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ABSTRACT
While most Systems Engineering Management (SEM) applications use some subset of traditional Project
Management (PM) methods and tools, the actual practice of systems engineering management involves
continuous cognitive zigzagging between systems engineering—the product domain—and project management—the project domain. Focusing on seven PM methods, we examine two research questions
regarding systems engineering practitioners: (1) While conducting SEM, do they perceive a notion of a
project domain, a product domain, and a combined project-product domain? (2) What is the extent to
which, and ways by which, systems engineering practitioners deem PM methods as effective for supporting
SEM? Using analysis of structured questionnaires among 24 participants, we verified that project and
product are indeed viewed as two complementary facets of SEM, and that certain PM methods address
both domains better than others with respect to particular examined factors. © 2011 Wiley international,
Inc. Syst Eng
Key words: systems engineering management; project management; model-based systems engineering;
model-based project planning; project-product lifecycle management

1. INTRODUCTION

Breakdown Structure (WBS), project organization, and management plan in the form of System Engineering Management Plan (SEMP) [Blanchard, 2008]. As SEM is the practice
that couples the SE domain and the PM domain, the successful
implementation of system engineering requires not only technical but also managerial traits [Kossiakoff and Sweet, 2003].
Systems engineers are required therefore to apply science and
technology, as well as technical planning, management, and
leadership activities [Frank, 2000]. Systems engineering
managers must rely on a combination of technical skills and
management principles that address both complex technical
and managerial issues. While the technical issues are related
to the product domain, the managerial aspects reside in the
project domain. Practicing SEM is a continuous process,
conducted by iterative zigzagging between the technical product domain and the managerial project domain. It is an itera-

Systems Engineering (SE) and Project Management (PM) are
two tightly intertwined domains as stated in the Handbook of
Systems Engineering and Management by Sage and Rouse
[2009]. The handbook is a recent detailed source for a framework to SEM and its application for various types of systems.
Systems Engineering Management (SEM) utilizes some common project management framework features, such as Work
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tive process of planning, derivation, refinement, and simulation of both the product models and the management plans,
while maintaining traceability and coherence between the
product models and the project plan at all levels through the
hierarchical structure of both the product and the project.
The impact of systems engineering on program cost was
recognized over a decade ago [DSMC, 1999], suggesting that,
from the very early stages, careful management of the relationships between the product and the project is crucial to the
successes of a project that aims to deliver a defined product.
Failure to closely manage the intricate web of resource constraints emanating from the two domains—the project and the
product—for meeting the development and test objectives is
a recipe for inadequate product performance and project time
and cost overruns. The identification and management of the
relationships between the two domains is at the heart of SEM
practitioners. Empirical investigations have shown that the
relationships and interactions between the architecture of
systems, their development projects, and the organizational
teams involved, should be aligned in order for a company to
become successful [Eppinger and Salminen, 2001].
These observations call for a fresh look at the methods and
tools systems engineering managers use in an attempt to bring
the product issues and the project issues together under the
same conceptual model of a combined project-product system
ensemble. This is the premise of the Project-Product Lifecycle
Management (PPLM) paradigm [Sharon, Perelman, and Dori,
2008; Sharon, Dori, and de Weck, 2009], the context within
which this research was conducted. The PPLM approach is
designed specifically with SEM in mind. The PPLM effort
aims at developing a methodology and a support software
environment for fusing the product to be developed with the
project to be executed by SEM practitioners.
Focusing on seven researched PM methods, this paper
presents two research questions: (1) While engaged in system
engineering management, do practitioners perceive a notion
of a project-domain, a product-domain, and a combined project-product domain? (2) How do systems engineers perceive
the extent to which each one of the surveyed PM methods
supports SEM?

2. THE COMPARED PROJECT MANAGEMENT
METHODS
The need to concurrently address more than one domain has
been identified by Suh [1990], who developed the Axiomatic
Design (AD) methodology. AD addresses four domains: the
customer, functional, physical, and process domains. The
output of each domain evolves gradually and hierarchically
from an abstract concept into detailed information. The hierarchical decomposition in one domain cannot be performed
independently of the other domains; i.e., decomposition requires zigzagging in order to map adjacent domains to each
other. The planning process involves the continuous processing of information within and between the four domains. The
customer needs are identified in the customer domain and are
stated in the form of required functionality of a product in the
functional domain. Design parameters that satisfy the functional requirements are defined in the physical domain, and
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manufacturing variables are defined in the process domain in
order to determine how the product is to be produced. The AD
physical domain is somewhat analogous to our product domain, while the AD process domain contains elements of our
project domain. However, all the four AD domains focus to
the product. In our context of SEM and PM, the mental
zigzagging between domains entails switching back and forth
between the product domain and the project domain. With this
realization in mind, we have decided to conduct a comparison
survey of Project Management Methods, which are commonly used by systems engineering managers. These methods
include Work Breakdown Structure (WBS) [Department of
Defense, 1968], Product Breakdown Structure (PBS) [Office
of Government Commerce, 2005], Reliability, Availability,
Maintainability (RAM) [Department of Defense, 2009],
Critical Chain Project Management (CCPM) by Theory of
Constraints (TOC), resource scheduling, procurement techniques, contract bidding techniques, and risk management
methods. Other traditional methods are Earned Value Method
(EVM), Design Structure Matrix (DSM), System Dynamics
(SD), Critical Path Method (CPM), Program Evaluation and
Reviewing Technique (PERT), and Gantt chart. The last methods, together with WBS, vary in terms of their objectives and
applications, and are the most referenced PM methods in
systems engineering handbooks sources, indicating that they
are most commonly used within SEM. We have examined
seven PM methods—EVM, DSM, SD, CPM, PERT, Gantt
chart, along with Object Process Methodology (OPM) [Dori,
2002]—for answering our both research questions. See the
Appendix for succinct description of the seven PM methods.
The potential use of Object Process Methodology (OPM)
for project planning and management has been studied in the
context of the Project-Product Lifecycle Management
(PPLM) framework [Sharon, Perelman, and Dori, 2008,
Sharon, Dori, and de Weck, 2009], and is explored further in
this study. Originally used for modeling information systems
and for systems architecting and engineering, Object Process
Methodology (OPM) has been found useful for project planning in combination with product systems representation. Its
suitability stems from its inherent capability to combine product- and project-based planning within a single Model-Based
Project Plan (MBPP). OPM is a formal yet intuitive conceptual modeling language with formal ontology, syntax, and
semantics. Specific extensions to OPM were defined as part
of the PPLM research. Based on OPM’s formality, specific
PPLM OPM-based templates were developed to be used for
modeling of combined project-product plans.

3. RESEARCH POPULATION AND SETTING
The research population consisted of 24 mid-career systems
engineers from companies across the USA with an average of
8.4 years of work experience. The participants were from
different companies, covering a wide range of industry sectors, including defense, telecommunication services, automotive, medical systems, and electronic design automation. The
participants were among about 80 graduate students in the
Systems Project Management course which is one of three
core mandatory courses in the Systems Design and Management (SDM) program at MIT’s Engineering Systems Divi-
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sion. During the spring 2008 semester course, the research
participants studied the seven project management methods
surveyed in this study and practiced them through targeted
homework assignments, along with specific number of 3-hour
class sessions devoted to each method. Gantt and Object
Process Methodology (OPM) were not explicitly taught as
part of the course, since all participants were expected to have
prior knowledge of these methods. Gantt was assumed as
basic knowledge, and OPM was taught in a previous systems
architecture course. Nevertheless, a short reminder of Gantt
and OPM in the course was followed by introduction to
Project-Product Lifecycle Management (PPLM) and ProjectProduct Lifecycle Management (MBPP), which spanned 1.5
sessions (4.5 h). The research was conducted through the fifth
homework (HW5) given in the course, which was nonmandatory. The 24 respondents elected to do HW5 and participate
in the study. Some of their motivation was the option they
were given of having their final grade based on the best five
out of six homework assignments.
An Unmanned Aerial Vehicle (UAV) development project
case [de Weck and Lyneis, 2008] served as a running case
study for all the homework assignments. The project concerns
developing a UAV by a fictitious government-contracted leading UAV manufacturer.
For their first homework (HW1), all the participants were
tasked with creating a simple SD model and exploring its
behavior. They examined the impact of uncertainties in project assumptions on cost and schedule.
In HW2, they created a project plan using Critical Path
Method (CPM), drew a project graph, estimated the early
finish (EF) time of the project, and identified the critical path
and slack times. Using Program Evaluation and Reviewing
Technique (PERT), they had to analyze the impact of changes
in individual task times on the critical path and consider
probability distributions of task times and their effect on the
project schedule.
HW3 called for applying Design Structure Matrix (DSM).
Participants first translated the project graph from the previous assignment to a DSM representation. Next, they added
iterations to the project and analyzed their effect on the
previous task sequence. They then had to consider partitioning the DSM to reveal meta-tasks. Finally, they estimated the
effect of these changes on the critical path and estimated
project completion time.
For HW4, the participants focused on tracking projects and
computing the various metrics defined in Earned Value
Method (EVM) terms of cost and schedule in order to assess
the overall performance of the project and to critically analyze
and interpret the results.
Finally, based strictly on the text given in a previous
homework assignment (HW2), HW5 called for creating two
project plan versions, one using a Gantt chart model and the
other using Object Process Methodology (OPM). In the second part of the homework the participants were asked to
compare the seven project management methods they had
studied in the course with respect to a set of 14 project
management factors, as described in the next section.

3

4. RESEARCH METHODOLOGY
Since the investigated project management methods were
taught in the course during lectures and practiced through
homework assignments, we assumed that the participants had
an identical minimal level of working knowledge of these
methods. Since they were all practicing system engineers, the
actual level of most of them was likely higher than this
minimal assumed level.
The same system project case—the Unmanned Aerial Vehicle (UAV)—served as the basis for all the assignments
throughout the entire course (except for the final projects). At
each assignment the participants had to deal with another
aspect of the same case. Had the experience the participants
gained in applying all seven methods been drawn from different system projects, the influence of changing cases would
not be separable from the applied methods..

4.1. The 14 SEM Factors and Their Dimensions
Recognizing that systems engineering management entails
both the product and the project viewpoints, we defined 14
factors, F1–F14, that account for both major classical project
management issues and aspects of the joint project-product
ensemble, which is at the focus of Systems Engineering
Management (SEM).
The set of 14 factors was determined using an evaluation
survey among practicing systems engineers, who were asked
to select the most suitable factors from a larger amount of
candidate factors. The extent of relevance of each one of the
candidate factors to SEM was ranked by 20 practicing systems engineers, with average of 13.7 years of work experience, employed in a large enterprise dealing with
development of diverse large-scale systems in the defense
industry. The practitioners were asked to grade the extent of
the relevance of each factor for the project domain and for the
product domain, using a semi-Likert scale [Likert, 1932] of
1–5, where 1 is very little, 2 is little, 3 is moderate, 4 is high,
and 5 is very. Not applicable was denoted by 0. The practitioners were not instructed to relate either to a specific project
or product or to a specific scale of projects or products.
Therefore, their rankings present a subjective judgment of
their perception of each factor’s extent of relevance for each
domain. The medians of the rankings were calculated and set
a threshold of 75% for the selection of factors to be used in
the next research step. Using medians and the threshold has
yielded a list of the 14 factors that were most agreed upon as
suitable among the first-stage participants. The medians obtained for the 14 factors that passed the threshold span from
3.88 to 4.75, as shown in Table II. No significant difference
was found between the rankings of both domains—the project
and the product. This might indicate that, in the environment
of large-scale project-product ensembles of the type the practitioners are involved in, the project and the product are
strongly intercorrelated, resulting in only a nonsignificant
difference. The surveyed Unmanned Aerial Vehicle (UAV)
case, presented in this paper, is also in the ballpark of largescale ensembles, though it was not actually conducted by the
participants in a real enterprise environment.
Table I lists the 14 factors and their meaning, together with
each factor’s latent dimension. The set of all 14 factors to-
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Table I. The 14 Systems Engineering Management Factors

gether forms the SEM dimension, DSEM, as defined in Eq. (1).
Four of the 14 SEM factors belong to the “classical” project
management domain and are indeed addressed by common
project management methods; therefore, they are categorized
in the project dimension, Dproject, as defined in Eq. (2). Four
other factors fit traditionally in the product domain; hence
they are categorized in the product dimension, Dproduct, as
defined in Eq. (3). The remaining six factors are common to
the combined product-project domain, Dproject-product, defined
in Eq. (4), as they cannot be uniquely associated with either
the product alone or the project alone. With respect to risk
management, we have adopted NASA’s view of this issue as
common to the project and the product domains [NASA,
1995]. This approach is founded on the premise that there are
technical risks, which are mostly in the product domain, and
managerial risks, which are mostly in the project domain. This
is contrary to the approach of leading standards IEEE Standard 1220 [IEEE, 1994] and ANSI/EIA Standard 632
[ANSI/EIA, 1999], which view risk management primarily as
a managerial issue and therefore relate to it as project domain
issue. A fourth dimension, DCombined_project-product, is also defined in Eq. (5) for analysis reasons—this is a combination of
the factors of Dproject and Dproduct.
The classification of the 14 factors is as follows:
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DSEM = {F1, F2, . . . , F14},

(1)

Dproject = {F1, F2, F4, F11},

(2)

Dproduct = {F6, F7, F8, F9},

(3)

Dproject – product = {F3, F5, F10, F12, F13, F14},

(4)

DCombined_project – product = {F1, F2, F4,F6, F7, F8, F9, F11}. (5)

4.2. The Survey Questions and Their Analysis
Method
The 14 factors were introduced to the participants in the
random order listed in Table II. The participants were not
instructed in any way to think specifically of the considerations as related to “project,” “product,” or “project-product”
dimensions. Our aim was to explore whether their unguided
perceptions towards the different factors would reflect recognition of these factors as related to our three predefined latent
dimensions of “project,” “product,” and “project-product.”
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Table II. The 14 Factors Extent of Relevance for SEM

The participants were instructed to rank each one of the 14
factors for each one of the seven systems engineering management methods using the same Likert scale [Likert, 1932]
as before.
Since the participants were practicing systems engineers,
their views of the project management tools tended to reflect
the application of these methods in systems engineering management more than in project management. To examine the
participants’ views of each project management method with
respect to each factor, we compared the responses for each
one of 14 factors with respect to each one of the seven PM
methods.
To determine whether our classification of the 14 factors
into the three domains can be verified by the research participants’ responses, we first analyzed the grades they had given
for each factor and method combination. Using the Alpha
Cronbach coefficient [Cronbach, 1951], we determined
whether the domain-categorized factors can be considered to
be a distinct dimension.
Using (6), the Alpha Cronbach coefficient α is calculated
for estimating how well a set of variables measures a single
1-dimensional underlying construct. k is the number of items,
σ2i is the variance of the ith item, and σT is the variance of the
total score formed by summing all the items of the tested
sample. The result obtained from (6) determines the internal
consistency of items within a single test, indicating reliability.
The reliability is in terms of the ratio between the true score
variance of the “underlying construct” and the observed score
variance of that unidimensional construct, where the construct is the hypothetical variable that is being measured
[Hatcher, 1994]. α ranges in value from 0 to 1, when 0.70 is
defined [Nunnaly, 1978] as the cutoff value to be an acceptable reliability. It increases when the average intervariable
correlation increases. Therefore, high values of α provide
evidence that the variables included in its calculation measure
the same underlying construct.

k
α=
k−1

k


2
2
1 −
σ
σ
/
∑
i
T

.


i=1



(6)

The sum of all the participants’ Likert scale rankings for
each factor was calculated, and the sum of all 14 factors for
each PM method was taken as that method’s score. The α
values for each PM method were calculated from the Likert
scale results for each group of factors defined for each domain, namely, Dproject as defined in (2), Dproduct as defined in
(3), Dproject-product as defined in (4), and DCombined_project-product
as defined in (5).

5. RESULTS AND ANALYSIS
We present and discuss the comparison of results of participants’ rankings of the seven surveyed PM methods with
respect to the 14 project management factors listed in Table
II.

5.1. Methods Comparison by Factors
Using (6), α was initially calculated for all 14 factors, as
presented in the first row, DSEM, of Table III. The results are
higher than 0.70 for all but the Design Structure Matrix
(DSM) method. Therefore, we can use the participants’ rankings for all the 14 factors for the sake of comparison between
the six PM methods, from which DSM is excluded. When
excluding two factors from Dproject-product—F12 (Information
Resolution Level) and F3 (Interrelationships, process & product)—DSM exceeds an α value of 0.7. Excluding these two
factors for all the seven PM methods, we are left with a set of
12 factors that can be reliably used for the comparison of all
the seven PM methods.
Figure 1 represents by the dark bars the sum of scores of
the 14 factors participants assigned for each method. Object
Process Methodology (OPM) scored the maximum sum, 885
points. A cutoff value of 664 points, which is 75% of this
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Table III. Cronbach’s Alpha Results for Factors Combinations

maximum score, leaves us with three methods: Object Process
Methodology (OPM), System Dynamics (SD), and Earned
Value Method (EVM).
The light grey bars in Figure 1 represent the sums of
rankings of the 12 factors (where F3 and F12 are excluded).
With these 12 factors, SD scored the maximum sum, 769
points. Assigning a cutoff of 577, which is 75% of this
maximum, leaves four methods in the game: OPM, SD, EVM,
and DSM. The sum of all the participants’ rankings for each
factor was calculated, and the sum of the 12 factors for each
PM method was taken as that method’s final score.

5.2. Dimensions Analysis
We present and discuss the results of α calculated for the four
dimensions Dproject, Dproduct, Dproject-product, and DCombined_project-product.

5.2.1. The Project Dimension
Based on the participants’ rankings for the four factors of
Dproject, α was calculated for each PM method, and is presented in Table III. Since we evaluated project management
methods, we expected α results with value of .70 or higher to
be obtained for all seven methods, indicating that the factors
in the underlying project domain are handled by all the seven
PM methods. Surprisingly, however, as Table III shows, such
above-the-cutoff values were found only for four PM methods: System Dynamics (SD), Program Evaluation and Reviewing Technique (PERT), Design Structure Matrix (DSM),
and Object Process Methodology (OPM). The remaining
three methods, namely, Critical Path Method (CPM), Earned
Value Method (EVM), and Gantt, did not pass the 0.70 α
cutoff acceptance value. Even for the best improved result,
which was obtained by removing F11—iterations management—these three methods still remain below the 0.70 cutoff
value.
5.2.2. The Product Dimension
Applying a similar analysis for the product domain, we calculated α for the four factors of Dproduct for each PM method.
As Table III shows, the product dimension was found acceptable for three methods: System Dynamics (SD), Object Process Methodology (OPM), and Design Structure Matrix
(DSM). The latter got in as having a product dimension only
after removing F8—product planning.

Figure 1. Project management methods comparison by sums of
factors rankings.
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5.2.3. The Project-Product Dimension
The project-product dimension was found to characterize
only two methods: Earned Value Method (EVM) and Object
Process Methodology (OPM) (see the third row in Table III).
The results reflect the participants’ perception that only these
two methods have an underlying project-product dimension.
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Figure 2. Project management methods comparison by dimensions.

In view of the small number of methods found for the
project-product dimension, we also examined the combined
project-product domain DCombined_project-product. Although no
such underlying dimension was predefined in the survey
design, the participants’ rankings that yielded α value of 0.70
or higher might potentially reflect that the project and product
dimensions are cognitively inseparable. This sits well with the
results obtained in the gauging survey discussed earlier. As
presented in the fourth row of Table III, the combined projectproduct dimension was found for Object Process Methodology (OPM), System Dynamics (SD), Design Structure Matrix
(DSM), and Program Evaluation and Reviewing Technique
(PERT). The latter became acceptable after elimination of
F8—product planning—even though for the product dimension it had not reached the cutoff value.

The project dimension scores (darkest grey bars, ΣDproject)
are higher than the product dimension scores (lightest grey
bars, ΣDproduct – Σ{F8}) for all the three PM methods. The
scores of the combined project-product dimension (dark grey
bars, ΣDCombined_project-product – Σ{F8}) are reasonably situated
between the project and the product dimension scores. OPM
scored the highest in three dimensions—project dimension,
product dimension, and the combined project-product dimension. While for SD and DSM, the project-product dimension
scores are higher than those of the combined project-product
dimension, the result is reverse for OPM. This may indicate
that the dimensions perception is more complex: for OPM, a
project-product dimension is acceptable, but the separate
project dimension and product dimension are not only accept-

5.3. Methods Comparison by Dimensions
Comparison of the seven PM methods by dimension can be
conducted with the methods for which all dimensions were
found––SD, DSM, and OPM. The comparison, presented in
Figure 2, is based on calculated sums of scores participants
assigned to each factor for each PM method, as listed in Table
IV. Each relevant total sum STotal was divided by the quantity
of factors used for calculating that sum. The sum of all 14
factors, STotal for ΣDSEM, is not applicable for DSM since only
by excluding F12 and F3 did it pass the 0.70 threshold. The
same rationale was followed when excluding factors for reliably calculating the sums for ΣDproject-product and for ΣDCombined_project-product. In addition, the sum of the product
dimension factors, STotal for ΣDproduct, was calculated for all
three methods without F8, since DSM got in as having the
product dimension only after removing this factor.
Based on the data presented in Table IV, Figure 2 shows
for each of the three methods in the table the sum of scores
participants assigned to that method, for each one of the
dimensions. The values on the vertical axis represent the
normalized total sum, which is STotal divided by the number
of factors, for each PM method.

Table IV. Sums Calculations for Comparison of Methods by
Dimensions
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able, but also rank higher. For SD and DSM the perception of
dimensions is reversed.

5.4. Discussion
Due to the diversity of the Systems Engineering Management
(SEM) vocation and the wide range of practitioners’ training
and experience, it is very difficult, if at all possible, to find a
group of systems engineers who are homogeneous in their
knowledge and application of the traditional Project Management (PM) methods. On top of this, a group of systems
engineers who are familiar with Object Process Methodology
(OPM) in addition to the traditional PM methods had to be
identified. This is hardly achievable since model-based project planning is still being developed, and OPM is not yet
widely used for constructing a model-based project plan.
Fortunately, the 24 midcareer systems engineers who studied
in the SDM graduate program at MIT and constituted our
research group meet these criteria. We encouraged the participants to reflect on their work and provide criticism, and so
they did. Most participants noted that the Model-Based Project Plan (MBPP) approach seemed promising but was not yet
mature to be usable in practical applications. Nevertheless,
when the participants ranked the PM methods with respect to
the given set of factors, their judgment reflected a favorable
attitude towards MBPP. Since the participants were asked to
record the duration of the modeling tasks using Gantt and
OPM, their reflections indicated that they had thought we are
comparing modeling durations rather than our more subtle
research goals. Given these, we can exclude potential bias in
favor of MBPP.
Although the participants were not instructed to group the
factors in any specific way, they cognitively combined the
factors in a way that three out of the seven examined methods—System Dynamics (SD), Design Structure Matrix
(DSM), and Object Process Methodology (OPM)—were
found to handle well both the project dimension and the
product dimension. This outcome is different than the one
obtained in the gauging survey among 20 practitioners, where
no significant difference was found between the domains.
This might indicate that when no specific project or product
is concerned—as was the case in the gauging survey—systems engineers tend to strongly intercorrelated the project
with the project in their minds, influenced by a “general” SEM
practicing environment. The separation of domains emerges
and becomes significant in the context of a specific projectproduct ensemble, which in our study was the Unmanned
Aerial Vehicle (UAV) case.
Object Process Methodology (OPM) was found to be the
only method suitable for the project, product, and projectproduct dimensions. This outcome supports the anticipated
role of OPM as a “common paradigm and language” [INCOSE, 2004] for communication among stakeholders and
management of multidisciplinary teams of experts who are
partners in the systems engineering management process.
Since OPM had been selected as the modeling basis for the
Project-Product Lifecycle Management (PPLM) framework,
this is an encouraging finding.
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6. CONCLUSION
The research presented in this paper is based on a specific
simplified Unmanned Aerial Vehicle (UAV) case. The findings support the notion that the project and the product are
two complementary facets of systems engineering management. For the UAV case, with the specific population of 24
midcareer systems engineers, the results indicate that, for the
purpose of Systems Engineering Management (SEM), System Dynamics (SD), Design Structure Matrix (DSM), Earned
Value Method (EVM), and Object Process Methodology
(OPM) are likely to be more useful than Program Evaluation
and Reviewing Technique (PERT), Critical Path Method
(CPM), and Gantt. While management practices vary widely
across demographics, in this study, based on participants with
predominantly US experience, OPM was found the most
suitable method both by dimensions analysis and ranking
comparison analysis. This result indicates that OPM should
be favorably considered as a suitable basis for managing
product-project ensembles within systems engineering management. Applying the Project-Product Lifecycle Management (PPLM) methodology, it might become the actual bridge
between systems engineering and project management, enabling simultaneous expression of the function, structure and
behavior of both the project and the product within a holistic
integrated conceptual model. OPM is currently in the process
of becoming an ISO standard for enterprise standards. When
completed, this endorsement will enable accelerated dissemination of Object Process Methodology (OPM) as a basis for
enterprise standards in general and for Project-Product
Lifecycle Management (PPLM) in particular.
Although the subjects in the research are practicing systems engineers, the research was conducted in an academic
environment. Therefore, as future work, we propose that this
research be conducted in an industrial environment, Such a
research could also examine the implications on a real largescale project, as opposed to the simplified UAV case reported
in this paper.

APPENDIX: THE COMPARED PROJECT
MANAGEMENT METHODS
The seven PM methods discussed in this paper vary in terms
of their objectives and applications, as listed in Table V.
Following are separate subsections succinctly describing the
seven methods.

A.1. The Critical Path Method and Program
Evaluation and Reviewing Technique
The Critical Path Method (CPM) is a network model of the
project, developed in the 1950s by DuPont for management
of maintenance projects in industrial factories. CPM depicts
tasks along with dependency information, duration, and the
slack time for each activity. CPM chart time is deterministic,
resulting in a fixed estimate of the time required to complete
the project. The method shows the activities that are critical
to maintaining the schedule. Delay in an activity on the critical
path delays the entire project. To accelerate the project, it is
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Table V. The Seven Investigated Project Management Methods

necessary to reduce the total time required for the activities
performed in sequence along the critical path. Figure 3 depicts
an example CPM chart of the Unmanned Aerial Vehicle
(UAV) case discussed in this paper with its 23 tasks, their
slacks, and the relationships. The three critical paths are
denoted by solid lines.

Like CPM, the Program Evaluation and Reviewing Technique (PERT) is a network model, developed in the late 1950s
as part of the U.S. Navy’s Polaris project. Similar to the CPM
chart, PERT depicts tasks along with dependency information
and duration. This allows for assigning parametric probabilities to task completion times in accordance with optimistic, pessimistic, and likely estimations. Although both CPM

Figure 3. Example CPM chart of the Unmanned Aerial Vehicle (UAV) case.
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Figure 4. Gantt chart of the UAV case. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and PERT models contain all the information, it is difficult to
track the project progress using these network diagrams.

A.2. The Gantt Chart
The Gantt chart, shown in Figure 4 for the same UAV case,
is probably the most widely used method for project planning.
The Gantt chart comprises horizontal scheduling bars with
time flowing from left to right, allowing for both planning and
tracking of project schedule. In its original form, invented
roughly forty years before PERT and CPM, the Gantt chart
showed the timing of tasks without specifying relationships
among them. Constraining relationships between tasks, such
as start-to-start and finish-to-start, shown as the vertical directed lines in Figure 4, were added only in the late 1990s,
making it possible to view and understand the impact of a
single task delay on the entire project duration. Indeed, in its
latest form, Gantt charts are used also for CPM-based project
analysis, using software tools to extend the network models
representation.

case depicted in both the PERT network in Figure 3 and the
Gantt chart in Figure 4. In the CPM and Gantt models, the 23
tasks are shown with varying amounts of effort, while, in an
aggregate SD model, all the tasks should be of approximately
the same amount of effort. Therefore, the model of the project
consists of approximately 100 equivalent tasks (the exact
number does not matter, as the productivity would change
correspondingly). Figure 5 depicts the graph of amount of
work (number of tasks out of 100) done as a function of time
for two staffing quality levels: perfect quality (1.0) and quality
of 0.7.

A.3. The System Dynamics Method
System Dynamics (SD) was developed initially from the work
of Jay W. Forrester [Forrester, 1961, 1973]. Over the last 20
years, SD has been used to model complex development
projects in order to improve their performance [Lyneis and
Ford, 2007]. System dynamics models are created and used
for project planning, addressing planned budget, schedule,
resources, risks, and past experience. SD can help map out
iteration issues and highlight rework loops. During the project
planning process, SD models can predict effects of changes
for different scenarios on a project’s productivity and quality
due to various factors. Figure 5 is an SD model of the UAV

Systems Engineering DOI 10.1002/sys

Figure 5. System Dynamics chart of the UAV case [Lyneis and Ford,
2007]. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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alternative sequences and/or definitions of the tasks. Eppinger
used DSM also in the context of project management.
Browning [2001] suggested four different types of DSM
according to the data that the DSM represents: (1) componentbased DSM, which represents relations among objects in the
system, for use in systems engineering and architecting; (2)
task-based DSM, which represents relations among tasks or
activities—processes in the system, for use in project management; (3) parameter-based DSM, which is similar to (2)
but at a lower level; and (4) team-based DSM, which interfaces between teams, for use in organizational design and
multiteam projects. The task-based DSM provided in Figure
6 shows the same 23 tasks and relationships of the UAV case
after matrix manipulations that avoid iterations, since all the
interactions are below the matrix diagonal.

A.5. The Earned Value Management
Figure 6. Example DSM [Lyneis and Ford, 2007]. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

A.4. The Design Structure Matrix
The Design Structure Matrix (DSM) is a square matrix representation of interactions among entities in a system. In
project management, it enables modeling and analyzing dependencies among components, tasks, or teams in a project.
The use of matrices in system modeling can be traced back to
Warfield in the 1970s and Steward [Steward, 1981]. In the
1990s, the method received attention and became widespread.
Eppinger et al. [1994] used a matrix representation to capture
both the sequence of and the technical relationships among
design tasks, which were then analyzed in order to find

Used for project performance measurement, the Earned Value
Management (EVM) is a control method based on conversion
of scope of work to budget terms. The underlying concept of
EVM has been in use for over a century, and the US department of defense has used EVM in a modest measure back in
the 1960s. EVM was elaborated in recent years and became
an ANSI standard, which provides a forecast to a project’s end
along with indications of exceptions to the plan. The basic
idea behind EVM is comparing planned and actual work in
order to determine budget and schedule propagation. The
earned value can only be calculated after a project’s actual
start, and it is always defined in reference to a specific control
point in time. The different EVM parameters are calculated at
the task level and are summed up in an aggregate manner for
the entire project. Figure 7 is an example of an EVM plot,
depicting for the same project shown in Figures 3, 4, and 6,
the Curves of Planned Value (PV), Actual Cost (AC), and
Earned Value (EV) against each other from the beginning of
the project till the “Data Date” time point.

Figure 7. EVM Chart of the UAV project [INCOSE, 2004]. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 8. Object-Process Diagram (OPD) of the UAV case. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

A.6. Combined Project-Project Model-Based
Plan
The Combined Project-Project Model-Based Plan is a derivative of the Project-Product Lifecycle Management (PPLM)
approach [Sharon, Perelman, and Dori, 2008; Sharon, Dori,
and de Weck, 2009], which integrates the project domain with
the product domain via a shared ontology that explicitly
relates project entities to product entities within a unifying
frame of reference, utilizing Object Process Methodology
(OPM) [Forrester, 1973] as the underlying conceptual modeling paradigm and language.
OPM is a formal yet intuitive paradigm for systems architecting, engineering, development, lifecycle support, and
evolution. It has been used for modeling natural and artificial
complex systems, where artificial ones might comprise humans, physical objects, hardware, software, regulations, and
information. As its name suggests, the two basic building
blocks in OPM are (stateful) objects—things that exist (at
some state), and processes—things that transform objects by
creating or destroying them, or by changing their state.
Object-Process Diagram (OPD) is the graphic representation of an OPM model, which has also an equivalent
textual representation. Figure 8 is an OPD at the second level
of detail from top of the same UAV case shown in the previous

Systems Engineering DOI 10.1002/sys

figures. Tasks are modeled as processes, denoted by ellipses,
while deliverables are objects, modeled by rectangles, which
can include specifications, drawings, approvals, reports and
other document types, prototypes, simulation and analysis
results, as well as the final product. Structural links include
whole-part (the black triangle) connecting a whole to its
part(s), and characterization (black-on-white triangle), connecting an object with its attribute(s).
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