control Row at the level of components (Fig. 2(e)) rather
than the much more numerous classes (Fig. 2(a)). Secondly, we only generate the sequence
diagrams corresponding to the key use cases identibed in adbwtyove. During each
iteration of Focus, the remaining use cases with the highest priority are selected. Figure 5
shows an example sequence diagram for drawing a rectangle.

We should note that Focus identibPes processing and data components, but does not at-
tempt to explicitly recover connectors. The reason for this is that connectors in systems
implemented in OOPLs, at which we have specibcally targeted Focus to date, are dispersed
in the source code (Medvidovic and Taylor, 2000; Shaw and Garlan, 1996). In essence, this
activity identibes the (implicit) connectors in an application and allows their mapping to the
(explicit) connectors suggested by the idealized architectural model (recall aBjvithis
issue is further discussed below, in the evolution step of Focus.

F. Generate rePned architecture (depends on activities C and E)

Once the key component interactions are determined, we can proceed with completing the
intermediate architecture created by acti@yWe leverage the sequence diagrams to iden-

tify the dependencies between the remaining components (from Fig. 2(e)) and those in the
intermediate architecture (shaded areas of Fig. 4(b)). We also leverage the sequence diagrams
to identify any inconsistencies introduced into the architecture created during aBtiVitye
inconsistencies that can be identibed in this step fall into three categories:

Components (processing or data) recovered from the implementation or specibed in the
idealized architecture, but not both.

Components (processing or data) of different granularities in the two architectures.
Interaction links recovered from the implementation or specibed in the idealized architec-
ture, but not both.

Note that this step will not eliminate all such inconsistencies, but only those relevant to the
desired modibcations of the application. The architecture resulting from this step is shown
in Fig. 4(c).
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Fig. 5 Sequence diagram for drawing a rectangle

2.2. System evolution

Once the application architecture is recovered, we apply the system evolution step of Focus
to modify the application in a manner that satisfies the new requirements. This step is also
carried out in an incremental way, such that the modifications deemed most important are
carried out first. As shown in Fig. 6, system evolution is composed of the following five
major activities.

A. Propose idealized architecture evolution (independent activity)

Before the detailed changes are carried out, a high-level architecture evolution plan is made. In
the DrawCli example, we propose to evolve the original system architecture into a distributed
client-server architecture, where the internal architectures of both the clients and the server
adhere to the principles of the C2 style. We also decide which components from the newly-
created clients and server must communicate across the client-server boundaries. In our
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Fig. 6 The system evolution step Q
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case studies, we have found our reliance on explicit software connectors to be very useful
in evolving an application. In this case, we exploit C2’s connectors in order to distribute
the application: any connector in the DrawCli architecture (Fig. 4(c)) can be “sliced” into
multiple horizontal or vertical sections; each connector section is placed in a different address
space and ensures the proper communication flows across the entire connector (Cusumano
and Yoffie, 1998). Figure 7 shows two such connectors in DrawCli’s evolved architecture,
each of which is “sliced” and distributed across the three subsystems. The two connectors are
produced by the two successive modifications to DrawCli (adding support for collaborative
editing and adding a chat facility).

B. Add/modify components (depends on activity A)

Based on the evolution plan, the engineers must decide whether to add new or modify existing
components, or both. For example, in the case of DrawCli, components enabling the chat
facility and a server-side component are added to the system as shown in Fig. 7; additionally,
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Fig. 10 Sequence diagram for the request processing use case

As aresult, an HTML page listing the contents of the current directory is generated and sent
to the client.

Both proposed solutions were implemented and evaluated. In both cases the resulting
diagram remained the same since the diagram depicts only the structural organization of
the computational components. However, notice that, for example, the sequence diagram
shown in Fig. 10 does in fact include the involved data components (the parameters of
the displayed interactions). Because of its simpler use-case scenario that did not require
communication (i.e., the exchange of data components) across computational components,
we believe the second approach to be preferable. In it, the changes introduced due to the
evolution requirement did not affect any of existing component interactions (ad@ivityhe
evolution part of Focus in Section 2.2) because they were performed in a single component.

3.2. WordPad

WordPadis a standard word processing application included with various versions of
Windows'. It is also provided in the/isual G++ package as a sample application based

on MFC. WordPad supports several Orich format editingO features, including the use of dif-
ferent text styles, fonts, colors, and point sizes; paragraph alignment, tabs, margins, and
indentation; and the ability to read, write, and convert among Word 6.0, Rich Text Format
(RTF), and ASCII text ble formats.

In this case study, the intent was to extend WordPad into a full-Redged collaborative au-
thoring editor that supports bPne-grain concurrent editing of shared documents by multiple,
distributed users. By bne-grain, we mean that users can even edit the same word concur-
rently should they so chooseSimilarly to DrawCli, we also decided to integrate tBhat

3 One may argue against the utility of such bne-grain control over collaborative document editing. However,
determining the proper mechanism(s) for accomplishing this task is clearly outside the scope of this work.
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component into the evolved application, both as a useful utility in any computer-supported
collaborative effort and as a point of comparison to our experience in applying Focus to
DrawCli. Though shown in the evolved architecture of WordPad in Fig. 12(b) (component
labeled C), and in the screenshot of the resulting application in Fig. 13, the details of this
extension are not discussed here for brevity. However, we will further discuss this extension
in Section 4, as part of our assessment of Focus.

WordPad’s key functionality is based on three powerful MFC classes: CRichEditView
CRichEditDoc¢ and CRichEditCntritem Compared to a similar system developed from
scratch, this rendered the actual size of the application-level code reasonably small: un-
der 20,000 SLOC distributed over 61 source files. Still, with over 50 classes and their many
dependencies, WordPad’s class diagram is quite complicated (see Fig. 11(a)), and does not
provide many hints for modifying the system to satisfy the new requirements.

In applying the Focus approach, the WordPad classes were initially groupedinto 16 low-
level components (shown in Fig. 11(b)). They are then further grouped based on the criteria
discussed in Section 2 and, eventually, packagednto seven higher-level components. Those
components were mapped onto our idealized C2-style architecture for WordPad with the help
of several key use cases and their corresponding sequence diagrams. The outcome of this
process-the refined WordPad architecture-is shown in Fig. 12(a).

An analysis of the evolution requirements and the recovered architecture revealed that only
the three components highlighted in Fig. 12(a) (Dialog Manager WordPad View Manager
and Frame Windows Managgmwould be affected by the desired change. Additionally, the
analysis suggested that, similarly to the DrawCli example, the resulting application be built
in the client-server style. For that reason, the Servercomponent was introduced into the
new system. Again, explicit connectors were exploited to easily facilitate distribution. Figure
12(b) shows the resulting architecture of the new system after two iterations of the Focus
approach.

The WordPad View Managetomponent from Fig. 12(a) is altered to depict other clients’
modifications to a document, and is shown as the shaded WV component in Fig. 12(b). The
Dialog Managercomponent of Fig. 12(a) is refined into three more detailed components in
Fig. 12(b): Character Format Dialog CFD), Paragraph Format Dialog PFD) and Other
Dialogs(OD). This refinement is suggested by the class grouping performed in the architec-
ture recovery step of Focus. Components CFD and PFD are modified (and thus highlighted
in the diagram) to inform other clients of local character and paragraph formatting changes
to the document, while OD only affects local display and remains unchanged.

Similarly, in each client’s subarchitecture in Fig. 12(b), the shaded area encompassing
six components represents the detailed internal architecture of the Frame Windows Manager
component from Fig. 12(a): Resize Ba(ZB), Format Bar(FB), Ruler Bar(RB), Color Menu
(CM), In-Place Frame Manage¢lFM) and Main Frame ManagefMFM). Among them,
components ZB, IFM, and MFM remain unchanged.

With the help of the evolved architecture shown in Fig. 12(b), the implementation efforts
are focused on the highlighted components and connectors, and leave other parts of the
system unaffected. Figure 13 shows the screen shots of both the original WordPad and the
new collaborative authoring editor, SharedWord

3.3. Petri net simulator

The two case studies discussed above were based on MFC and, in that sense, it could be
argued that they comprise a product family. In order to demonstrate that Focus is more
broadly applicable, we conducted a third case study that dealt with a different implementation
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Fig. 14 Recovery and evolution of the Petri net tool architecture

the client consisted of two very large components, each of which addressed multiple appli-
cation needs: an ADT, which maintained the state of a Petri net and provided the logic
for its execution, and an artist, which was tasked with maintaining all aspects of the
Petri net’s depiction. The ADT and artist communicated via events through Chiron-1’s
event dispatcher

At this level of abstraction, the architecture of the Petri net tool was easier to recover
than was the case with DrawCli or WordPad: the architecture is relatively monolithic and
consists of only three coarse-grained components and two event buses (see Fig. 14), so that
a corresponding class diagram derived by Focus is very simple. However, this presented an
added challenge during the evolution step of Focus since any modifications were likely to
affect a large portion of the original application.

In order to achieve the specific modification described above and depicted in Fig. 14, we
redesigned the original artist by separating the layout of a Petri net from its presentation. In
addition, the presentation of places with different numbers of tokens is entrusted to separate
components (i.e., Ada packages). We reused the Chiron-1 event dispatcher to implement the
connector between the Petri net layout and presentation layer components. The Petri Net
Layout Artistshown in Fig. 14 maintains the coordinates of places, transitions, and arcs,
addresses issues of adjacency, and maintains logical associations with Petri Net ADTobjects.
At the same time, it has no knowledge of the artists in the presentation layer or the actual
look of the Petri net. When a place is added, deleted, or repositioned, or its number of
tokens changes due to a transition firing, the Layout Artistbroadcasts the appropriate event
notifications via the connector below it and only the artist maintaining the presentation of
places with the specified number of tokens responds to them.

In order to achieve this modification, only the highlighted portion of the original ap-
plication was modified. Most all of the new Layout Artists functionality was reused
from the original artist. On the other hand, we had to alter and extend the functionality
used for depicting Petri net places in the original application for each presentation-layer
artist.
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4. Evaluation

Focus has shown a lot of promise in our studies conducted to date. Although it does not
preclude the use of sophisticated tools, Fomgiiresonly minimal tool support. In turn,

it simplibes the human-intensive activities. For example, components are identibed from
source code in the architectural recovery step using ten simple rules (isolation, generalization,
aggregation, composition, two-way association, domain class identipcation, single incoming
dependency, circular path, open circular dependency, and transitive dependency), rendering
this task feasible even for very large systems (e.g., the Jigsaw architecture was recovered
in 10 person-hours). The approach similarly restricts the number of considered component
interactions (and generated sequence diagrams) by focusing on those relevant to the desired
application modibcation and by prioritizing use cases.

As a result of our focused approach to architectural recovery and evolution, we have
had to consider only a small fraction of an application for each desired modibcation. Focus
abstracts away a systemOs low-level details and leverages architectural style constraints in
order to Ozero inO on the parts of the system that need to be changed. In particular, after
the components affected by a change have been identibed, the task is limited only to the
implementation-level classes that are clustered inside (activity A in Section 2.1) and mapped
to (activity C in Section 2.1) those components. For example, addressing the new requirement
in Jigsaw that was discussed in Section 3.1 required working with only 4% of JigsawOs
total source code when the change was introduced insideééseurcesomponent, or 5%
of the source code when it was inside tHeTPD. Similarly, the conversion of DrawCli
to ShareDraw required working with only 15% of DrawCliOs source code; the subsequent
addition of the chat facility required focusing on 10% of the code. Note that this does not
mean that we had to modify 25% of DrawCli. Rather, the two changes were contained within
this portion of the original application. Focus helped us to isolate the portions most probably
affected by the changes and, in the process, to identify, document, and, by explicitly applying
architectural style rules, evolve its architecture.

Another benebt of Focus is incurred when applying multiple changes to an application.
In particular, much of the architectural recovery task is conducted only during the initial
modibcation and its results are reused thereafter. Thus, for example, the additions of the chat
facility to DrawCli and WordPad were accomplished in a fraction of the time it took to evolve
the two into collaborative applications. One reason is that all 11 activities of Focus discussed
in Section 2 are carried out during the brst modibcation. During a subsequent modibcation, it
iS unnecessary to repeat activities A, B, and C of the architectural recovery step; furthermore,
activities D and E are restricted to identifying only the use cases and component interactions
specibc to the new modibcation. As a result, the bPrst modibcation to DrawCli was completed
in 35 person-hours, while the second required less than 10.

Because of its minimal requirement for tool support, and its focused approach to ar-
chitectural recovery and evolution in which only a small fraction of an application and a
restricted number of component interactions are considered, we see Focus as a reasonably
light-weight approach. While our initial results are promising, a number of relevant issues
remain unexplored and warrant further study. These are discussed in the remainder of this
section.

Selecting architectural style(s)

As discussed above, the selection of the appropriate style(s) is necessarily subjective because
of a lack of necessary information. If, as in the case of the Jigsaw example, a reference archi-
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large, long lived, distributed, possibly open source projects (e.g., Jigsaw) to strictly follow a
common and complete set of coding rules.

Concurrent application modibcations

Focus currently (implicitly) assumes that multiple modifications to an application will be
carried out in succession (e.g., as was done in the DrawCli and WordPad case studies). How-
ever, it is unclear whether a sequential approach is the optimal, or even realistic, way of
accomplishing such a task. For example, it is likely that, once the subsystems affected by a
change are identified, mutually exclusive changes may be pursued in parallel and their results
(the recovered architectures and the modified implementations) merged after the fact. De-
ciding on what constitutes mutually exclusive modifications, merging multiple architectures
and implementations that result in the process, and understanding the potential challenges
of doing so remain open problems. Another, more challenging class of open problems stems
from simultaneous system modifications that may not be mutually exclusive, e.g., in the
case of open-source systems. Understanding such modifications, which are likely performed
at different sites, and merging them into a unified system version is a formidable research
problem in its own right.

Scalability

Our examples to date have dealt with applications of at most 100,000 SLOC, not counting
their implementation substrates or meta-level resource configuration subsystems that were
of no interest to our study (e.g., the MFC classes used by WordPad, the server-side Ren-
dering Agentin Chiron-1, or Jigsaw’s administration tool). As a partial consequence of the
sizes of the involved applications, we have been able to complete each case study in less
than 75 person-hours. While the encountered sizes are representative of many existing ap-
plications, further experiments are needed to assess the ability of the Focus method to scale
up to larger systems. The key property of Focus that suggests that it will indeed be able to
scale up to large systems is the fact that it zeroes-in on the particular subsystems affected
by the evolution requirements. However, this may still result in having to understand and
evolve substantial portions of a system in the cases of very broad evolution requirements
(e.g., “make the system Web based”) and very poorly structured systems. In the former case,
we suspect that the broad evolution requirement can be recast into a number of more spe-
cific requirements, and Focus applied on each of them. The latter case is further discussed
below.

Poor modularity

Numerous researchers, including a recent study by Bowman et al. (1999), have demonstrated
that developer discipline is difficult to ensure in a large system built and maintained by
many people over a long time; in such cases, the physical architecture of the system eventu-
ally reaches a high degree of connectivity among its components. We have not encountered
cases of such severe architectural erosion in our studies to date and it is an open question
to what extent Focus would be able to address them adequately: if we were to simply use
Focus to recover such a system’s entire architecture (or a substantial subsystem’s architec-
ture), that would likely undermine Focus’s key claimed benefits of incrementality and light
weight.
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5. Related work

Many aspects of Focus have been inspired by other work on architectural recovery and

software evolution. A common approach to architectural recovery is software clustering
Based on the composition operations that are used for grouping source code entities such as

classes or variables, existing software clustering techniques can be divided into two major

categories. Syntactic clusteringmploys approaches that focus on static relationships among

entities. Any functional property or meaning of entities is not taken into consideration.

Entities are grouped together based on the existence of tight relationships between them. For

example, if the result of source code analysis is that one task spawns another task, these two

can be grouped together to represent (a part of) a single system component. More examples

of operations of this kind include: variable and class references, procedure calls, use of
packages, association and inheritance relationships among classes, and so on. In addition,

these approaches often embody some kind of inter- and/or intra-component connectivity

measures (e.g., Mancoridis et al., 1999).

Semantic clusteringn the other hand, includes all aspects of a system’s domain knowl-
edge and information about the behavioral similarity of its entities. This means that all imple-
mentation constructs with similar functionality can be grouped together to form a software
component. For example, all classes that provide support for checking the users’ authenticity
can be grouped together and form a single software component. Although this approach
might provide more meaningful components, its main drawback is that it is domain specific,
so that its rules cannot be easily applied to an arbitrary system.

Tzerpos and Holt give a similar categorization in (2000) and indicate that the structure-
based (i.e., syntactic) techniques are predominant among existing software clustering ap-
proaches and that the ones based on naming conventions are the most promising. Note that
Focus uses a structure-based clustering approach without the use of naming convention for
component identification. Naming conventions can also be used as a basis for behavior-based
clustering. For example, two entities with non-similar names but with similar functionalities
(implied by their names), such as Authenticate.javand Authorize.javacan be grouped to-
gether into a Securitycomponent. Although the clustering-based approaches to architectural
recovery presented in the remainder of this section are based on syntactic rules, some of
them utilize semantic rules as well (e.g., support for creating abstract data type subsystems
in Rigi). The section concludes with several examples of work related to Focus’s evolution
part.

Rigi (Wong et al., 1995) is a program-understanding tool that provides support for discov-
ery and hierarchical representation of subsystem abstractions. Subsystem composition, based
on artifacts that are extracted and then stored in an underlying repository, depends on the
purpose, audience, and domain (Miiller et al., 1994). For example, for program understanding
purposes, the established approach is low coupling and strong cohesion; alternatively, compo-
nents can be identified by maintenance personnel based on their experience or qualifications.
This also means that, unlike Focus, the composition criterion depends on the application
that is being redocumented, the use of domain knowledge is unavoidable, and the recovery
is sometimes done by persons who are familiar with the application (e.g., its developers).
However, Rigi’s users can also employ selection and search algorithms on the basis of system
aspects such as graph connectivity, and component and dependency type (Wong et al., 1995).

Rigi (Wong et al., 1993) also has a concept of omnipresenhodes, which is seemingly
similar to the notion of Focus’s domain classes. However, the two are defined and used in very
different ways. Rigi’s omnipresent nodes are defined as nodes accessed by the majority of
subsystems and are, therefore, considered to obscure the system’s structure and are usually
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disregarded. They also capture the notion of helper classes, which are end-points of uses
relationships (i.e., dependencies) and, as such, are typically not shown in class diagrams. On
the other hand, FocusOs domain classes are debPned based only on the number of structural
relationships (i.e., references to objects), and, contrary to omnipresent nodes, also capture
fan-out information. Moreover, domain classes with only fan-in relationships might serve as
communication objects for other domain classes, and therefore cannot be disregarded in the
process of clustering.

Bunch (Mancoridis et al., 1999) is a clustering tool that lets the user evaluate the quality of
an application®s modularization, by providing source code graph connectivity metrics. The
graphOs nodes represent program units or modules, such as bles or classes; edges between
the nodes represent calls or relationships between those modules, such as function calls or
inheritance. Similarly to the notion of Focusfisities component (recall Section 3.1), Bunch
isolates all library modules in a single subsystem. Unlike Focus, where nodes with high fan-
out values are seen as separate candidate components, Bunch treats them as drivers and
groups them together in a single subsystem. Bunch thereby addresses the potential problem
of the systemOs structure being obfuscated by the drivers, but it may also run the risk of
misallocating system modules into the drivers subsystem.

ManSART (Harris et al., 1996; Yeh et al., 1997) is a Software Architecture Recovery
Tool that supports architectural style-based recovery. It recovers software architecture view
representations that consist of a component-connector graph and associations to source code
fragments. Components and connectors represent different source code abstractions in dif-
ferent views. The collection of different views provides hierarchies and abstractions that
partially recover the overall design of the system. Architectural representation is obtained by
combining (e.g., merging) different views or by Pnding connected subsets of a view. Special
query language routines, called recognizers, are used to extract and analyze style information
from an abstract syntax tree representation of the source code. Similarly to Focus, architec-
tural styles in ManSART are used to represent an idealized view of the system. However,
unlike Focus, where architectural styles are used to describe the constraints of the systemOs
architecture, in ManSART the use of styles is limited to recognition of what components and
connectors one can expect to bnd in the target system.

Similarly to the use of idealized architectures in Focus, Alborz (Sartipi and Kontogiannis,
2001) implements the notion of the architectural pattern that is incrementally developed by
the user and can be referred to as a systemOs conceptual architecture. Each pattern generation
step depends on the domain knowledge, system documents, and the results of the previous
graph matching procedure steps (Sartipi and Kontogiannis, 2003). However, unlike Focus,
where the idealized architecture is represented using a component-connector topology, the
conceptual architecture in Alborz is a pattern-graph with nodes that represent entities such as
bles, functions, and variables, and edges that repreaktanduserelationships. Component
clustering in Alborz is based on the degree to which the entities in one component are related to
the entities in another component (Sartipi and Kontogiannis, 2001). This measure is obtained
by applying data mining techniques on the graph representation of the system, where the
system entities are denoted as nodes and data/control dependencies as edges.

Riva (2000) identibes four main data categories that are involved and should be identibed
in the reverse architecting process: feature, architecture, design, and code. Furthermore, he
provides suggestions for a unibed exchange format that should be developed in order to cover
all the phases of the process. Creating the architectural abstractions is, unlike Focus, done
by looking at the documentation or by interviewing the developers. Similarly to Focus, the
reference architecture might be used for the purpose of identifying architecturally relevant
concepts.
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Similarly to Focus, ARM (Guo et al., 1999) is an approach to architectural reconstruction
that considers a system’s architecture from two perspectives: the conceptual architecture
and the actual architecture derived from source code. ARM applies design patterns and
pattern recognition to compare the two architectures. To this end, ARM employs Dali, an
environment providing several powerful tools for model extraction, analysis, fusion, and
visualization. While we would certainly benefit from tool support such as that provided
by Dali, a goal of Focus is to require only relatively simple static analysis tools to extract
class diagrams from implementations. Additionally, unlike Focus, ARM is used to recover
architectures, but not necessarily to aid in their evolution. Finally, ARM relies on system
designers and documentation to arrive at a conceptual architecture, while Focus is applicable
in situations where no such information exists.

Murphy et al.’s software reflexion models (2001) also treat a system’s architecture from
two perspectives: the idealized, high-level view and the low-level view derived from source
code. Moreover, reflexion models allow an incremental approach to architectural recovery:
an engineer may analyze whether a desired, but not necessarily complete set of relationships
holds between the idealized and actual architectures; the engineer may then repeat the process
using a different set of relationships to gain a better understanding of the system. The key
difference between this approach and Focus is that Focus is evolution-driven and also provides
mechanisms for implementing new requirements. Although reflexion models have been used
to aid system reengineering efforts, that is not their primary intended use. Furthermore, unlike
reflexion models, Focus makes extensive use of explicit architectural styles and software
connectors.

Tzerpos and Holt’s ACDC algorithm identifies several patterns, which relate to subsystem
structures that can be recognized while decomposing software systems (Tzerpos and Holt,
2000). Similarly to the concept of domain class discovery in Focus, the central dispatcher
pattern describes resources that depend on a large number of other resources (e.g., a driver).
Unlike Focus, where domain classes might be used during the component identification
process, the central dispatcher resources are initially disregarded in the ACDC algorithm and
reconsidered only in conjunction with already formed components.

Recently, a series of studies has been undertaken by Holt et al. to recover the architectures
of several large-scale, open-source applications (e.g., Linux, Apache) (Bowman et al., 1999;
Hassan and Holt, 2000). Their approach is similar to ours in that they also come up with a
conceptual architecture and use it as the basis of understanding a system’s implementation.
However, unlike Focus, their approach makes the assumption that at least some documentation
will exist for the system. Furthermore, since the main objective of their work has been system
understanding, the reverse architecting process is done thoroughly, with equal effort devoted
to each part of a system. In Focus, the recovery effort is centered on the subsystem(s)
believed to be affected by the desired evolution. Finally, Holt et al. extract relationships
among subsystems (components in our case) via static function call analysis, whereas in
Focus this is also done via requirement-driven use-case analysis.

With respect to system evolution, COREM (Gall et al., 1995) is a systematic approach to
converting procedural software into OO systems via architectural transformations. It consists
of four main steps: design recovery, application modeling, object mapping, and source-code
adaptation. Though the steps used by Focus and COREM are similar, their objectives differ:
COREM’s objective is to change an entire legacy system into the more maintainable OO
form, rather than try to incrementally satisfy new requirements.

Finally, similarly to Focus, MORALE (Rugaber, 1999) is used to adapt existing soft-
ware systems to conform to new requirements. However, unlike Focus, MORALE mainly

@ Springer



254

facilitates the evolution of legacy software systems developed with procedural languages.
Furthermore, MORALE is not intended for incremental recovery and evolution.

6. Conclusion

This paper discussed Focus, an approach for recovering and evolving architectures of undoc-
umented OO applications. The approach has proven light-weight and efficient, showing the
promise of enabling rapid, yet dependable evolution of a large class of existing applications.
The philosophy behind Focus is that architectural recovery is not an end in itself, but is useful
only as a means to achieving improved system maintenance and evolution. Focus thus re-
duces the scope and complexity of the architecture recovery step by focusing the engineers’
attention on the system’s components critical to the overall task (system evolution). The
architecture of any subsystem that has not been impacted by the changes is not “correct,”
but is rather (deliberately) idealized; the actual architecture of each such subsystem will be
recovered only as future changes that impact the subsystem are required. While Focus has
been applied to date on several moderately sized third-party applications, its ability to center
on the relevant subsystems suggests its possible applicability in large-scale settings.

In addition to its light weight, incrementality, and intentional approximation of a system’s
actual architecture, another novel aspect of Focus is that it employs the results of software
architecture research that have emerged over the past decade. In particular, unlike most other
documented architecture recovery approaches (e.g., Kazman and Carriere, 1998; Murphy
etal., 2001; Tzerpos and Holt, 1996; Wong et al., 1995), our approach directly exploits archi-
tectural styles and software connectors. Focus, therefore, not only serves to stem architectural
erosion, but by incrementally fitting an application’s physical(i.e., as-implemented) archi-
tecture to its postulated logical architecture in the selected style(s), it may fundamentally
rearchitectthe application.

Much work still remains to be done before the full extent of Focus’s applicability can be
assessed. It is likely that the open issues discussed in Section 4 represent only a subset of the
relevant problems. We intend to use those issues as a starting point of our future research on
Focus.
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