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Abstract Parnas’s information hiding criterion [11] has rémeal
influential for decades. Designers are educatesbék

Software modularization activities remain without modular architectures to better accommodate exgecte
the guidance of formal theories and models. Acemydi  changes and to enable parallel development. Haweve
to Baldwin and Clark’s [1] design rule theory (DRT) because these principles are informal, their sistakes
modular architectures add value to system designs b application depends on intuition and experience.
creating options to improve the system by substgut  Intuition and experience, in turn, do not prevertig
or experimenting on individual modules. In this pgp ~ company, like Microsoft, from constantly grappling
we examine the design evolution of two software with unanticipated dependencies, modularity decay,
product platforms through the modeling lens of DRT and delays in bringing software to market. Thusane
and design structure matrices (DSMs). We show thatin need of a formal theory and models of modularity
DSM models and DRT precisely explain how real- and software evolution that can capture the essehce
world modularization activities in one case allowfed these important but informal design principles and
different rates of evolution in different software provide the power of description, prediction and
modules and in another case conferred distinct prescription.
strategic advantages on a firm (by permitting In recent work, Baldwin and Clark [1] propose a
substitution of an at-risk software module without theory to explain how modular architectures addieal
substantial change to the rest of the system). Ourto system designs by creating options to improwe th
results provide positive evidence that DSM and DRT system by substituting or experimenting on indiadu
can inform important aspects of large-scale sofavar modules. Their theory explains the relationship
structure and evolution, having the potential tddgu  between the modular structure of the IBM 360
software architecture design activities. computer and its subsequent successful evolutidrit b
has not been applied to large-scale software sgstem

Baldwin and Clark’s theory, which is based on
Steward’s [16] design structure matrix (DSM)
modeling approach (described below), argues that
design rulescan be used to resolve interdependencies
and create modular architectures by specifying the
interface between modules. Sullivan et al. [17]lipolp
this approach to Parnas’s [12] small but canoriieat
Word in Context (KWIC) design example. They show
that DSM models and design rule theory can precisel
capture Parnas’s information hiding criterion.

To further explore the theory’s descriptive power
for large and complex software systems, we examine
the evolution of two software product platforms
through the lens of DSM models and design rule
theory: (1) Tomcat, an open source web application
server from the Apache Software Foundation; and(2)
proprietary application server from a company which

1. Introduction

Microsoft released Windows Vista, the new version
of its operating system, after a delay of more ttmee
years [6]. The trade press has popularly attribdied
delays to a deepening complexity disaster resulting
from the system’s lack of modularity: “With each
patch and enhancement, it became harder to stiap ne
features onto the software, since new code codéttaf
everything else in unpredictable ways” [6]. Noted
software researcher Michael Cusumano has called
Vista a “60-m-lines-of-code mess of spaghetti”
[21][20]. How does a firm with such deep experiise
software development end up in this predicament?

Designers have long recognized the value of
modularity. Constantine’s low-coupling, high-colwesi
principle has been well known since 1970's [16].



remains anonymous. Both systems have been evolving The left DSM in Figure 1 shows a simple DSM with
for years. Their designers have refactored theesyst three modules. A and B model software design
several times and released multiple versions. decisions that depend on each other, for exampte, t
Our case studies show that a theory based onprocedures that call each other, two classes #fiat to
DSMs, design rules and options precisely explaowe h  each other, or a data structure and algorithm gloat
modularization conferred strategic advantage amdfir  hand in hand. The designers usually need to bieak t
by allowing codebases to evolve in particular ways. cyclical dependency so that A and B can be changed
They provide positive evidence that the model and without affecting each other. In contrast, the
theory have the power to formally explain phenomena dependency between C and A models a layered
related to the evolution of large-scale softwargews. architecture. C refersto A, but A does not rédeC.
The designers of the systems we examine made their Building on DSM models, Baldwin and Clark
decisions based on their visions and prior expegsn  proposed the notion afesign rulegDRs) as a means
We find that design rule theory and DSM models help of decoupling otherwise coupled design decisions.
to formalize their previously informal intuitionsn@ Design rules in software are stable design dedsion
judgments, while also revealing parts of the sydtean that hide the details of other components. Examples

may need to be further modularized. design rules include: Application Programming
Our findings suggest it is feasible to use the theo Interfaces (APIs) that decouple an application fram
and models to guide modularization activities irgéa library; Open Database Connectivity (ODBC)

scale software development and architecture designstandards that decouples databases from theitslian
For example, the designer might use DSM models todata format agreed among development teams [12]; or
identify parts of a design or its source code ttesd to even naming conventions [18].
be refactored; use options analysis to quantitigtive DSM modeling can capture the existence of design
compare competing refactoring proposals; use designrules and their decoupling effects. Figure 1
rule theory to guide refactoring activities; andeu demonstrates this refactoring activity. The desige
DSMs to check whethex postoutcomes match thex (DR) models an interface between design decisions A
antegoals of a refactoring effort. and B, such that, once the DR is introduced, A Bnd
This paper is organized as follows: Section 2 no longer depend on each other. Instead, both depen
introduces DSM modeling and Baldwin and Clark’s on DR. In other words, through the agency of design
design rule theory. Section 3 presents the metloggol rules, A and B becom@adependenmodules. Baldwin
of our case study and the research questions wéoaim and Clark define the behavior of introducing design
answer. Section 4 presents the case study of Tomcatrules that decouple two modules as tBelitting
Section 5 presents the case study of the propyietar operator.
product platform. Section 6 discusses the impliceti
of our results. Section 7 describes related world a
Section 8 concludes. AlB|C

DR]J A| B | C

DR

A X ::> A | X
2. DSM Modeling and Design Rule Theory B X B | X
This section introduces DSM modeling and ¢ | X ¢ X
explains how design rules decouple otherwise cauple Figure 1: DSM transformation showing addition of
design decisions, create options, and enablea design rule (column “DR”) which specifies an
independent substitution. In the rest of the paper, interface between A and B, thus resolving their
will refer to the formal analysis of design rulesda  mutual dependency

options as “design rule theory” (DRT). Given two modules, A and B, resulting from the
The design structure matrix (DSM) was initially  gpjitting operation, experiments on A and B may be
conceived by Steward [16], and later developed by performed independently. In other words, module A
Eppingeret al. [5] as means of modeling interactions can be replaced with a better module with
between design variables of engineered systems. Aggyantageous properties, such as better perfornmnce
DSM is a square matrix, in which each design végiab |ower cost, without influencing B. Module B can be
corresponds both to a row and a column of the matri  gimjlarly substituted with a better version without
A cell is checked if and only if the design deafsio gjsturbing A. The ability to select the best camdidfor
corresponding to its row depends on the designeach module increases the value of the entire rayste
decision corresponding to the column. A DSM Baidwin and Clark define the behavior of exchanging
represents modules as blocks along the diagonal. an existing module for a new module with




advantageous properties as Swstitutioroperator. In theory can show formally what the refactoring
other words, each module creates aption (to accomplished and how it benefited the company.
substitute), which will only be exercised when The systems are both web application servers, which
substitution is advantageous. Increasing the nuraber implement all or part of the Java 2 Enterprise iBdit
modules increases the number of options, whichgund (J2EE) specification.  Server 2 is a much larger
well-defined assumptions) results in higher valoe f software system than Tomcat, by almost an order of
the system as a whote. magnitude. Tomcat implements only a portion of the
J2EE specification, while Server 2 implements the
entirety. Server 2 also includes many application
“framework” components, which serve as a platform
for Company 2’s entire product family.

Using methods described below, we analyzed
multiple versions of each system to study their
evolutionary properties. All versions studied were
production releases, and are therefore known to be
stably functioning versions of the software. We
examined these two software systems using DSM
models based on source code dependencies. Thus our
investigation uses static software analysis toaextthe
dependency relations within software source code.

The effect of these operations can be captured
precisely by DSMs. The introduction of design rules
(DR) can be modeled by the left-most columns of the
DSM; the effect of splitting is reflected by thesabce
of dependencies between two modules, and by the fac
that the two modules only depend on the desigesrul
Given two independent modules, substitution becomes
possible within each module. We argue that such
analysis has the potential to explain large-scale
software evolution phenomena, for example, why some
software platforms survive after many years
evolution, but others do not; or whether a parécul
modularization effort, such as refactoring, is sssful.

3.2 Dependency Extraction
. . : Both systems are Java-based projects, and we used
In this section, we introduce the two systems wee us . :

an open-source tooDependency Finderwritten by

as case studies, the “methodology —of deriving Jean Tessier [19], to extract code dependencies. Th

dﬁggggﬁ:&isaﬁng aaivl\cernlgoiﬁless’e igcsje tsrli direessearcibasic unit of analysis for our investigation is theva
q y ' class. We examined the following kinds of class-to-

class dependencies:
If classA is a subclass d8, thenA depends on
B. The parent class is necessary to compile its
children.
If any portion of classA makes explicit
reference t@ as a variable, then it also depends
onB.
If a function in clas® calls or makes reference
to a function or data member of cl&sthenA
depends oB.

Java classes are grouped together into “packages.
A Java package is a collection of classes which
together implement a larger unit of related
functionality. The packages are named hierarclyical
with each portion of the package name progressively
narrowing the scope of the code contained in iar F

3. Methodology

3.1 Two Software Systems

We examine two software systems: (1) Tomcat, an
open source web application server from the Apache
Software Foundation; and (2) a proprietary applicat
server, which has been analyzed with the permission
the company that develops and sells it. Becausg the
are associated with our second case study, weefdt
to this company as “Company 2,” and to its software
system as “Server 2.”

We chose the Tomcat server because it is a
successful open source software system in which
different parts of the system can be expanded or
improved independently. Many major software
platforms do not have this beneficial property. We
hypothesize that DSM modeling and design rule theor

can shed light on the properties of this successful example, software from the Apache Foundation is
evolvable large-scale software system. : L . .
, contained within other packages starting with
We chose Server 2 because the first author, . . .
witnessed and participated in a strategic refaogori org.apache,” and the core functionality of versia0
P P 9 of the Apache Tomcat server is contained in the

that addressed a real problem in a commercial aoétw w Y
company. We hypothesize that DSM modeling and DR subpackage “org.apache.tomcat.” These class-ts-clas
dependencies are then aggregated hierarchically int

package-to-package dependencies.

! Baldwin and Clark proposed a collection of six “méat
operators,” which together can account for mostgtestructure
transformationsSplitting andSubstitutionare the two most
important operators.



3.3 DSM Generation 3.4 Research Questions

We use DSMs to represent the software dependency In the next two sections, we present two case esudi
relationships. Each row and each column of the DSM to answer the following research questions:
corresponds to a class, and each dependency itedeno 1. Can the DSM models sufficiently reveal the

by a mark in the row corresponding to the dependent modular structure of these systems?

class and the column corresponding to the depended- 2. Can the design rules and their decoupling

upon class. The DSMs were rendered using a tool effects be manifested?

called DSAS, the Design Structure Analysis System, 3. Can the design rule theory and DSM modeling

developed in prior work by Rusnak [13]. explain software evolution phenomena, and
The DSMs for the two systems contain several justify the modularization activities taken by

hundred to several thousand classes, and we usle bla the designers during the evolution process?

dots to show class dependencies. To make them more 4. Can the modeling and theory provide additional

comprehensible, classes in the same package are insights beyond the designers’ intuition?

delineated within a square. Packages in the same
parent package are surrounded with another square4, Tomcat Case Study

and so on, to create a hierarchical view. As tssre We first consider the Apache Tomcat project.

presented, relevant portions of the DSM will beelad ~ Tomcat underwent a change of project structure from

with the subsystems that they represent. commercial to open-source development in 1999.
Authors such as Steward [16] and Eppingfeal. [5] Subsequent to its open-source transition, the Tomca

have observed the importance of sequence in DSMcodebase was partially rewritten, and again
representations of task structure, where marks ebov «refactored” — redesigned to create a cleaner, more
the diagonal represent iterative cycles. Similaflthe efficient architecture — in its next major releas@/e
elements of a software DSM are ordered so that,studied five versions of Tomcat: from v3.0, thestfir
wherever possible, a class follows the classestiohw  gpen-source version of the server, to v5.0.28. We

it depends, then marks above the diagonal will modeled each version using a DSM, and computed the
represent cyclic dependencies. DSMs in this pt@@r  change ratio from the previous version.
are labeled as sorted have been reordered in ghaty Figure 2 shows the DSM generated for Tomcat 3.0.
strictly preserves the hierarchical structure o€ th the two major and distinct functional modules
packages and dependencies, but also minimizes markgorresponding to the Tomcat server core (“Tomcat-
above the diagonal. DSMs sorted in this way cdp he main”), and a separate module, named Jasper, which
to reveal layered software design structures, dsase processes Java Server Pages.
cyclical dependencies. o Table 1 shows the change ratios of Tomcat-main and
In order to evaluate whether substitution has jasper for each version examined relative to the
occurred in a module, the following metric, previous version. It shows that from version 3.0 to
architectural change ratiois used. It is a coarse yersion 3.3.1, and again from version 3.3.1 to ivers
metric, which is based on the number of classeeddd 4.0, Tomcat-main was almost entirely rewritten or

or removed from a module between two release rearchitected (change ratio >= 1.0), while the éasp

versions: module underwent only minor changes (change ratio =
) ) ) 0.2). Across multiple versions of the product, eath
changeRati¢version® version) = the two modules experienced at least one redelsign,

these occurred at different points in timehus the
change metrics reveal that there was a differdst oh
experimentation in the two modules across successiv
versions of the code.

(newClassCont;) + (removedClasCount)
totalClas€ount

That is to say, the change ratio is simply the sfitihe

number of new classes added and the number okelass [version '

removed, divided by the number of classes in the|T°omcatmain change rafio
. . . . Jasper change ratio

previous version of the module. This metric cagsur

changes in the class structure, but not code change-rl;]zli)rl]ealn: dAJrgsmg(r:t;?éSlza(:(?rec})stgtli?fsfeor]:aﬂlevlfsrig?g-
within the classes themselves. P '

Being able to evolve independently is a desirable
property. Each module can be substituted with tebet
version without affecting other modules. The DSM



model precisely reveals the key features of the (v3.x). In other words, there was inherent valuehia
architecture that enable this property: option to substitute at the module level.

Firstly, the two functional modules, Tomcat main
and Jasper appear to be almost totally separated
because they are only connected at two points. The
loose coupling between these modules means that
changing the classes in one module will have little
effects on the other module, enabling their indeeai
evolution.

Secondly, the interface between the two chunks of
code, making them an integrated system, is the J2EE
Servlet API, the specification to which Tomcat
conforms. From this DSM, we observe that the
interface between the two modules can be considered
“design rule,” in the sense proposed by Baldwin and
Clark [1]. First, it defines a basic specificatiotm,
which both modules must conform: this can be seen

from the presence of dependencies in the columns OfFigure 2: The extended design structure of Tomcat
the J2EE Servlet APl and the rows lfth Tomeat- 3 o showing the Serviet API classes as design rsile

mf’;\in _and Jasper. As long as both modules conform t the DSM is sorted to show module hierarchy.

this interface, they can interoperate. Second, the .

interface does not itself depend on either Tomaainm Had the two modules, Tomcat-main and Jasper,
or Jasper: this is apparent from trEbsence of been tlghtly coupled by strong code dependencies,
dependencies in the columns of the two modules andchanges in one would necessarily have forced clsange
the rows of the Servlet API. Finally, the Tomcaim  in the other. Any substitution would then have ived

and Jasper modules are effectively independent) eac Poth modules, and been inherently more difficutida
depending only on the interface design rule (exéerpt perhaps more contentious). In this case, the_gablht
two calls to a utility function). The DSM modeluth conferred by the code arch!tecture to substitute a
precisely reveals the existence of certain key gtesi software module was useful in the context of open-
rules and their importargplitting effects. source software development.

Having two distinctly decoupled modules allows for  The evolution of parts independently of the whale i
the asynchronous evolution of the two modules. And 3 critical property of a well-modularized architeret.
facilitates the use of thBubstitutionoperator proposed  we have shown that DSM modeling can reveal whether
by Baldwin and Clark [1]. This dynamic is highligd 3 complex system is well modularized and highlitylet
by a significant event in the evolution of the d@siIn design rules that enable the separation. Converiely
particular, subsequent to Tomcat's donation to thethe DSM of a system does not appear to have distinc
Apache Software Foundation, and its transformation modules, it may be desirable for its architectutther

into an open-source project, Apache members modularize it by identifying additional design rsje
redesigned and rewrote the Tomcat-main modules Thi and applying the splitting operator.

branch, initially named “Catalina,” competed witet
older version of Tomcat. Eventually, Apache members 5 gearver 2 Case Study
contributing to the Tomcat project voted to select
Catalina as the new primary version of Tomcat (k4.0
In this process, Jasper was only slightly changed.

In the second case study, we examine a closed-
source, commercially available product. Comparyy 2’
product line is a family of web-based applicatiehs

It is difficult to assess the exact reasons why one software applications that run on a server andwallo
version was selected over the other (and, indeed,user interaction through web pages. Examples bf we
different members may have chosen the new versionbased applications include bulletin-board systeimas t
for different reasons). However, we can infer frdra allow users to post and read messages; traveltbiies
process itself, and from the result that a new allow users to make and view reservations; commerce
architecture for Tomcat-main was selected, thatesom sites with “shopping cart” functionality; or any lveite
advantage was conferred by substituting a newarsi that integrates information stored on other systema$
of the Tomcat-main module (v4.0) for the older imns  as databases. (These examples do not necessarily
correspond to Company 2's actual product offerings.



Company 2's applications are based on its productalso revealed that licensed code was spread thootigh
platform. The platform in turn consists of (1) 2EE the codebase, hence could not be readily separated
Application Server; (2) an application framework, from the rest of the platform.
which implements basic services used by all of its This situation created distinct strategic risks for
applications; and (3) a business logic engine, whic Company 2. Upon expiration of the license agreement
implements more advanced services also used broadlyhe licensor could prohibit Company 2 from relegsin
within the product family. Figure 3 shows a module new versions of its software containing the licehse
block diagram of this structure. The platform code. Or it could raise the price of the licenbereby
components are shown at the bottom of the diagram,creating a classic “holdup” scenario. Because the
with the applications sitting on top. Arrows indie licensed code was intertwined with Company 2's
dependency relationships: the applications depend o product family, such events could place Company 2’s
the platform components, and the higher-level ptatf entire product family, revenue, and profitabilityrisk!
components depend on the server/framework
component at the bottom.

Our analysis focuses on the server/framework
platform component, upon which the entire product
family depends. This component is a J2EE-compliant
application server. If that were its only rolegeith
another, third-party, J2EE-compliant applicatiorvee
could be substituted for this portion of the softva
However, the original server/framework component
also contained framework elements—basic services
upon which the whole product platform and family
relied for functionality. Therefore, a commergall
available third-party application server could rios
substituted wholesale for the server/framework
component. The server/framework platform component
also contained code that Company 2 licensed from
another vendor.

J. l l Figure 4:DSM of Server 2, before splitting. Note
''''''''''''''''''''''''''''''''''' that the server/framework component is primarily

 Platform I . .
. Business lugic composed of a single, large module. L_|censed
: platform components , components are spread throughout this module.
|
! l |
| Serverlramenori ! 5.1. Splitting and Substitution
arrorm
: cgmponent N A : To address this problem, the company performed a
; Licensed | limited restructuring of the server/framework pdeith
, 4}\733@ [ component. The design goal of the restructuring twas
i ! isolate the licensed code into a separate modate, f
e ! which a different third-party software product abide
substituted at a later date. As envisioned, this
Figure 3: Block architectural diagram of Company substitution could be performed by Company 2 or by
2's product family, including both platform and its customers in the field. The secondary goalthef
application components. restructuring effort were to separate the licensede

We modeled the dependency structure of the With  minimal _er_wgineering_ eﬁprt, minimal code
original server/framework component. The resuling changes, and minimal technical risk.
DSM is shown in Figure 4. From the DSM, we observe In order to achieve these goals, engineers first
a large block of highly entangled classes. The DSM determined what code was subject to license

6



restrictions. This set of Java classes is denbyeb,
the licensed code.

L = {code under license}

The setL had to be separated from the rest of the
codebase. The engineers also identified all Jeasseb
that required the licensed code, a set denotdg] by

R_ = {all classes that require some clas&}in

The setR_ could not simply be split off, because some
of it was also required for the rest of the platior
and/or applications.
OnceR,_ had been identified, the classesRinwere
individually examined by a group of engineers, who
used their knowledge of the platform and applicatio
to decide what should and should not be excludem fr i o
the platform. Code that was required by otherfpiat Figure 5: DSM of Server 2, after splitting. The
and application components could not be excluded /icénsed components have been separated into a
from the platform, and thus had to be separatech fro NeW top-level module. Some licensed components
the licensed cod®. In this fashion, a cleaving line was d&pend on company components; but no company
determined that split the server/framework platform COMponents depend on licensed components.
component into two separate modules. The code was After splitting, no portion of Company 2’s platform
then rewritten to eliminate dependencies that Wola or applications depends on the licensed server
the constraints of separation. components module, so another implementation can be
Figure 5 shows the DSM of the component after substituted for it, as long as the substitute medul
splitting. Following the engineering work to reselthe conforms to the underlying design rules which dyeci
problematic dependencies, the server/frameworkthe interface between the product family and the
component was separated into two separate blockdicensed code module. In this case, the desigs rale
(modules): a new server/framework component and defined by the J2EE APl module. After the licehse
licensed server components. No element in the newcode is replaced by a third-party product, the
server/framework component depended on any part ofdependencies in the lower left part of the DSM
the licensed code. (This is evident from the abseic  disappear, and both platform components and tia-thi
dependencies in the upper right quadrant of the DSM  party product become independent modules. Thus a
In the lower left part of the DSM, we observe that third-party J2EE application server can be usedHfisr
there are significant dependences from the licensedpurpose, and, in fact, Company 2 supports this
code to the platform components, indicating th& th configuration today. This substitution scenario is
platform  component cannot be  substituted illustrated by the block diagram in Figure 6. The
independently. These dependencies exist because theompany’s product platform is unchanged, but the
licensed  server components have  evolved licensed server components are acquired from d-thir
interdependently with Company 2's own code, and it party J2EE-compliant server:
was not necessary to resolve these dependencies in
order to make the licensed code module substiteitabl
This outcome was acceptable because only the édens
code module was “at risk.”

2 In this case it was most expedient for engineeradke the
determination simply by examining the list. Howewtee operation
could also be performed using formal dependenclysisaPlease
refer to LaMantia [8] for details.



Second, from the DSM idrigure 5, we can still
observe a large entangled block of the
l l l server/framework platform component. Comparing this
TR ey e structure with the Tomcat-main module in Figureva,
i i ; find that, although the Tomcat-main module also
i appears to be a big block, the sub-blocks withiraite
! clearly layered architecture. (This is indicated thg
: fact that there are no dependencies in the uppgét ri
i part of the Tomcat-main module’s DSM.) As a restilt,
|
|
|

Business logic
platform components

Third-party
Server Component

platform
component

is more convenient to make a sub-module substitutio
within the Tomcat-main module. By contrast, in the
refactored framework module of the Company 2's
platform, there are still large number of cyclical
R ILIETETEIETEPEIE TP LR R it dependencies, which suggests the opportunity and
Figure 6: Block diagram of the restructured necessity of further modularization, by splittingda
Company 2 product family, in which a third-party substitution, to mitigate strategic risk.
product has been substituted for licensed
components previously contained in the platform 6. Discussion
In this section, we discuss our results and the
potential of using DSM modeling and DR theory to

5.2. Strategic value of design structure guide modularization activities in practice.

The case of Company 2 illustrates how the splitting
of software into modules can facilitate substitation
contrast to Tomcat, however, the split was delitadya
engineered to obtain a specific strategic benedimnely
to protect the company’s product platform agaihst t
loss of licensed components. There is also ardifige
between the design structure of Tomcat and the
modified Company 2 product platform: Whereas the
two major modules of Tomcat were effectively
independent, relying only on the underlying
specification as design rules, Company 2's platform
structure is layered. The newly separated “licensed
server components” module relies on the platforne.co
This is acceptable because the component that needs
be substitutable is the dependent module. Nothisg
in the product family depends directly upon it. @r&
third-party product is plugged in, the dependeneies
removed and the two modules become independent.

In summary, the DSM model clearly shows the
architecture before and after refactoring, revegtiow
the value of the system can be improved by
independent substitution. The DSM model also reveal
other strategic risks of Company 2’s platform:

First, while this restructuring addressed the probl
of having licensed code in the platform, it did not
address the vulnerability of the platform to change
the J2EE specification itself. The entire prodachily
depends, directly or indirectly, on the J2EE
specification classes. In a sense, the J2EE spetiifin
is a design rule for the entire product family. Gamy
2 does not control the specification, thus chariges
may expose the product platform to strategic risk.

1
1
1
1
1
1
1
1
1
1
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1
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6.1 The Power of Description

Our results provide positive answers to the re$earc
guestions proposed in Section 3.

The expressiveness of DSM modelimg.both the
Tomcat and Company 2 case studies, the DSM model
and DR theory precisely described the modular
structure of each version of the system. For a well
modularized system, like Tomcat, the DSM shows the
loose coupling characteristic of subsystems bynaiigy
modules as blocks along diagonals, and by the absen
of dependences across blocks.

The decoupling effects of design rulés. both
systems, the DSM models make the existence of mlesig
rules explicit and reveal how the design rules dpt®
otherwise dependent modules (splitting) allowinghea
independent module to be replaced with a better
version (substitution) without unwanted perturbasio

The explanation of software evolutiohhe model
and the theory clearly explained how the modular
structure of software architecture can create egjiat
value for the system. By studying the change ratios
multiple versions along the evolutionary path for
Tomcat (Table 1), we observed that this architectur
enabled different rates of experimentation in défe
subsystems. The key enabler of this highly flexible
architecture was identified as the design rules
embodied in the J2EE specification. The case of
Company 2 demonstrates a real-world scenario where
the modular partitioning of a software product foenh
had concrete and quantifiable strategic value. The



company significantly reduced its strategic risk by

In ongoing research, two of the authors are working

deliberately splitting elements of a codebase into with a large Indian outsourcing firm to understamuv

separate modules and

eliminating problematic DSMs and DR theory can help to improve the conduct

dependencies. DSM models and DR theory thus help toof projects. As part of this work, DSM models were

formally explain the decisions made by designesetia
on their informal intuitions and experiences.

Additional ObservationsThe DSM of Server 2 also
reveals that rest of the system is still not well-
modularized. With a theory of design rules in ming,
can identify splitting and substitution strategifes
further improvement. For example, the new

recently used to display the output from a propaud
identify possible opportunities for design refaaigr
Source files with problematic dependency structures
were identified by their influence on the overali¢l of
coupling in the system. These files, in turn, were
independently verified by the project team as beaing
potential source of design problems. The reswdiseh

server/framework platform still depends on the J2EE convinced the firm to apply these techniques furthe

specification. In the future, it might be advantage to
separate all of the application framework and ldabat
does not require the J2EE specification into itsxow
layered hierarchy of modules.

7. Related Work
Parnas [12] introduced the fundamental concepts
which define software modularity. He proposed the

In sum, the model and theory suggest new principle of “information hiding” as the basis for

directions to advance our notions of how specific

decomposing software into modules, and defined a

modular decompositions and dependency structuresmodule as “a responsibility assignment rather than

can bring strategic advantages to an enterprise.

6.2 The Potential of the Model and Theory
Our retrospective experiments provide positive
evidence that suggests the potential of the thaody

subprogram.” The essence of information hidingpis
hide design decisions that are likely to change, tan
make modules communicate through interfaces.
Sullivan et al. [17] applied DSM modeling and
design rule theory to Parnas’s canonical example,

model to guide software architecture design and showing that Baldwin and Clark’s [1] approach could
development. The patterns observed here in ture hav be used to visualize and formalize Parnas’ thebhg

the potential to serve as a model for the delileerat

dependencies are visualized in a DSM; the intesface

creation of architectures that enable asynchronousare formalized as design rules; the modules create

evolution and substitution of modules. For example:

(1) Given two refactoring proposals, designers
might use the model and the theory to quantitativel
determine which is better.

options; and the risky (volatile) part of the syste
should be isolated in separate modules to obtajnehni
option value. They also used options analysishtiws
that the information- hiding design of KWIC genesat

(2) The designer can use DSM models to reveal thea higher total value of the system. Lopatsal. [10]
part of the design or source code that needs to béater employed similar methods to compare aspect-

refactored, that is, the module that appears ta lhege
block with a lot of cyclical dependencies.

oriented design vs. object-oriented design. Safiiet
al. [18] recently developed a concept of XPI, act&de

(3) Given a big module that needs to be refactored,form of design rules that decouple aspect code thith

the designer can deliberately identify design ruleg
are unlikely to change and decouple the tangletsys

(4) By revealing the software architecture before
and after refactoring, as in the Company 2 studg, t
designer can check whethex posibutcomes match the
ex antegoals of a refactoring effort.

Recent work confirms the predictive potential of
DSM models and DRT to aid practitioners. For
example, Cai [4] has applied the theory and model t
the development process of a real project. Ingtudy,

base code based on DSM modeling and DR theory.

Sangalet al. [14] used a commercial static analysis
tool to recover dependency models from source code
for the purpose of discovering and communicating
software architecture. Rusnak [13] and MacCormetck
al. [11] used the DSM modeling techniques to compare
two complex software systems, the Linux kernel and
the Mozilla web browser.

In contrast to this work, our experiments show how
design rules appear as structures in the DSMstaahc

designers used DR theory to guide the overall codebases. We also characterize the key propéoties
development process, and used DSMs to explicitly a system to be adaptive, and explain how splitind

model and check the design and implementationeas th

substitution can be enabled by inserting desigesrul

evolved. This approach enabled the team to discoverand isolating parts of the system with high risk: B

poorly-modularized design structures and refadber t
design prior to coding, and to ensure a well-
modularized implementation.
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extracting DSMs before and after a modularizatioa,
can formally confirm whether the activity is sucsfes



The DSM modeling approach is general enough to[4] Cai, Y. and , Huynh, H., “Logic-Based Software udj

model decisions not only in source code, but aisthé
specification and design stages of developments Ca
[2][3] recent work focuses on modeling design

decisions and dependencies that span the softwar
lifecycle using augmented constraint networks and

automatically generating DSMs from logic modelseTh
work shows that DSMs have the potential to bridge t

gap between design and implementation modularity,

enabling conformance checking between the two.

8. Conclusion

Important software modularity principles, such faes t
information hiding criterion, have remained infoima
DSM models and DR theory have the potential to
formally account for how design rules create opion
the form of independent modules to enable subistitut
This paper represents a first step in this directio

We present two case studies which apply the mode

and theory to real-world large-scale software desig
studying the evolution of two complex software

Decomposition. ” Drexel TR DU-CS-07-02.

[5] Eppinger, S. D. “Model-based approaches to managing
concurrent engineering,Journal of Engineering Design
2(4):283-290, 1991.

?6] Fried, I. “Vista debut hits a delay.CNet News.cort21

March, 2006). 29 April, 2006. <http://news.commza100-
1016_3-6052270.html>.

[7] Guth, R. A. “Code Red: Battling Google, Microsoft
Changes How It Builds Software.The Wall Street Journal
(23 September, 2005): Al. Factiva, MIT Libraries,
Cambridge, MA. 25 April, 2006.
<http://global.factiva.com>.

[8] Huynh, S. and Cai, Y. “An Evolutionary Approach to
Software Modularity Analysis.” To appear in theHifiCSE
Workshop on Software Quality (WoSQ 2007), Minneégol
MN, May 22, 2007.

[9] LaMantia, M. J. “Dependency Models as a Basis for
Analyzing Software Product Platform Modularity: Aage
Study in Strategic Software Design Rationalizatiav,S.

|thesis, Massachusetts Institute of Technology, 2006

[10] Lopes, C. V. and Bajracharya, S. K.. “An analysis
of modularity in aspect oriented design,”A®SD '05 pages
15-26, New York, NY, USA, 2005. ACM Press.

systems through the lens of DSMs and DR theory. The[ll] MacCormack. A. Rusnak. J. and Baldwin. C. Y..
results showed that (1) DSM models can precisely “Exploring the Structure of Complex Software DesigAn

capture key characteristics of software architectuy
revealing independent modules, design rules, and pa
of a system that are not well modularized; (2) DR

Empirical Study of Open Source and Proprietary Code
Management Sciencéuly, 2006.
[12] Parnas, D. L.. “On the criteria to be used in

theory can formally explain why some software decomposing systems into moduleSdmmunications of the

systems are more adaptable,
modularization or ex-post refactoring can bring
strategic advantages to a company.

and how ex-anteACM. 15(12):1053-8, Dec. 1972.

[13] Rusnak, J. The Design Structure Analysis Systém:
Tool to Analyze Software Architecture, Ph.D. theslarvard
University, 2005.

DSM models and DR theory are general enough 0[14] Sangal, N., Jordan, E., Sinha, V., and Jackson, D..
model decisions other than those encoded in sourceysing dependency models to manage complex software

code. Having shown the descriptive capability afsta
techniques, we believe that this approach alsotheas
power of prediction and prescription. For example,

architecture,” i"OOPLSA 2005.
[15] Stevens, W. P., Myers, G. J., and Constantine, .L. L
“Structured design.”IBM Systems Journall3(2):115-39,

designers can use DSM models proactively to designl974:

the architecture of a system or to plan a modudion
(refactoring) activity that will increase the systs
option value. After the system is built or the maing

[16] Steward, D. V. “The Design Structure System: A
Method for Managing the Design of Complex Systems.”
IEEE Trans. on Eng. MgniiM-28.3: 71-74, Aug, 1981.

[17] Sullivan, K., Griswold, W. G., Cai, Y., and HalleB,

concluded, they can use DSMs extracted from actual-the sructure and value of modularity in softwatesign.”

source code to check whether the initial architectr
the modularization plan was successful [8].
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