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Abstract

Physical information is transferred between technical systems through wires, beams, and

other physical attributes, while more intangible information is typically transferred

between communities of people through artifacts such as documents, e-mails, etc. This

research attempts to characterize these communication interfaces better by analyzing the

use of artifacts at these interfaces by means of a boundary object attribute model.

Boundary objects, the metric of analysis of this thesis, are artifacts used to bridge

information and knowledge gaps between different communities of practice. The US

Army's Future Combat System (FCS) was chosen as a case study primarily because of its

complex programmatic characteristics. The information gathered in the FCS case study

was combined with knowledge from previous boundary object literature to generate an

attributes model.

Once developed, the boundary object attributes model was validated on the US Air Force

Transformational Communications Satellite System (TSAT) program focusing

specifically on the TSAT Mission Operations System (TMOS) segment of the program.

Data were collected on the frequency and type of resources used to understand

information and the dependencies that individuals have with each other for documented

information. Furthermore, five communication artifacts were critiqued for their

effectiveness as boundary objects. Statistical tests were conducted to highlight trends in

resource dependencies and attributes common in effective boundary objects. An

implication of this research is that the most important attributes for a boundary object are

inclusivity, traceability, and synchronization. This research also found that people

generally tend to rely much more on other people for information than artifacts. This

introduces problems of exhausting valuable human resources and creating unnecessary

bottlenecks. A second implication of this research is that spending the extra time and

effort to design artifacts with high inclusivity and freshness will add significant value to

the overall system. In addition, a third implication of this research is that having the right

boundary objects alone is not enough for effective collaborative interfaces. A fourth
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implication of this research is that designing a boundary object whose form follows its
function is critical for its effectiveness. These suggestions can provide relief to a
program highly taxing to its human resources and reduce transaction costs of the overall
system. Furthermore, this model may be extended for the purpose of determining the
roles and responsibilities of system integrators.

Thesis Supervisors:
Deborah J. Nightingale, Professor of Aeronautics and Astronautics
Ricardo Valerdi, Research Associate
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1 Introduction

The U.S. military is facing a plethora of challenges as a result of tightening procurement

budgets and the need to acquire new capabilities to operate in modem war environments.

This requires integrating legacy systems with developing technologies in what is loosely

defined to be a System of Systems (SoS). For these SoSs, the interfaces of organizational

constituents (i.e. the transfer of documentation or requirements from one group to

another) is just as important, if not more important than the interfaces of technical

systems (i.e. the exchange of bits, energies, and stresses). Integrating these systems has

been very difficult, particularly for the military, which is struggling to retain the

necessary knowledge base to perform such tasks. As a result, for some large programs,

the military is using the concept of a Lead Systems Integrator (LSI) as a way to partner

with industry members and leverage the technical and managerial knowledge of industry

organizations. It is becoming increasingly apparent that the role of the LSI is more

managerial than technical (Bar-Yam and Kuras 2003; Gupta 2003; Laird 2003). Finding

a way to understand the processes and mediums with which different organizational and

communities collaborate is crucial in understanding the role and responsibilities of the

LSI and other system integrators. Such understanding is beneficial operationally and

contractually.
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It is essential to look at the interfaces between the different constituents of a SoS.

Eberhardt Rechtin states that the greatest leverage in system architecting is at the

interfaces. These interfaces usually take on the form of some communication artifact that

exists between different organizations or communities of practices. These artifacts have

been referred to in past literature as boundary objects (Star and Griesemer 1989; Carlile

and Schoonhoven 2002). Generally speaking, boundary objects are artifacts that exist

between different communities of practice or social circles, which are flexible enough to

adapt to local needs, yet specific enough to maintain a common identity across different

interpretations (Star and Griesemer 1989).

This research proposes a boundary object attribute framework to understand

communication interfaces between different communities of practices. A case study was

first conducted to understand the communication interactions between various

organizations in the US Army's Future Combat System. The observations and

discussions from this study allowed the development and refinement of the boundary

object attributes model. This model was then applied to study the communication

interactions in the Transformational Communications Satellite System (TSAT) Mission

Operations System (TMOS) program. Data from this case study were used to determine

disconnects in the program, resource dependencies, and how different communication

mechanisms were used to exchange knowledge and information. It is determined that

artifacts with high traceability, inclusivity, and freshness perform more effectively as

boundary objects at the collaborative level. This suggests that spending the extra time
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and resources to maintain these attributes may be a worthy investment. Moreover,

artifacts, whose forms follow their general function, tend to be used more as effective

boundary objects. This research demonstrates that a boundary object attribute model can

be used to analyze communication interactions and the effectiveness of boundary objects.

The results from this research also suggest that the current usage of documents in the case

study may not be the most effective way to use the resources. Although a number of past

research articles have looked at documents at boundary objects (Star and Griesemer

1989; Swarts 2004), this research has highlighted some of the difficulties in considering

documents as effective boundary objects.

Furthermore, the applications of using boundary objects to analyze the roles and

responsibilities of systems integrators are discussed. The role of systems integrators

involves tasks such as ensuring communication and collaboration amongst partnering

organizations. To understand the role of these system integrators, or Lead Systems

Integrators, one must understand the communication mechanisms used between the

various organizations. This thesis concludes with implications for this research and

future work ideas that can further the area of boundary object research.
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1.1 Definitions

- Artifacts: Objects that individuals work with - the numbers, blueprints, faxes,

documents, databases, parts, tools, and machines that individuals create, measure,

or manipulate (Carlile and Schoonhoven 2002)

- Boundaries: Gaps or differences in organization structures or entities, political

power, relative expertise, knowledge domains, etc. (Greer, Black et al. 2006)

- Boundary Objects: Objects that are flexible enough to adapt to local needs yet

specific enough to maintain a common identity across different interpretations

(Star and Griesemer 1989)

Objects that bridge gaps and enable collaboration across boundaries (i.e., a

clay model of an engine)

- Community of Practice: A community with a shared understanding of what the

community does, of how to do it, and of how it relates to other communities

(Brown and Duguid 2001) (i.e., software engineers from the same company

developing code)

- Disconnects: Latent differences in understanding among groups that can

negatively affect the program should they remain undetected or unresolved (Greer,

Black et al. 2006) (i.e., misinterpretation of a terms commonly used but with

various definitions)

- Lead Systems Integrator (LSI): System of Systems manager (Laird 2003), who

establishes and oversees an environment in which components of the system are
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gradually but continually conceived, implemented, fielded, and evaluated (Bar-

Yam and Kuras 2003) (i.e., Boeing)

System of Systems (SoS): Complex systems that have components that are

operationally and managerially independent (Maier 1998) (i.e., Future Combat

System)

1.2 Methods

This thesis involved the collection of qualitative and quantitative data in a mixed mode

research approach summarized in Figure 1. First, literature on boundary objects and

system integrators were reviewed. This literature provided the basic fundamental

principles of boundary objects and systems integrators. Next interorganizational

interactions in US Future Combat System (FCS) were studied using publicly accessible

information and eight supplementary interviews. The knowledge from the literature

reviews and FCS case study was synthesized together to develop a boundary object

model. This model was applied to TMOS. A series of statistical tests were then used to

analyze TMOS survey responses. Lastly, the boundary object model was assessed

through the case study concluding with implications for theory and practice.

Literature
Review

PreliminaryFia
Boundary TMOS Satistica Bound ect

Object L~/Application Analysis Model/Case Study Model
FCS

Figure 1: Summary of research methods
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1.3 Chapter overview

The following section briefly describes each chapter in this thesis in sequential order.

Chapter 2: Evolving Role of the Lead System Integrator for System of Systems

This chapter presents background on System of Systems and Lead System Integrators

concepts thereby providing a domain to which the rest of the research can be applied.

Chapter 3: Problem Statement

This section presents the two hypotheses for this thesis: organizational interactions can be

improved and disconnects can be reduced by effectively using and representing

knowledge via boundary objects, and the effective use of boundary objects can increase

collective expertise and increase clarity of communication.

Chapter 4: Communication, Coordination, and Collaboration

The next section defines and explains the general principles of communication,

coordination, and collaboration, and relates the effectiveness of these interactions with

proper usage of boundary objects.
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Chapter 5: Boundary Objects

This chapter defines and provides examples of boundary objects. A boundary object

mental model and attributes model are also presented to assist in the understanding of

boundary objects.

Chapter 6: Future Combat System Case Study

This section presents the approach and results from the US Army's Future Combat

System case study. The Future Combat System is chosen as a case study because it is a

clear example of a System of Systems with many different types of organizational

interfaces and interactions.

Chapter 7: TMOS Case Study

This section provides background information on TMOS. In addition, this section

presents and explains the approach taken in this case study.

Chapter 8: TMOS Results

This chapter conveys the TMOS case study results in the same topic order described in

the approach section.
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Chapter 9: Discussion

This section offers discussion on, amongst many things, the over reliance on people for

information and the importance of traceability, inclusivity, and freshness in a boundary

object. Implications and conclusions of this case study are also presented.

Chapter 10: Future Research and Conclusion

The last chapter concludes the thesis by extending this research to system integrator

applications and suggesting possible topics for future research. Additionally, conclusions

and a summary of this thesis are offered.
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2 Evolving Role of the Lead System Integrator for
System of Systems

A motivation for this research is to better understand the role of Lead System Integrators

(LSI) in large System of Systems (SoS) through the application of organizational

communication and boundary object knowledge. This chapter presents background on

SoS and LSI concepts thereby providing a domain to which the rest of the research can be

applied. The application of boundary objects to study system integrators will be revisited

towards the end of this thesis.

2.1 System of Systems

Although there is a variety of definitions for a System of Systems (SoS) (Lane and

Valerdi 2005), most of these definitions agree that a SoS has to have components that are

operationally independent and managerially independent (Maier 1998). Operational

independence of a SoS component means that it must be able to separately operate in a

useful manner if detached from the SoS. The managerial independence of the SoS

component means that the component is actually managed independently before and after

it is acquired and integrated into the SoS (Maier 1998).
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The benefit and need to form SoSs have been realized and studied in many different

applications. NASA's space exploration initiative (Spurlock 2005), GEOSS (Lane and

Valerdi 2005), a wide area network system, and an integrated air defense system (Maier

1998) can all be classified as SoSs. In a SoS, new capabilities of the whole system can be

realized that were not possible with each of the individual components working alone.

Furthermore, SoSs are needed as technical systems become more complicated. This is

especially true for the US military as it tries to develop more complex and intricate

military systems (Moon and Schoder 2005). However, developing new capabilities is no

longer solely about the development of the most advanced technology (Nicoll 2003); the

value and capabilities resulting from SoS integration needs to be realized. This value

greatly lies in the interfaces of the SoS components. However, these interfaces are also

where the most risks exist (Maier 1998). As a result, the ability and execution in which

the systems integrator manages these interfaces are critical to the success or failure of the

overall system.

This paper takes a unique approach in using boundary objects to understand the role of a

LSI in a SoS. Boundary objects are important because they contain the information that

is needed to communicate, coordinate, and collaborate between different stakeholder

groups. The value of a boundary object depends on how successful it can

decontextualize knowledge on one side of a boundary and recontextualize the same

knowledge on the other side. As a result, the role of a LSI becomes tightly associated
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with how information and knowledge are translated using boundary objects throughout

the system.

2.2 Lead System Integrators

US military systems are becoming more intricate and as a result the US government has

been turning increasingly to and incentivizing industry contractors, relying on their

knowledge to lead systems integration efforts (Moon and Schoder 2005). Furthermore,

the government's demands upon the industrial world are changing. The emphasis is on

having all systems networked in order to achieve maximum effectiveness so that all of

the systems can create a common picture for all participants (Nicoll 2003). It is no

longer solely about the development of the most advanced technology; there needs to be a

transformation towards systems thinking in defense organizations (Nicoll 2003).

The traditional definition of a contractor is one that enters into a legal agreement to

provide a product or perform a service in exchange for something else that is of value.

Although there is generally a consensus that the LSI needs to oversee complex systems,

its definition and obligations have not been formally defined. Table 1 provides some

definitions and role descriptions for a LSI from the literature. A more comprehensive

table can be found in Appendix A. There are some distinctions between these definitions,

especially between the academic papers and articles released in industry. Industry
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released articles tend to focus on the contractual role of a LSI, while the academic papers

emphasize the leadership and managerial abilities of a LSI.

Table 1: LSI deifinitions and roles

Definitions of LSI Application Context

Academic Industry
-establishes and oversees an environment
in which components are gradually but Air and Space
continually conceived, implemented, Operation X
fielded, and evaluated (Bar-Yam and Kuras Centers
2003)
-[seeks] to leverage the work that is being
done by others in a highly coordinated Air and Space
manner Operation X
-act[s] as the vital link between sponsor on Centers
one side and these co-contractors on the
other (Gupta 2003)
-[are] specialized project managers (Nicoll Department of X
2003) Defense
-buy rather than build components and Department of
stitch together complex weapon systems Defense X
(Crock 2005) Defense
-act[s] as an honest broker, even selecting
competitor solutions over those from Department of
within its own company when cost Defense X
performance or risk warrant it (Moon and
Schoder 2005)
-blend[s] existing and future capabilities
into a highly effective system
-[provides] a focal for implementing
proven best practices across a program
-standardize interfaces Space X X
-[reduces] the role of the government in Exploration
technical program management but retain
the flexibility to allow the government to
change the structure of a program team
(Spurlock 2005)
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Despite these differences, there is consensus that a LSI will become the vital link

between the customer and contractors. Communication within the enterprise is crucial

for a LSI to create situational awareness for the customers and all other stakeholders. A

LSI has to be able to interact in multiple communities of practices and organizational

cultures to ensure that different groups are working together towards the same goal. As a

result, a LSI must understand different stakeholder circles and how to create and maintain

boundary objects that flow smoothly among all of the circles. This research will analyze

organizational interactions through a boundary object model and apply the results to

assess the roles and responsibilities of a LSI.

Two examples of a SoS that could benefit greatly from the guidance of LSIs are the

future space exploration systems and Air and Space Operation Centers (AOC). In both

examples, a LSI could reduce the overall development and operations cost of the

enterprise through synergies, give each SoS focus, and improve mission success.

Specific attributes of these systems are highlighted to emphasize these points.

Space exploration provides an example of how a LSI can blend existing and future

capabilities into a highly effective system capable of supporting logistic systems by

allocating existing resources, identifying gaps in capabilities, and filling those gaps

(Spurlock 2005). There are many new programs associated with the future of space

travel, such as the Mars exploration and the lunar exploration missions. In each of these

exploration missions there are commonalities that are shared. An architecture for a space
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program that relies on a LSI to integrate across the system, find commonalities across the

systems, and provide services as needed for each program will reduce each program's

uniqueness, save cost, and reduce time normally needed for independent development

and safety verification (Spurlock 2005). Furthermore, components and modules for one

mission can be easily exchanged and used by other missions. Spurlock explains that a

LSI can be used to free up NASA's resources by integrating cargo supply logistics across

multiple space programs thereby providing similar service capabilities to different

mission.

Moreover, the shifting challenges faced by the military have caused the US Department

of Defense (DoD) to seek system-of-system management to deliver capabilities to the

services and for joint military operations (Laird 2003). Within the last decade, small

pockets of organized violence have become the norm in diverse geographies around the

globe. The outbreaks have dramatically increased the number of American military

deployment to small-scale conflicts where access by large heavy machines and vehicles is

difficult (Mait and Grossman 2002). The relationship between government and industry

is changing with the emergence of LSIs to deliver capabilities to the DoD for transformed

operations. The key to this transformation is to fuse data and deliver common

operational pictures to the forces, thereby enhancing the situational awareness of all those

involved (Mait and Grossman 2002).
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The AOC is a military example of a SoS that can benefit from the management of a LSI.

At the highest level, the AOC is a weapons system used by the Air Force for planning,

executing, and assessing theater-wide aerospace operations. An AOC consists of a large

number of related, yet independent, systems which must all interoperate to affect the

capabilities required to plan, conduct, and monitor the air and space war. During a full

war environment, the AOC operates 24/7 with hundreds of professionals planning and

executing thousands of missions every day (Norman and Kuras 2004). The objectives

and missions of each AOC depend on its theater of operations. For example, the primary

mission of the AOC in Qatar is the "preemption of terrorist acts," whereas the primary

missions of the AOC in Korea are the enforcement of a treaty and the aid in the delivery

of humanitarian relief (Bar-Yam and Kuras 2003). Identifying and capitalizing on

similarities between different military systems are ways a LSI can help increase

operational effectiveness. Realizing and designing system commonalities can also reduce

wasted effort and resources to the overall system.

Even though LSI contracts are already being awarded by the US military, the value of a

LSI is still not well understood. This may be due to the novelty of a LSI, its unclear

function, contractual trust agreements, etc. A way to articulate value and also challenges

associated with LSIs is needed. This research will study the usage of boundary objects at

organizational interfaces and assess the extendibility of boundary objects as value

indicators for LSIs. The next chapter presents the hypotheses for this research.
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3 Problem Statement

Previous research has shown that technical and organizational interfaces in engineering

projects and programs are highly coupled (Morelli, Eppinger et al. 1995; Sosa, Eppinger

et al. 2003). Programs and projects suffering from organizational disconnects can lead to

cost overrun, redesign, and rework. It is important for these organizational interfaces to

be understood and managed by system integrators or other entities performing similar

functions. Disconnects must be reduced while making communication interfaces more

efficient. This leads to the hypotheses that:

1. Organizational interactions can be improved and disconnects can be reduced by

effectively using and representing knowledge via boundary objects, and

2. The effective use of boundary objects can increase collective expertise and

increase clarity of communication.

These two hypotheses were evaluated by studying how communication artifacts are used

and treated at various interfaces within an engineering program. A boundary object

model was developed to assess different artifact attributes that contribute to the artifacts'

effectiveness as boundary objects.

This research also aims to assess if a boundary object attributes model can be useful in

helping explain the roles and responsibilities of system integrators or Lead Systems
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Integrators in a System of System. It is proposed that the roles and responsibilities of the

LSI and other system integrators can be explained with a boundary object perspective by

allowing for a clear understanding of how organizations and communities of practices

interface and collaborate amongst each other. The validation of the hypotheses will not

involve formal statistical tests given the impractical nature of doing a controlled

experiment. However, descriptive statistics will be provided to show the usefulness of a

boundary object framework in the context of a large complex military system. The thesis

will conclude with a discussion on generalizations of these principles to other contexts

and the limitations of doing so.

The next chapter will begin a discussion into the purpose and usefulness of boundary

objects by focusing on their functionality at communication, coordination, and

collaboration interfaces.
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4 Communication, Coordination, and Collaboration

Before diving into boundary objects research, it is important to understand different types

of organizational interfaces that can exist. These organizational interfaces are classified

into three categories: communication, coordination, and collaboration. The following

section defines these terms and provides a model to help understand their differences.

The discussion in this section will provide a foundation onto which the boundary objects

research can be mapped. Communication artifacts are considered highly effective

boundary objects if they enable interaction at the collaboration level.

4.1 Communication

Communication is the process by which information is exchanged between individuals

through a common system of symbols, signs, or behaviors (Merriam Webster Online

2007). Similarly, a communication event has been defined as a verbal or non-verbal

exchange between two or more people (Lingard, Espin et al. 2004). In the context of SoS,

an organization communication interface exists when two or more communities of

practices transmit and receive information successfully and error-free. Communication

can occur through a website used by a customer to post information about services it is

seeking or it can occur through a prototype of a jet engine transferred between a supplier
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