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ABSTRACT many ways, involving a variety of design methods, social

Distributed Constraint Satisfaction Problem (DSCP) has beenPr0C€SSes, communication regimens, communication toolspand s
proposed as a methodology to frame and analyze coordination ifOrth- Yet the problem has an irreducible core — if incompatibl
software development. Here, we propose concrete wayasto ¢ decisions are made and constraints not Sa'FISerd, then E!_wher
rich social and product dependence graphs of software projectsoftware will not work properly or expensive rework will be
into the DSCP framework, suggest how the lack of congruence®auired.

among these graphs may affect primary software engineeringMore specifically, we define DCSP by applying Yokoo's [7]
outcomes, and discuss the DSCP machinery that is mosttikely formulation to the software engineering domain. A software

provide necessary tools to test these hypotheses. project consists of a large set of engineering decishsnust
be taken in order to complete the project. Decisions are
1. INTRODUCTION represented as variablesxs, xz, . . ., X» whose values are taken

Coordination is a critical factor for the success ofufai of a from finite, discrete domairisl;, Mz, . . ., Mn. Assigning a value
software project. Studies have shown that a lack of apprepriat to a variable represents taking the decision represented by that
coordination is responsible for delays in project and costive variable.

[3, 4]. Coordination in software development arise because of A project has a set of constraints that operate overatiables
number of reasons (e.g., interdependencies among artifactsthat represent the engineering decisions. Given an assignment of
shared resources, and non uniform skill set among developers)a value for some variable, the constraints serve td possible
Teams have to consider these issues to be able to coordinatealues that can be assigned to other variables. Formally,
among each other. constraintgp(xa, Xe, - - - , Xn) Can be represented as predicates
defined on the Cartesian produbtc X Mie X . . . X My.
Successfully completing a project is equivalent to finding an
assignment for all variables that satisfies all constsai In order

to represent which decisions participate in which constrairgs, w
can construct a matrixC of dimension n decisions byk
constraints, where a non-zero val@x means decisiom
participates in constraikt

2 CONSTRAINT SATISFACTION The productCC', whereC' is the transpose d, is a square

The need for coordination arises from the core technicalitsct matrix D_OT dlmensu_)n_n, wher_e a nonzero valuBap |nd|<_:ates_

of making engineering decisions where the alternative chosen fo that decisiona participates in at least one constraint with
any given decision potentially influences how one evaluates thedecisionb. We call this matrix the dependency matiix.can
choices for a number of other decisions. The full extetitesfe ~ Oftén be estimated directly from data, e.g., dependenciexiin ¢
influences is often quite difficult to determine, hence decision @S measured by call graphs or logical dependencies, or
making is generally performed with some degree of uncertainty d€Pendencies in design as represented, e.g., by design structure
and with imperfect information. matr!ces. Any of these can potentially be used to estithate

atrix.

We have argued in prior work that coordination in software
engineering is a distributed constraint satisfaction problem
(DCSP) [5] in which engineering decisions form a constraint
network. In this position paper, we argue that DCSP can lge use
to form a theoretical basis for congruence that lendstytarthe
idea and generates specific, testable hypotheses.

m
We claim that the irreducible interdependence among tasks in L _ .
software engineering is a distributed constraint satisfactio " development organizations, decisions are made by multiple

problem (DCSP), and consequently coordination in a agents. LeB be a matrix of dimension by a, wheren is the
development organization is the execution of an “algorithme’ tha number of decisions aralis the number of agents. A nonzero
solves the DCSP. In a DCSP, decisions are embedded in &NtryBra indicates that decision belongs to agerd. B can be
network of constraints, and are potentially owned by many thought of as representing task assignments — which agents take
agents. Finding a solution then generally requires coordinationWhich decisions.

among the agents. Given the boundedly rational nature of suclFinally, a square interpersonal dependency mafRix of
decision-making, solutions will generally be satisficinghea dimensiona, the number of people involved in the project, can

than optimal [6]. As with many coordination problems, pe constructed. A non-zero enRy indicates that developeris
coordination in software engineering can be carried out ieat gr



performing work that shares dependencies with the work 4, CONGRUENCE AND
performed byb. R can be computed €DB', whereB' is the
transpose oB. R shows which agents own decisions that need to CONSTRAINTS

be coordinated for the particular task or tasks representBd by Congruence implies some form of correspondence of the

_ ] o _ interpersonal dependency netwdrkand various coordination
This section has argued that coordination in software networks Q,  There can obviously be many flavors of
development is a DCSP, and successful coordination iscongruence, and such correspondences can be computed in a
equivalent to finding a solution. In the next section, we descri  variety of ways. The underlying idea is simply that theouer
some coordination networks representing mechanisms  thalg,, represent features of the development organization that will
organizations use for solving coordination DCSPSR is profoundly impact its ability to solve various DCSPs. The
particularly important in this theory, since coordination nek&0  jmportant relationships betweeR and Q, may sometimes be
often represent coordination as person by person networks, whiclsimple, e.g., isomorphism or homomorphism, or they may be

can be compared #, in order to see if coordination behaviors, complex. The nature of the relations presents key research
organizational structure, or other mechanisms are a gotthma questions.

for the coordination problem.

3. COORDINATION NETWORKS

In general, research on organizations claims that coordimedin

be achieved in three basic ways: “programming,” communication,
and shared representations. Coordination by “programming” P2: As a consequence of P1, higher levels of congruence lead
refers to imposing rules, practices, or agreements thaureens to better project outcomes.

that subsequent behavior is coordinated in certain respects, - . . :
Included in this category would be things like plans, interfaces, P3: Deu_sxons, particularly those made early in a project, can
and development processes. Coordination by sharegSubstantially ‘alter the structure of D and R, thereby

representations means that agents construct and refer to thing‘éhanglngthe nature of the coordination problem.

like documents and displays to coordinate work. In softwhi, t

could be things like project status data or test results.le\Mrd S, RESEARCH PROGRAM
think the theory developed in this paper could readily be
extended to these forms of coordination, we focus here on
coordination by communication.

The fundamental propositions of this theory are:

P1. Higher levels of congruence predict more effective
project coordination.

Progress is needed along several fronts in order to camgplet
theory, test it empirically, and exploit the new knowledge to
improve software development practice. Roughly we can divide
) o ] the activities into two distinct groups: (1) the discoverysgha
Agents attempt to solve a DCSP by making decisions, which weyhich would generate a variety of concepts and measurésdela
represent as assigning values to variables, and communicatings common coordination situations and relevant ways to measur
with other agents. Communication behaviors differ in many congruence among them and (2) the application phase, which

ways, including what the agents communicate, when theyoulid use insights from case studies to propose practices and
communicate, and with whom they communicate. Patterns ofyqg|s to improve software development.

communication emerge over time, and these patterns canolead t
familiarity and enhanced ability to coordinate among frequently- 5 1 Discovery
communicating agents. These varieties of communicatiot&an
represented as social networks with different edge types.

Connection of coordination networks and DCSP. It seems
intuitively clear that various kinds of coordination networks,
Coordination networks that we have used in prior research [2]which represent key aspects of how an organization coordinates
include communication over various channels, team membershipjts work, will strongly influence the organization’s abilitg

and geographic location. Each coordination network has peoplesolve a DCSP of a particular form. Yet much theoretioad

as nodes, and edges (possibly weighted) represent the type afmpirical work needs to be done to achieve a more precise
coordination activity of interest, such as communication or understanding of this relationship. What is important,
communication proxy such as team membership. For ultimately, is how the coordination networks shape the problem-
computational purposes, each network can be represented as solving behavior of the organization, and how effectivelg thi
sguare matrixQ of dimensiona, wherea is the number of people  problem-solving behavior addresses the particular DCSP
involved. This, of course, is the same dimension as intspal representing the coordination problem.

dependency matriR in the previous section. Good res of interpersonal dependency networks for a

We have now described a way of representing the interpersonalariety of tasks. One approach is to derive these networks from

dependency network that represents a fundamental property ofechnical dependencies in code and other development artifacts.

the DCSP, and various coordination networks that impact how|n code, for example, dependencies can be measured in terms of

and how well organizations will solve the DCSP. In the next syntactic dependencies such as function calls or reading or

section, we describe the concept of congruence that lRiags! writing data. It is not clear which of these measuresbeansed

Q together. to produce the best estimates of dependency networks. Design
structure matrices provide an appropriate example of a
representation for decision-constraint networks for desigis a
architectures. It might also be possible to augment acthite
design environments such as ArchE [1] to build the decision



constraint network from the properties of an architecture and ag, EXTENSIONS
set of rules associated with quality attributes. In order to be more complete, and to predict and describe a wide

Identifying and measuring various kinds of coordination range of coordination issues, the theory will need several
networks. There are potentially a large number of ways to €xtensions, including at least the following:

coordinate engineering decisions, and finding appropriate Time  Software development is dynamic, and as decisions are
measures for them is a challenge. Many can be computed frompade over time, the nature of the coordination problem changes.
data often found in software archives, such as Bugzilla(®gs, |t m gecisions have been taken, then the DCSP consists anly of
who has communicated with whom about a bug) and versiony, yecisions and the constraints among them. The network is not
control systems (e.g., who has worked with whom in the past). oy smaller, but it may also have very different network
Other potential coordination networks, such as knowledge nronerties, depending on the location of the executed decisions in
networks and trust networks, that may impact coordma’uo_n, MaYhe original network. Removing the executed decisions may
need to be measured by surveys or other means. Given threate a disconnected graph of more isolated components, for
number and dlverglty of coordination networks, it may often_ be example. The coordination networks most appropriate for
desirable to combine them, e.g., by means of matrix Opesatio  gqing this reduced problem may be quite different from the
to generate more precise or more general measures Ofenyorks that best matched the original DCSP. Al of this
coordination. Alternatively, selecting a subset of netwariast assumes, of course, that decisions once made are neverdshange
salient to the phenomena under study may help solve MOr&yphich is an oversimplification. Backtracking happens often, but

specific problems. is expensive, so decisions once made tend not to get changed
Computing congruence and its effects. As mentioned in the  unless no solution can be found.

previous section, there are many degrees of freedom in thepath gependency analysis. Another potentially interesting area is
computation of congruence, including selection of decision- oy dependency analysis. The dependency matrix D described
constraint network, selection of coordination network, and garjier represents the space of technical decisions and their
selection of how to compare them. Even more challengitfieis  g|ationships. As technical decisions are made, specifipattb-
development of theoretical refinements and performing empirica ¢ the decision space and their relationships could become
research to understand the various effects of differentslesfel  iitical or irrelevant. Then the model proposed here would
congruence for development tasks. [2] provides an example Ofgrqyide the machinery to evaluate how specific sets of idesis
empirical analysis of Modification Request archives and

. . impact subsequent ones and how that particular sequence of
communication archives to compute congruence measurements. oyents relates to the coordination activity required by the

organization.

52 Applications
Collaborative and awareness tools based on congruence. What agents know. The agents’ knowledge of decisions that have
Achieving an understanding of what kinds of coordination been made, the constraint predicates, and the ownership of
networks are important for resolving a particular type of decisions are highly likely to influence the effectiveness of
decision-constraint network observed in actual projects will various coordination networks to resolve DCSPs. For exarifpl
provide a basis for collaboration and awareness tools. an agent knows who owns a decision, and knows about a
) - constraint affecting both that decision and one of his own
Application of formal methods. While we have no specific  gecisions, then the agent knows who to communicate with to
approach in mind, th_e formula_tlon of coordination presen_ted herenegotiate how to address the constraint, or to find out if a
allows graph-theoretic analysis of many aspects of coatidn, decision has already been made by the other agent. On the other
which we hope will allow useful a_ppll_catlon of formal method_s hand, if the agent is not aware of the constraint, he masnoot
of evaluation. The novelty of application would be the poténtia f any reason to communicate with that agent, suggesting that
of making the social component of software development some other method such as unplanned communication or
amenable to formal methods. automated dependency detection may be required.
Analysis of existing development methods. Many existing Understanding what knowledge is needed in order to function
software engineering techniques are implicitly or explicitly €ffectively in the context of various coordination networksd
designed to support solving a DSCP. For example, the dailyWhat kinds of communication and artifacts can provide that
standup meetings advocated in some flavors of agile metheds a Knowledge, are important research areas.

explicitly designed, at least in part, to facilitate cooaion —  Artifacts. A more complete theory of coordination would include
through frequent communication.  Our theoretical framework gpiifacts that agents use to coordinate. For exampleisagey
may help highlight the exact role of each technique and to coordinate by examining changes in the code, design documents,
propose novel approaches that are not yet used. or project status reports. Artifacts could perhaps be reptes
Sructure based on coordination needs. Given a better in bipartite graphs with_agents_ _and artifa(_:ts as nodes. Or they
understanding of how architectural and design decisions impactcould be represented in additional matrices, e.g., agents by
coordination, work on congruence could provide a different way &rtifacts, or decisions by artifacts. In either cabis, is an area

of thinking about task partitioning. Rather than basing modules "ch in possibilities, since coordination by shared represengati
and components purely on technical considerations, better'S One of the primary modes of coordination in general.

choices could potentially be made by also taking account of the

impact of design decisions on coordination requirements.
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