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hile product development efforts are often viewed as unique configurations of idiosyn-
cratic tasks, in reality different projects within an organization often exhibit substantial

similarity in the flow of their constituent activities. Moreover, while most of the planning tools
available to managers assume that projects are independent clusters of activities, in reality many
organizations must manage concurrent projects that place competing demands on shared human
and technical resources. This study develops an empirically-based framework for analyzing
development time in such contexts. We model the product development organization as a
stochastic processing network in which engineering resources are “workstations” and projects
are “jobs” that flow between the workstations. At any given time, a job is either receiving
service or queueing for access to a resource. Our model’s spreadsheets quantify this division of
time, and our simulation experiments investigate the determinants of development cycle time.
This class of models provides a useful managerial framework for studying product development
because it enables formal performance analysis, and it points to data that should be collected
by organizations seeking to improve development cycle times, Such models also provide a
conceptual framework for characterizing commonalities and differences between engineering
and manufacturing operations.

(New Product Development ; Project Management ; Process Management; Development Cycle Time;
Processing Network)

1. Introduction

I'm late, I'm late, for a very important date.
The White Rabbit, Alice in Wonderland

This paper presents an empirically-based framework for
analyzing product development time in organizations
that pursue multiple concurrent nonunique projects us-
ing shared resources. Our approach is premised on four
hypotheses concerning development activities. First,

! Authors’ names are listed in alphabetical order.
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while product development work is often discussed as
if it were composed of idiosyncratic, unprogrammable
tasks, in reality many tasks in product development are
routine enough to allow their statistical characterization.
Second, while projects are often managed as unique
configurations of tasks, in reality different projects
within a given organization often exhibit substantial
similarity in the flow of their constituent activities. Third,
while most of the planning tools available to managers
assume that projects are independent clusters of activ-
ities, in reality many organizations must manage con-
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current projects that place competing demands on
shared human and technical resources. And fourth,
whereas uncertainty is an inherent characteristic of
product development, current models and methods are
essentially deterministic and do not account adequately
for the impact of stochasticity on development cycle
time, S

We submit that a view of the development process
as a “design production process” can provide a frame-
work for better understanding organizations that pursue
multiple concurrent nonunique projects using shared
resources. Several business observers, including Black-
burn (1991), Clark and Fujimoto (1989a), Rosenthal
(1992), Stalk and Hout (1990), and Wheelwright and
Clark (1992a, 1992b), have noted the increasing pres-
sure on firms to accelerate their process of developing
and launching new products. Our modeling approach
explicitly ‘quantifies project delays due to waiting for
resources. Such an approach should be more accurate
than existing tools in predicting project completion time
and more effective in identifying opportunities for im-
proving development cycle time. To test this hypothesis,
we constructed a process model of a sample firm’s
product development activities. In this paper, we present
this model, explore some of its implications through
simulation experiments, and discuss potential uses of
process models for improving development cycle time.

We model the product development organization as
a stochastic processing network in which engineering
resources are ‘‘workstations’”’ and projects are *‘jobs’
that compete for “service’” from the workstations. At
any given time, a job is either receiving service from a
workstation or queueing for access to a resource, Our
approach differs from previous studies of product de-
velopment, which we survey in §2, in that it focuses on
the management of resources as well as on the man-
agement of individual projects. This representation is
in the spirit of queueing network models for manufac-
turing processes, but the product development envi-
ronment has unique characteristics that lead to networks
with different features than those traditionally asso-
ciated with manufacturing: We elaborate upon these
differences in §3, where we describe in detail the process
models that we use. The subsequent sections are or-
ganized as follows. Section 4 describes the organization
that was our host for this project. Section 5 describes

MANAGEMENT SciENCE/Vol. 41, No. 3, March 1995

the components of the model and specifies the data that
we collected. Sections 6, 7, and 8 present our analysis.
Section 6 discusses the first stage, “’capacity analysis,”
which culminates in spreadsheets displaying resource
utilization profiles. The underlying calculations compare
the average demand of project-related work with the
time available to resources. The second stage of analysis
focuses on cycle time and is presented in §7. Section 8,
which represents the third stage of analysis, considers
several sample scenarios that suggest some ways to re-
duce development cycle time. Finally, §9 highlights the
lessons that we learned in carrying out the project,
points out some limitations of our study, and discusses
future prospects for process modeling in product de-
velopment environments. A companion paper (Adler
etal. 1995) discusses in greater detail the methodological
challenges. :

Our objectives in this study were threefold. First, we
wanted to test whether product development could be
meaningfully represented ' within the framework: of
process models, “meaningfully,” that is, from the dual
perspectives of the practitioner and the theorist. We
wanted to see whether there exist product development
organizations satisfying the assumptions of a stochastic
processing network sufficiently closely that the model
could be validated against actual performance. Second,
we wanted to see if we could build tools based on such
a model that would be both useful to product devel-
opment managers and theoretically interesting to re-
searchers.’ Third, we hoped that this research effort
would highlight major differences and similarities be-
tween engineering “knowledge work” and manufac-
turing operations. : '

We feel that our effort has successfully met all three
goals: a process model can offer significant insights into
a broad spectrum of product development organiza-
tions; our spreadsheet and simulation models appear to
be promising practical and theoretical tools; and we have
identified a rich framework for identifying the differ-
ences and similarities between manufacturing and en-
gineering operations. v

2. A Brief Literature Survey

The literature on project management and product de-
velopment is voluminous, but little of it addresses the
question of congestion in multi-project environments.

459
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A brief survey of previous studies highlights the need
for research that-addresses this issue. Our survey begins
with more general topics and progressively narrows its
focus to process models.

A first body of research addresses information and
task flows but focuses on the overall flow of tasks in
single projects rather than on problems of queues within
single or multi-project environments. For example,
Cooper (1983) synthesizes the results of many field
studies of product development, finding several key
phases of new product development whose effective
execution is critical to project success. He proposes a
“flow” approach, in which management considers these
phases in a systematic way to ensure that nothing is
overlooked. Imai, Nonaka, and Takeuchi (1985) study
five cases of recent product innovations in Japanese and
American companies. They identify six critical factors
that encourage efficient and innovative development:
“top management as catalyst, self-organizing project
teams, overlapping development phases, multilearning,
subtle control, and the organization transfer of learn-
inig.” But here, too, the unit of analysis is the individual
project.

A second body of research is more attentive to the
complex iterations that characterize most product de-
velopment work. It attempts to describe the overall
structure of these iterations but remains focused on in-
dividual projects. Concurrent engineering and design
for manufacturability offer important opportunities for
accelerating product development by reducing the
number of such iterations, but most of the research has
taken the individual project as its unit of analysis (see
survey in Susman 1992). Clark and his -colleagues
(1987, 1989a,.1989b,. 1991) highlight lead time as a
critical performance measure in product development
and analyze the coordination between development and
manufacturing departments. In particular they consider
the issues of simultaneous versus sequential perfor-
mance of tasks and of the piecemeal release of infor-
mation from upstream resources to downstream ones,
but they do not discuss how these processes are affected
by resource limitations. They analyze dedicated cross-
functional project teams, but they offer no guidelines
for assessing the associated trade-off between reduced
congestion and increased cost.
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Another group of studies is now emerging that high-
lights the importance of process issues in multi-project
environments. Schonberger (1986 presents a case study
of a group that tried to identify the obstacles to rapid
project completion in their own organization. They
found that careful recording of their work times high-
lighted bottleneck areas that subsequently they reduced
or eliminated. Hayes, Wheelwright, and Clark (1988)
develop a process-oriented framework for understand-
ing the management challenges of product develop-
ment. Of particular relevance to our research, they
identify “manufacturing capability”” as a key determi-
nant of project performance (pp. 323-327). By man-
ufacturing capability, they mean not only the manu-
facturing organization’s readiness to ramp-up produc-
tion, but also manufacturing’s contribution to the earlier
phases by speedily constructing high-quality prototypes.
They stretch the concept to include the design engi-
neering organization’s internal “process capabilities”
that allow for fast turnaround of key engineering tasks
such as laboratory testing. This extension of the idea of
manufacturing capabilities to the engineering organi-
zation leads naturally to the idea that engineering op-
erations too can be organized according to JIT principles.
But they do not develop the concepts needed to make
this new approach operational.

Blackburn (1991) has begun to define the more spe-
cific concepts needed to flesh out a process view of pro-
ject-management. He compares product development
to manufacturing with the aim of translating Japanese
manufacturing philosophy into the product develop-
ment setting. We make a similar comparison but with
the different aim of importing modeling paradigms from
manufacturing into product development.

Although recent behavioral research, as surveyed
above, recognizes the impact of uncertainty and limited
resources on development cycle time, current OR /MS
models do not adequately handle the congestion that
results when variability is compounded with capacitated
resources in a multi-project environment. PERT (Project
Evaluation and Review Technique) and CPM (Critical
Path Method) methods (Dean 1985), which form the
foundation for many project management models, de-
pict an idealized flow of project activities in which ac-
tivity times are essentially treated as deterministic and

L
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first attempts always succeed. Furthermore, PERT and
CPM analyses often assume that resources are dedicated
to a single project. However, activities involved in
product development are inherently variable in both
activity times as well as probability of success. Moreover,
many product development organizations operate in a
multi-project shared-resources setting. Although there
are extensions of PERT/CPM techniques that ac-
knowledge constraints on resources, they operate in a
static environment where no new projects are intro-
duced over time.

In order to account for the stochasticity of activity
times, Kulkarni and Adlakha (1986) propose a Markov
chain model whose state space is related to the structure
of the network. The method, which assumes that activ-
ity times are exponentially distributed, allows numerical
algorithms for evaluating the usual performance criteria
such as moments of development cycle time. For more
general distributions, Weiss (1986) presents stochastic
bounds for the project completion time. Although these
papers address the issue of uncertainty in the duration
of activities, they still assume that the flow of activities
is deterministic.

To study the phenomenon of repeated task cycles,
Black, Fine, and Sachs (1990) propose a matrix method
for deciding how to order the tasks of product design
according to the flow of information among them. Ep-
pinger, Whitney, Smith, and Gebala (1989) take a sim-
ilar approach based on models of the design process in

several organizations. These studies focus on how work
flow should be structured to minimize the likelihood of

iterations, but they consider neither the queueing effects
created by the flow through this structure nor those
created by multiple concurrent projects competing for
resources. While they address the issue of how to or-
ganize work, we focus on analyzing work flow, assum-
ing its structure is given.

A paper closer in spirit to ours is Taylor and Moore
(1990). They take as their model a GERT (Graphical
Evaluation and Review Technique) network, which is
a generalized PERT network that allow$ probabilistic
routing and repetition of activities via feedback loops
(Neumann 1979). They use the simulation package Q-
GERT (Pritsker 1979) to study a development organi-
zation with multiple research teams and multiple pro-
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jects. However, since they assume that each team is
dedicated to a single project at a time, their model does
not include the resource contention and queueing effects
that behavioral research suggests are endemic (Ancona
and Caldwell 1992).

Our approach is similar to that proposed by Alexander

"(1990), who sketches a queueing network model of

product development projects, discusses many issues of
modeling and data collection, and suggests how prin-
ciples of queueing theory could be used to identify bot-
tlenecks. The present study contributes to this emerging
body of research on the impact of congestion on project
cycleitime in rhulti-project organizations. Processing
network models are more general than those described
above, and, we argue, provide new insights that justify
the added modeling complexity. This paper focuses on

_testing this_ approach by applying it to data from real

projects in a real organization.

3. The Conceptual Framework:
A Process Model

We propose to model the product development orga-
nization as a “stochastic processing network” (Figure
1). For our purpose, a stochastic processing network
consists of a collection of “workstations” or “resources,”
each of which is composed of one or more identical
“servers” working in parallel. A workstation corre-
sponds to a pool of employees, typically with the same
job title, who perform the same functions interchange-
ably. The servers are the technicians or engineers who
make up the pool. The organization processes projects,
which we will interchangeably call ““jobs,” and which
consist of collections of tasks to be performed by spec-
ified resources in specified orders. When several of a
project’s tasks can begin processing at the same time,
we refer to the phenomenon as a ““fork”; when a task
cannot begin until several other tasks have been com-
pleted, we call itlh “join.” The time requlred to complete
a task is its “processing time,” or “activity time,” and
the intervals between project starts are “interarrival
times.”

We use PERT-style diagrams to illustrate constraints
on the order in which tasks are executed. For example,

461
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Figure 1 Pracessing Network Representation

to manufacturing
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Figure 2 is the PERT diagram associated with the pro-
cessing network depicted in Figure 1. Each job consists
of seven activities. Activities “Manufacturing Process
Development” and ““Slab Prototype” can be performed
in parallel (they represent a fork) and “Scale-Up” begins
when activities “Product Testing”” and ‘“Manufacturing
Process Development’’ are both completed (a join).

Figure 2 - Traditiona! PERT Representation

The processing network is stochastic because inter-
arrival times, processing times, and precedence require-
ments may be subject to statistical variability. Projects
are said to be of the same “type” if their individual
precedence requirements, processing times, and inter-
arrival times can be characterized by the same set of
probability distributions. In the sample organization we

Mfg Process
Dvpt
Slab . 1 ) al N
Prototype '?‘;s‘: Scale-Up %gst
Prod Prod *
—— -
Prototype | - “Test
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studied, we distinguished two types of projects, “new
product projects” and “reformulation projects” (see
discussion in §5). '

When a new project is initiated, we say it “enters the
network,” whereupon it proceeds to the station(s) cor-
responding to its first task(s), forking as necessary into
the appropriate number of tasks. In Figure 1, an incom-
ing project forks into three tasks, and each task then
proceeds to its corresponding workstation. The activity
“Manufacturing Process Development” requires atten-
tion from both the product engineer and the process
engineer; we therefore distinguish “process develop-
ment by product engineers” and ““process development
by process engineers” as two different tasks. (For the
sake of simplicity, we have left out several arrows and
tasks from Figure 1 that appear in later figures and ta-
bles.) When a task arrives at a station, it joins the end
of the queue and waits for one of the servers. When a
task has received its requisite service, the project pro-
ceeds to the next task(s), again forking or joining as
necessary. In the context of product development, the
entities passed from one workstation to the next could
be engineering drawings, work orders, or test results.

The queue at each workstation (represented by
shaded boxes in Figure 1) corresponds to the “in-box”’
of the resource, and a complete model must also specify
the service discipline at each station—that is, the order
in which the resources work on the tasks in their in-
boxes. Our basic model uses the “round-robin” disci-
pline within priority classes. In this discipline, a free
server takes the next top priority task in the queue and
works on it for a pre-specified length of time. If she
completes the task within the time period, the corre-
sponding job moves on to a successor task, and the
server continues with the next top priority task in the
queue. Otherwise, the task returns to the end of the
queue, its remaining processing time is updated to reflect
the last round of service, and it waits until its next access
to the server. When the queue is empty of top priority
work, the station serves the second priority tasks in the
same manner. In conversations with members of the
organization we studied we considered other choices
for service discipline, including first-in first-out (FIFO)
and project with the earliest due-date first. Our infor-
mants were most comfortable with the round-robin
representation of their work discipline. :
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In summary, a complete specification of a processing
network requires the following ingredients: the number
of resources in the network and the number of parallel
servers within each resource; the number of project
types; and for each project type, a set of probability
distributions characterizing the type’s precedence re-
quirements (i.e., the route that the project follows
among its component activities), the processing time of
each task, and the interarrival times of new projects.

This model clearly draws from queueing theoretic
concepts and terminology 'and can be seen as a ““gen-
eralized queueing network.” Since Jackson (1957, 1963)
introduced queueing networks as models of job shops,
they have had a rich history of applications in manu-
facturing, communications, computer systems, and
transportation science. The generalization of classical
queueing networks to processing networks, which allow
forking and joining, enables analysis of systems that
are characterized by parallel as well as sequential pro-
cessing (Nguyen 1993, 1994). Such models have been
used, for example, to represent distributed database
systems (Baccelli 1989). We hypothesize that stochastic
processing networks can also be used to analyze product
development organizations.

4. The Research Site; The Plastics

Division at Chemicals Inc. -
Our research site was an organization which we call
the Plastics division at Chemicals Inc. in order to protect
its anonymity. The Plastics division was a hospitable
research site because both divisional and corporate
management were eager to help us with our research;
and management support was crucial because of the
time and effort involved in collecting data. Division
managers were interested in ways to accelerate their
development cycle after losing several potential con-
tracts to their principal competitor, a large Japanese firm
with significantly faster product development.

The staff of the technical department in the Plastics
division consisted of engineers and technicians divided
into functional groups specializing in product design,
process design, and applications. A technical services
group supported these engineering groups by making
and testing product prototypes; manufacturing engi-
neers, product managers, salespeople, and other staff
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members all made critical contributions to development
projects. All these resources constitute workstations in
our network.

Although the division considered its principal man-
date to be the development of “new products,” it also
undertook “‘reformulations”’—projects to replace the
materials in existing products—and it supported prod-
ucts on the market. New product development and
support efforts were typically triggered by customer in-
terest; reformulations arose either when a vendor dis-
continued a constituent material or when a better ma-
terial became available. Reformulation projects were
rarely urgent; the plant might have several months’
supply of the current material, and the potential cost
savings from changing were typically small. Only rarely
did circumstances force reformulation projects into top
priority. ;

Management assigned formal priorities to projects to
help resources allocate their time. Typically, projects
involving the development of new products were given
priority 1 (the highest -priority) whereas most refor-
mulation projects were treated as priority 2. Managers
and engineers often expressed exasperation over the
long delays that priority 2 projects suffered while wait-
ing for attention from product managers or the manu-
facturing plant. If the priority reflected the true urgency
of the project, then such delays might seem inevitable
and even appropriate. Nevertheless, one project we
studied had spread two person-months of work over
2.5 years, raising questions about inefficiencies due to
mental set-up time, the opportunity cost of delay in
getting the product to market, and the toll of prolonged
management distraction. One purpose of our project
was to quantify the delays arising from various man-
agement policies so that these costs could be evaluated
more explicitly.

1 v . .

5. Constructing the Model

To characterize statistically the projects at the Plastics
division, we asked our informants to identify major cat-
egories of projects, according to the similarity of the
projects’ activity histories. For each project type, the
model required data on the frequency of new job starts
(interarrival times), the tasks involved, the order in
which they were executed (precedence requirements),
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and the time required to complete each task (processing
times). Because we accounted explicitly for time spent
on support and administrative duties, we also needed
data on the time that each resource pool devoted to
these activities. Recall from §3 that the model requires
the entire distribution of these quantities and not only
their averages. The final data set described below was
collected in three half-day workshops with a group of
Plastics division managers and employees representing
most of the resource pools.

5.1. Project Types

The categorization criteria for project types required that
each type occupy a substantial amount of resource time
and that each have some structural features distin-
guishing it from other types. Following the suggestion
of our key contact at the Plastics division, we focused
our study on a family of products we will call plastic
parts. This product family accounted for over 80% of
the organization’s time. The remaining projects were
more idiosyncratic. As in the broader class of all prod-
ucts, plastic parts work included both new product de-
velopments and reformulations, and these projects
could be assigned either priority 1 or priority 2. We take
these priorities to be exogenous characteristics of the
projects. Reformulation projects were typically smaller
than new product projects and required less than 4%
of the resources’ total capacity. ’

We based the data for job interarrival times on man-
agement interpretations of quarterly status reports for
the few years preceding our study. Our informants es-
timated that recently there had been three priority 1
new product final design reviews per year, with ap-
proximately 5% more starts, or 3.15 per year. They also
told us where in the activity flow uncompleted projects
were typically terminated. Roughly 2.5 priority 2 new
product projects and one reformulation project of each
priority designation were initiated each year with none
terminated.

5.2. Resources .

The core resources were the product and process en-
gineers and technicians who dedicated their time to
product development; but this “development group”
relied on several other resource pools. They ordered
materials from other divisions, ran prototypes in the
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Table 1 Resaurce Characteristics
Number Resource
. of Server Capacity Capacity
Resource Name Servers  (hrs/week/server) (total hrs/week)
Product Engineers 4 55 225
Process Engineers 2 55" £ 110
Product Techmcians 5 50 250
Process Technicians 4 45 180
Technical Services 6 45 270
Application Engineers 4 45 180
Product Management 4 40 160
Manufacturing Engineers 5 45 225
Miscellaneous 6 40 240

manufacturing plant, requested tests from the technical
services group, sought marketing and sales advice about
the concerns of the lead customer, consulted with the
specifications group about legal issues, and relied on
product management to coordinate and facilitate these
activities. Our data gathering effort revealed wide dif-
ferences in the quality of information available on these
resources. Considering these information gaps, we dis-
tinguished resources that satisfied the following two
criteria: the group had potential impact on project pro-
cess, and its activities were adequately documented.
Those groups that potentially affected the rate of project
completion but that did not satisfy the latter requirement
were combined into a group called “Miscellaneous’*

which includes the following functions: Sales, Finance,
Specifications, Logistics, and Quality Assurance.

We identified nine resources and further aggregated
them into seven resources in the final simulation model.
According to management estimates, average work
weeks varied from 40 to 55 hours. The name of the
resource, the number of parallel servers within each
resource, and the average availability per week for each
group are shown in-Table 1. The first four resources,

i

Product Engineers, Process Engineers, Product Tech-
nicians, and Process Technicians, constitute the core
development resources. Collectively they handled ap-
proximately 65% of the product development work.
Table 2 shows estimated fractions of time devoted to
administrative and support activities by each resource

group.

5.3. Tasks

To find a partition of the product development activities
at the Plastics division, we turned to a five-phase pro-
cedure that had recently been developed there as a pro-
tocol for resolving development issues. Phase 1 (“Con-
cept / Feasibility”’) was characterized by the intensive
involvement of a few marketing and product devel-
opment people who explored technical, manufacturing,
and market feasibility. In Phase 2 (“Project Plan/
Team”) a full team was assembled and a project plan
drafted. Phase 3 ("“Product Development”) signaled the
project’s critical challenges, as the team worked out the
technical, legal, and marketing issues. Phase 4 (“Man-
ufacturing Standardization /Launch”) transferred the
project from the development labs to full-scale manu-
facturing. It included the elimination of any remaining
technical wrinkles, and it closed with the product
launch. Finally, Phase 5 (“Continuous Improvement")
represented ongoing refinements while the product was
on the market. Each phase consisted of approximately
a dozen issues to be resolved. ]

To simplify the data collection and the analysis, we
focused on the first four phases (through Manufacturing
Standardization / Launch), aggregating tasks in Phases
1,2, and 4 into one ““activity” each and specifying Phase
3 (Product Development) in greater detail. We chose
to highlight Phase 3 of the development process because
it contained the bulk of project work and because it
illustrated some interesting features of product devel-
opment that have not been explored in network models

Fraction of Time Devoted to Administrative and Support Activities

Table2
Product Process ’Product Process Technical Product Manufacturing  Application
" Engineers  Engineers  Techmicians  Techmicians  Services Management  Miscellaneous Engineers _ Engineers
Administrative  0.38 0.38 0.38 0.38 0.32 ' 0.19
Support 0.01 0.01 0.01 0.01. 0.30 ' ’ 0.30
MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995 465
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of manufacturing operations, namely, forking, iterations
among activities, continual transmission of information
between steps, and resources who might juggle several
activities at once. Phase 3 later proved to be. a felicitous
choice for the additional reason that it marked the time
of crispest activity definition.

Working with the Plastics division staff we 1dent1ﬁed
14 activities in Phase 3. Like the resources, the activities
of the original model are further aggregated for the sim-
ulations. The complete model of the development pro-
cess for new product projects consists of 17 activities
whose names and descriptions appear in Table 3. Re-
formulation projects were usually smaller than new

Table 3  Activity Descriptions
Activity Name Activity Description
Phase 1 Identify customer expectations and proléct concepts,
' explore technical, manufactuning, and market fea-
sibility ,
Phase 2 Form project team
Phase 3.

Establish product liability position and file for patent

Determine process methods and equipment for all
stages of production

Determine competitiveness of product and establish
market position

Review Patent
Mfg Process Dvpt

Market Position

Make Slabs

Create samples of matenal in form of slabs
Test Slabs Test slab prototype for conformance to materials re-
quirements
Make Product 'Make sample products from prototype matenals
Test Product Test product prototype for conformance to product

requirements
Make Product—Mfg Make product prototype in plant to uncover any
manufacturing 1ssues
Test manufacturing prototype for conformance to

Test Product—Mfg
' ' product requirements

Sales Strategy - Formulate sales strategy

Lead Customer identify lead customers and determine their needs

Product Specs Identify product requirements and testing proce-
dures

Field Tnals Test product with lead customer(s)

Agency Specs Determine whether product is subject to government

regulations

Qual Testing Test product for conformance to all specifications

Phase 4 Complete customer trials, manufacturing scale-ups,
product documentation, launch product

466

product development efforts, requiring only a subset of
the activities shown in Table 3. We defined a “task” in
§3 as an activity /resource pair (e.g. Review Patent/
Product Engineer). Thus each activity corresponds to
several tasks.

5.4. New Product Projects: Activity Times
Given the multidimensional heterogeneity of projects
in the Plastics division, our informants found it impos-
sible to estimate average processing times for most of
the constituent tasks. We therefore asked them to con-
sider their “‘portfolio” of recent projects and estimate
the 10th and 90th percentiles of the task processing
times. We estimate the associated average times using
these data, via a flexible procedure described in §6 be-
low. Prototyping tasks, however, were somewhat more
standardized than the others, and our informants could
estimate average times for them, which we take to be
actual processing times. Members of the Plastics division
estimated that prototyping activities were of relatively
short and invariant duration and that the variability in
times spent prototyping was due mostly to the number
of repetitions. The task time data for new product de-
velopment projects are shown in Table 4. An empty
activity /resource box indicates that the resource did
not contribute to the activity. T

In Table 5, an entry of 1 indicates that the resource
always was involved in the activity, and an empty cell
implies that the resource never was. Fractional proba-
bilities, however, can be interpreted in two diametrically
opposed ways. On the one hand, such entries mightbe
independent, indicating that the activity was not nec-
essary for all projects. This is an appropriate represen-
tation of the activity “Phase 2.” According to Table 5,
only 30% of projects required application engineers to
contribute to this activity, and independently of the ap-
plication engineers’ contribution, manufacturing engi-
neers could expect to spend time on Phase 2 in 90% of
the projects. On the other hand, some fractional prob-
abilities reflected interchangeability among resources.
When the probabilities in Table 5 indicate the average
proportions of times that each resource was assigned
exclusively to a task, we asterisk the corresponding en-
tries and interpret their sum as the total probability that
the activity occurred.

A second issue arises from this tension between in-
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Table 4 Processing Times for New Products
Product Process Product Process Technical Product Manufacturing  Application
Engineers  Engineers  Techmicians  Technicians  Services  Management  Miscellaneous Engineers Engineers
Phase 1—10% 40 100 20 5 10
90% 300 450 125 100 100
Phase 2 40 20 10 10 10 10 5 5 ' 5
300 200 388 250 200 125 100 40 340
Review Patent 3 5 1
200 100 5
Mfg Process Dvpt 200 150 20 40 5 5
700 2500 100 2000 10 40
Market Position 20 5
100 25
Make Slabs 17 30
Test Slabs 23 30
Make Product 30 14 15 23 15
Test Product 20 20 20
Make Product—Mfg 15 8 .
Test Product—Mfg 20 20 20 5 75
Sales Strategy 5 20 5 10
100 100 40 100
Lead Customer .10 5 ; 20 20
500 50 L1000 . . X 500
Product Specs .10 5 , 5 20 50 1 5
100 20 20 50 200 50
Field Trials 72 5 10 200
700 20 20 ' 700
Agency Specs 5 20
100 100
Qual Testing , 27 20 40 10 1000 10 10 25 10
100 50 60 30 1500 20 50 50 60
Phase 4 400 350 60 ' 100 200 5 100 50
750 1000 100 250 400 200 1500

terchangeability and specialization. Engineers and
technicians—unlike machines which are their manu-
facturing counterparts—are capable of handling a wide
variety of tasks beyond their formal functions in the
organization. During busy periods at the Plastics divi-
sion, the development group might turn some of its
work over to engineers with nominally different func-
tions, such as manufacturing or applications engineers
(who normally dealt with factory and customer imple-
mentation issues, respectively). Since specialization is
often a matter of organizational choice and not of tech-
nical capability, it is up to the modeler to decide how
much of this specialization to characterize as fixed versus

MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995

variable. The entries in Table 6, which we obtained from
interviews with our informants, indicate the maximum
extent to which work can be reallocated between re-
sources. A negative entry indicates a resource giving
away some responsibility, and a positive entry reflects
another resource accepting it. Our initial simplifying as-
sumption was that the substitute resources work as ef-
ficiently as the original resources.

We do not include in our models any dependence
among activities. One might wonder whether a longer-
than-average Phase 1 was typically followed by a
longer-than-average Phase 2—that is, if the complexity
of the project made it difficult to resolve feasibility is-
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Table 5 Probability of Involvement—New Products

Product Process Product Process Technical Product Manufacturing  Application

Engineers  Engineers  Techmicians  Techmicians ~ Services  Management Miscellaneous Engineers Engineers
Phase 1 1 1 B A 5
Phase 2 1 1 1 1 1 1 1 9 ’ 3
Review Patent 1 9 3
Mfg Process Dvpt 9 1 1 1 9 : 1
Market Position 1 9
Make Slabs 1 1
Test Slabs 1 1
Make Product .25* 1 1 1 15"
Test Product .75 1 1
Make Product—Mfg 1 1
Test Product—Mfg 1 1 1
Sales Strategy 5 1 1 5"
Lead Customer 5" 1 1 5
Product Specs 1 1 9 1 1 9
Field Trials 5" A t 5
Agency Specs 5 5
Qual Testing 1 1 1 1 1 9 9 9 1
Phase 4 1 1- 1 1 1 1 1 1

sues, was it also difficult to formulate a process plan?
Or was the opposite scenario more representative: if the
development group spent more time resolving Phase 1
issues, did that up-front work facilitate the downstream
task of formulating process plans? The organization we
studied did not keep the detailed data necessary to in-
clude such correlations in the model.

5.5. New Product Projects; Precedence Constraints

The activity flow diagram presented in Figure 3 is a
translation of the phase system into a PERT-like dia--

Table 6 ‘Maximum Permissible Pooling (hours per project)

gram. Activities are shown in boxes, and arrows indicate
precedence among activities; if several resources were
involved in an activity, we assume that they could ex-
ecute their tasks in parallel. Figure 3 represents the fol-
lowing process flow: a new project begins at Phase 1
and then proceeds to Phase 2. The completion of Phase
2 triggers the start of several (possibly) simultaneous
Phase 3 activities. Product engineers and technicians
begin prototyping, and product engineers, and techni-
cians simultaneously develop the manufacturing pro-
cess, getting information from the product engineers

fy

Product Process Product Process

Technical Product * Manufacturng  Apphcation

. Engineers  Engineers  Techmcians  Technicians  Services  Management -~ Miscellaneous Engineers Engineers
Phase 1 ~66 . 66 .
Phase 2 38 ~38 )
Make Slabs 68 6.8 '
Test Slabs -92 92
Make Product -9 -42 9 42 :
Test Product -6 6 : i
Make Product—Mfg . —12 -64 . 12 6.4 .
Test Product—Mfg -16 16 s ' . p
Phase 4 415 -415 ' -115 ' \ ) o115
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about special product requirements and sharing their
own cost and feasibility results. At the same time, people
in sales and product management begin the activities

shown in the lower-left corner of the flow chart. These

activities initially have little impact on the technical side
of product development, but ultimately the two groups
negotiate through the interface of the product specifi-
cations effort. When a final product and set of specifi-
cations are defined, technical services performs a com-
prehensive set of qualification tests to ensure that the
product meets these specifications. If all goes well, the
new product proceeds on to field trials, to the Phase 3
(design) review, and ultimately to the full manufactur-
ing scale-up and launch of Phase 4. The proliferation

of reverse arrows in the flow chart illustrates iterations
among activities. For the sake of simplicity in our model,
we include only those loops that our informants believed
occurred with significant frequency.

Figure 4 displays the process flow diagram for refor-
mulation projects. These require significantly fewer ac-
tivities than new product developments. In particular,

~ our model bypasses Phases 1 and 2, and Phase 3 con-

tains fewer activities.
To completely characterize iterations, we would need
to describe not only the number of times that activities

-.occurred but also the order in which they occurred; and

we would need probability distributions over both of
these differentiating features. Our informants found it

Figure 3 Process Flow Diagram—New Products L
@ | Mfg Proc a’ represents
Dvpt |-= iteration back
Phase 1
v Make Slab Test Slab
(Lab) (Lab)
© Prod
Prototype
Make Prod Test Prod (Mfg)
Phase 2 (Lab) 'Lg—pn] (Lab) 1
Sal;es > Product -
Strategy ~| Specs
p| Market Lead
" Position Customer
Agency
Specs
x Patent
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Figure 4 Process Flow Diagram—Reformulations

Mfg Proc <
Dvpt

Make Slab
(Lab) .

Test Slab

(Lab)

Make Prod
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Test Prod /
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¢

difficult to identify the range of possible configurations
they encountered, so instead we asked them to classify
11 recently completed projects according to the com-
plexity of the iteration structure (2 projects were simple,
5 medium, and 4 complex). We developed profiles for
each class as we describe below; and then we used the
weighted average of the resultant profiles for our model.

Implicit in this approach was the assumption of depen- .

dence among different iterations in a project. In reality,
it appears that some project iterations were probably
independent of one another and others negatively cor-

related; but we only gathered piecemeal indications of 7

this correlation.
We collected two forms of data for the iteration struc-

ture. For “inner” prototyping iterations (involving the -

making and testing of materials and products), which
were typically repeated many times, we estimated the
“expected total number of iterations per project.” This
form of data reflects an expectation of strong negative

470

correlation among nested levels of iterations. For ““outer
iterations,” which occurred much less often, we col-
lected data in the form of ”probabilfty of iterating,”
sometimes with a maximum number of times that an
activity could be executed. We treat this maximum as a

. global maximum and treat visits before the maximum

number as independent.

Figure 5 displays data on the iteration structure in
new product development projects. Activities within a
cell are assumed to proceed either in sequence (i.e., there
is no chance of 'iterating between each other) or in par-
allel. Arrows indicate the direction in which activities
flow; “forward” arrows indicate that an activity is suc-
cessfully completed and the project moves on to suc-
cessor activities, and “backward”’ arrows indicate that
a number of activities must be repeated. Numbers ac-
companying backward arrows describe the likelihood
of repeats. Percentages indicate the probability of iter-
ating, and integers denote the expected number of times

MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995
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that an activity is executed. Figures in parentheses in-
dicate the maximum number of times that an activity
can be executed. Each pair of numbers corresponds to
data for medium and complex projects, respectively.
Following our informants’ recommendation, we use a
baseline project as the profile of a simple project.

5.6. Reformulation Projects

Table 7 summarizes the average work content of each
activity in reformulation proieéts. These figures were
obtained from an internal study at the Plastics division.
Unlike the figures that we presented for new product
projects, the numbers in Table 7 correspond to “aggre-
gate” data: that is, these numbers are the total number
of hours required for each task, accounting for the total
number of times that tasks are carried out and weighted
with the probability of involvement of each resource.

6. Analysis, Stage I: Capacity

Our first stage of analysis estimates divisional capacity
utilization by comparing the average demand of project
related work with the time available to the resources.
For each resource, we calculate its percentage utiliza-
tion—the ratio of the average rate at which the resource
receives work to the rate at which the resource can
complete it—by means of a spreadsheet (part of which
is shown as Table 8). These first-order performance
measures can be used to identify under-staffed re-

sources, determine probable project bottlenecks, and '

estimate the maximum rate at which the organization
can take on new work. By varying key parameters in

the spreadsheet, management can examine their influ-
ence on the average load for each resource.

The top row of Table 8, labeled “NP Hours,” shows
the total amount of time that each resource group spends
on an average new product development project. The
second and third rows of Table 8 compare some
spreadsheet-generated measures with actual data that
is available for the Plastics division. Although the di-

 vision did not keep track of the time spent by individual

resotirces on individual activities, it did record the total
hours spent by various groups on recent projects. Thus,
we can see that our estimate of 3,910 hours spent by
the four development resource pools on an average
project is not too far from the division estimate of 4,408.
However, we appear to overestimate significantly the
time spent by technical services on an average project,
and in particular it appears that we may be attributing
to them work actually performed by the development
group. This kind of analysis can point to differences
between the way our informants conceived of their work
and the way it actually occurred, or between the nom-
inal functions of resources and the roles they actually
performed. For example, it appears that technical ser-
vices was chartered to do a significant amount of routine
testing that was often done by the development group.
Technical services was often a project bottleneck, so
development engineers often did their work themselves.
The fourth row of Table 8 shows the amount of time
resources spent on an average reformulation project.
In Table 9, we show percentage utilizations when
resources share their work with others according to a

Table 7 Processing Times for Average Reformulation Project
Product Process Product Process Technical Product . Manufacturing  Application

Engineers  Engineers  Technicians  Techmicians ~ Services ~ Management  Miscellaneous Engineers Engineers
Review Patent * * * * *
Mfg Process Dvpt 23 39 3 56 . .
Make Stabs M . M 41 ) a1’
Test Slabs 42 42 U420 42
Make Product 45 54 45 54 30 30
Test Product 40 48 40 48 30 30
Make Product—Mfg 5 5 5 9 ) 20
Test Product—Mfg 2 2 2 4 160 ; 10
Phase 4 . 50 64 19 25 8- 67 12 54 129

* Less than one hour of work content.

472

MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995

Copyright © 2001 All Rights Reserved



'ADLER, MANDELBAUM, NGUYEN, SCHWERER
From Project to Process Management

Table 8 Utilization Profile ' "
Product  Process Product Process  Technical Product Manufactuning ~ Application
Engineers  Engneers  Technicians  Techmicians  Services  Management  Miscellaneous Engineers - Engineers  TOTAL
NP Hours 1485 946 1005 474 1085 400 130 319 767 6611
Marginals 3910 1085 319 767 5762
True Values 4408 458 169 780
RF Hours 242 294 189 280 169 67 13 175 189 1618
Percent Utilization
Priority ‘1 Work
New Products 40 50 24 16 24 15 3 8 25
Reformulations 2 6 2 3 1 1 0 2 2
Admin 28 28 30 344 28 17
Support 1 1 1 11 27 27
Subtotal
Prionty 1 70 85 57 54 80 16 3 10 7
Priority 2 Work
New Products 33 42 20 13 20 12 3 7 21
Reformulations 2 5 1 3 1 1 0 1 2
Subtotal

Prionty 2 35 47 21 16 21 13 3 8 23

TOTAL 106 131 78 69 101 28 6 18 94

variable reallocation level set in accordance with the
maximum permissible pooling level defined in Table 6.
In this example, process engineers allocate 60% of the
permissible amount to product engineers and 100% to
technicians, while product engineers allocate 80% of
the permissible to technicians. By hypothesis, reallo-
cation happens with perfect efficiency, so tasks take no
longer when performed by substitutes, and the total
number of person-hours does not change.

The utilization figures in Table 8 and 9 reveal that in
order for some resources to complete all of their priority
1 and 2 work, they must maximally reassign work to
other resource groups. One possible explanation is that
since engineers estimated most of our numbers, they
may have systematically overestimated their own con-
tributions at the expense of their technicians’. Another
possibility is that the group simply took on more work
than it could handle, completing it in last minute stints
of overtime not included in our model. -

Constructing a utilization profile required converting
the 10th and 90th percentile activity time estimates into
averages. We weighted the estimates by 0.9 and 0.1,
respectively. It was necessary to skew the distribution

MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995

in this way in order to arrive at a reasonable estimate
of total hours per project. Although this was initially a
disturbing finding, we think it may point to significant
negative correlation in the activity times: a given project
may have one or two “sticking points” that take ab-
normally long to complete, but working through them
facilitates other activities. .

We also adjusted the durations of later iterations of
the prototyping cycle in response to an informant’s
comment that our estimates for the number and dura-
tion of the prototyping loops were unreasonably high.
This, too, is most likely due to negative correlation. The
average slab prototyping effort did indeed take 21 it-
erations (as our spreadsheet implied), but each iteration
was unlikely to take the product engineer the number
of hours required by the first iteration.

7. .Analysis, Stage II: Cycle Time

Unlike the first-order capacity analysis presented in the
previous section, which uses only information regarding
average processing times and average new start rates,
the second stage of our analysis incorporates the un-
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Table 9 Utilization Profile with Pooling '
Product Process Product Process”  Techmical Product Manufacturing  Application
Engineers Engineers Techmicians  Technicians  Services  Management  Miscellaneous Engineers Engineers  TOTAL
NP Hours 1300 606 1462 543 1085 400 130 319 767 6611
RF Hours 242 v 294 189 280 169 67 13 175 189 1618
Percent Utilization
Priority 1 Work
New Products 35 32 35 18 .24 15 8 25
Reformulations 2 6 2 3 1 1 2 2
Admin 28 28 30 34 28 17
Support 1 1 1 1 27 27
Subtotal
Priority 1 65 67 68 56 80 16 10 n
Prionity 2 Work
New Products 29 27 29 15 20 12 7 21
Reformulations 2 5 1 3 1 1 1 2
Subtotal
Prionty 2 31 2 30 18 21 13 8 23
Total 96 98 98 73 101 28 18 94

certainty of the development process. Interarrival times,
activity times, and number of iterations are subject to
variability. The next section specifies the additional as-
sumptions necessary to specify this model and shows
how simulation can be used to identify trends, develop
qualitative insights, and test system improvement sug-
gestions.

The information necessary to build a simulation
model of the Plastics division is contained in §5. How-
ever, instead of using all of this information, we simplify
the model by aggregating activities and resources. To
create a simulation model at the level of detail provided
in §5 (and a fortiori to experiment with such a model)
would require an overwhelming amount of computer
time, and we believe it would only marginally improve
our insight. Our simulation model is intended to capture
the spirit of the product development process at the
Plastics division without actually mimicking all levels
of interactions. (Section H of the XCELL manual (Con-
way 1990) discusses the virtues of keeping simulation
models small and simple.) All simulations were per-
formed using the simulation software SIMAN (Pegden
1990). Each simulation run took approximately 80
minutes of CPU time on a MicroVAX 3800.

474

7.1. The Simulation Model

Resources. The simulation model aggregates the nine
resources shown in Table 1 into seven composite re-
source pools. First, product engineers and process en-
gineers are grouped into a single resource called product
development (PD) engineers. Second, the product
technicians and process technicians are combined into
a pool called product development (PD) technicians.
Third, we replace the miscellaneous group, which pre-
viously was composed of several groups including the
specifications department, solely by the specifications
group (i.e., all other groups in the miscellaneous cate-
gory have been deleted from consideration). This ag-
gregation, which coalesces several resources into a single
group, creates pools of interchangeable resources that
were not treated as interchangeable in the original
model. Such aggregation hides inefficiencies and results
in more optimistic predictions of system performance.
However, because the pooled resources have compa-
rable levels of utilization, our estimates of system per-
formance should not be strongly biased.

Finally, we allocate additional capacity to resource
pools that belong in the technical group of the Plastics
division (these include product development engineers
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and technicians, application engineers, and technical
services). These resources typically work extra hours
when projects are backlogged or when deadlines ap-
proach; the maximum number of hours that these re-
sources work during those critical periods are 60 for
product development engineers, 55 for product devel-
opment technicians, 60 for application engineers, and
55 for technical services. The simulation models report
the fraction of time that each resource pool must work
its maximum overtime.

Activities and Precedence Constraints. In addition to
aggregating resources, the simulation model also groups
together several activities as shown in Table 10. For
example, all activities related to marketing and sales
such as “Review Patent” and “Identify Lead Customer”
become a single activity called ““Marketing.” Moreover,
we coalesce all prototyping activities into a single activity
called “Prototyping.” In general, any subset of a net-
work can be replaced, without much sacrifice in accu-
racy, by a single node if the node’s processing times
and routing instructions are defined to approximate
clalely the processing times, queueing times, and routing
of the subnetwork. A simplified model can determine
the most significant nodes, and subsequent studies can
examine these individual nodes in greater detail.

Figure 6 depicts the simplified flow of activities in
new product projects. The simulation model treats all
routing as “"Markovian,” meaning that the future route
of a job is not affected by its processing history. As
indicated in Figure 6, the probability of repeating a pro-
totyping activity is 0.75, and the probability of returning
to prototyping after manufacturing scale-up is 0.60.

Table 10 Activity Descriptions—Simulation Mode!

(Aggregated) Activity Subactivities

Phase 1 Phase 1

Phase 2 Phase 2

Prototyping Manufacturing Process Development, Make Slabs,
Test Slabs, Make Product, Test Product

Marketing' Review Patent, Market Position, Sales Strategy,
Lead Customer, Agency Specs

Mfg. Scale-Up Manufacturing Scale-Up

Specs Agency Specs

QualTesting Qualification Testing .

Phase 4 Phase 4

MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995

Thus, the average number of times manufacturing scale-
up and prototyping are carried out are (1 — .60)~’
=2.5and 2.5 X (1 —.75)7" = 10, respectively.

Also illustrated in Figure 6 is the flow of activities in
reformulation projects. As discussed in §5, reformulation
projects constitute a very small fraction of project-
related work, and we collected only summary data for
this type of project. Consequently, we do not model
reformulation projects at the same level of detail as new
product projects, and, in particular, Figure 6 shows no
iterations among activities.

Task Times. The simulation model assigns time to
an activity / resource pair only if the resource’s contri-

“bution (in hours) exceeded a pre-set level of significance;

otherwise, the resource spends zero time on the activity.
In addition, it models all task times as exponential, de-
spite the fact that we collected some distributional in-
formation in the form of 10th and 90th percentile in-
formation. Simulation experiments revealed that system
performance did not vary significantly with different
distributional forms for several key activities (e.g., pro-
totyping and manufacturing scale-up). We conjecture
that other sources of uncertainty dominate processing
time variability in determining cycle-time performance.

We took support and administrative times from Table
8 when such figures were available; otherwise, we es-
timated them based on the roles of the resources and
the nature of their work. (For example, because the
manufacturing engineers’ primary responsibility was to
the production and manufacturing operations, they
spent the bulk of their time on activities outside the
product development arena. The model reflects this in
high support times.) We found it necessary to reduce
the administrative times for several resources to obtain
reasonable performance measures. This modification is
partially justified by noting that administrative duties
may be curtailed in critical situations. Vacations may be
postponed, meetings skipped, and training activities re-
scheduled. The model takes activity times for both sup-
port and administrative activities to be exponentially
distributed. Support activities arrive according to a
Poisson process, and administrative activities arrive de-
terministically.

Pooling. Section 6 notes that an important charac-
teristic of the product development environment is the
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Figure 6 Activity Flow Diagram—Simulation Mode!

NEW PRODUCT

possibility of pooling work among various resources,
and the spreadsheet analysis indicates that some re-
sources had to maximally reassign work to other re-
source groups in order to have enough capacity. The
simulation model allows product development engi-
neers to reassign part of their work to product devel-
opment technicians whenever there are more than five
ongoing projects. Work can be transferred from PD en-
gineers to PD technicians only in Phase 1, Prototyping,
and Manufacturing Scale-Up. For each of these activi-
ties, at most 30% of the engineers” work can be given
to technicians. ‘ ‘ ,

Service ‘Discipline. The service discipline at each
workcenter is assumed to be the “round robin” disci-
pline described in §3 with service segments equal to
two weeks.

7.2." Simulation Results ‘

Table 11 shows various statistics obtained, from the
simulation. The performance measure of primary in-
terest in this paper is project completion time or project
cycle tinte. 1t is the amount of elapsed time from the
“beginning” of the project until the “end” of the project.
New product projects begin with concept generation
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’ REFORMULATION

and feasibility studies (Phase 1), and they end with the
product launch (Phase 4). Reformulation projects begin
with prototyping activities and end when the product
is launched (Phase 4). A second performance measure
is the number of unfinished projects in the organization.

To calibrate our models, we compared our findings
with figures provided by the Plastics division. Our host
was able to provide us with detailed timelines for prior-
ity 1 new product projects from which we computed
average project completion times. Such records were
not available for other types of projects, and for these
projects we relied on estimates by the manager of the.
Plastics division. "

Table 11 shows that the simulated average completion
time of priority 1 new product projects is 84 weeks,
compared to the figure of 82 weeks reported by the
Plastics division. Both simulated and reported figures
indicate that the Plastics division required on average
more than three years to finish priority 2 new product.
projects.

For reformulation projects, the simulated completion
times are five months for priority 1 projects and one’
year for priority 2 projects. These numbers are some-
what lower than the figures estimated by the manager
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Table 11 Simulation Results
Simulated 90th Actual PERT Actual-to-PERT
Average Percentile Average Prediction Ratio
Project Cycle Time
New Products
Prionity 1 84 weeks 130 weeks 82 weeks 76 weeks 1.08
Priority 2 200 weeks 350 weeks >3 years 76 weeks >1.97
Reformulations '
Prionty 1 21 weeks 32 weeks 6-9 months 16 weeks 1.50-2.25
Prionty 2 - 55 weeks 90 weeks 1-3 years 16 weeks 3.13-9.38
i .
Number of Goncurrent Projects
New Products
Prionty 1 5 8 6 — —
Priority 2 10 16 8 - -
Reformulations o
Prionty 1 <1 1 1 — -_
Priority 2 —_ ‘ _

of the Plastics division. Although reformulation projects
were formally assigned either priority 1 or 2, in reality
they were generally treated with less urgency than new
product projects of the same priority. Only when they
needed to be expedited were they elevated to priority

1. Consequently, priority 2 reformulation projects were
often treated as “priority 3.” This informal resetting of

priorities may partly explain the biases in the simulation
results: the simulated completion time for priority 2 re-
formulation projects is shorter than the actual project
cycle time, whereas simulated priority 2 new product
projects take longer to complete than reported by the
Plastics division.

Figures 7-8 show histograms of the simulated project
cycle time for the two types of projects. The 90th per-
centilés of project completion ‘time, which can be de-
duced from Figures 7 and 8, are significantly longer
than the corresponding averages; for example, while
priority 1 new product projects are completed in 84
weeks on average, 10% of them take more than 2.5
years. It is clear from these figures that it is not enough
to measure average project completion times; informa-

MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995

tion concerning the distribution of project completion
times must also be considered.

To measure the impact of variability and congestion
on cycle time performance, the last column of Table 11
shows the ratio of the actual average project completion

time (which appears in the fourth column) to the project
cycle time predicted by PERT (fifth column). This

number, the “actual-to-PERT”, ratio, compares the

Simulated New Products Praject Completion Time

Figure 7
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amount of time that a project spends waiting for re-
sources to the amount of time it actually spends being
processed. For example, Table 11 indicates that an av-
erage priority 1 new product project suffers relatively
little from congestion, as less than 10% of its time is
spent idle waiting for resources. A priority 2 new prod-
uct project, on the other hand, spends (on average)
more than half of its time waiting to be processed.
Priority 2 reformulation projects, which are less time-
intensive than new product projects, suffer even more
from congestion. They spend approximately twice as
much time waiting for resources as they do being pro-
cessed. s

The last four rows in Table 11 compare the simulated

number of concurrent projects in the Plastics division

with the figures estimated by its manager. e
Finally, Table 12 shows the fraction of time that each
resource poolin the core technical group must work its
maximum overtime. These numbers appear to be quite
high for some resources—PD engineers work 60-hour

weeks more than 65% of the time. On the other hand,

PD technicians put in a maximal work week less than
six weeks a year, As noted in §6, the data seems to
misrepresent the allocation of work be‘tw’een engineers
and technicians. -

The “average” project completion times and “aver-
age’”’ number of unfinished projects were obtained by
simulating the models until ““steady-state”” 'and taking
the -long-run averages as performance measures. In
computer simulation runs, this took approximately 2,000
years of simulated operations. The steady-state criterion
may be inappropriate in a setting such as product de-
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velopment where reorganizations typically occur several
times before such a steady-state is reached. On the other
hand, the difficulty here may be artificial, insofar as it
reflects our inability to specify the relevant initial con-
ditions for the system. If we were able to collect data
concerning the present distribution of workloads, i.e.,
the number of projects currently in the system and the
amount of work remaining to be done on each project
by each resource—then simulation could answer prac-
tical questions such as “how will the system perform
over the next five years?”” In the absence of such infor-
mation, we simulate the systems long enough for them
to accumulate a reasonable amount of work, and we
approximate the performance measures by their steady-
state values.

8. Analysis, Stage III: What if?
Given a working simulation model of the product de-
velopment organization, the researcher can start to ex-

_ plore questions like: Where is the most beneficial place

in the organization to add a new engineer or technician?
How would cycle time be reduced if fewer projects were
taken on, or their starting times were more strategically
determined? We investigate several such possibilities in
this section.

8.1. Adding Resources: Where Are the oo
Bottlenecks? . . R
Table 13 displays average project completion times un-
der three scenarios in which engineers are added to one
or more resource pools. In Cases 1 and 2, one employee
is added to technical services and product development
engineering, respectively, amounting to raughly a 3%
increase in the total resource pool. In Case 3, one ad-
ditional person is added to each group of technical ser-
vices, product development engineering, and applica-
tions engineering, amounting to a 9% increase.
Because product development engineers are most
heavily utilized, we expect from queueing principles that

t

Table 12 Fraction of Time Spent in Overtime
PD Engr PD Tech -Appl Engr . Tech Svcs
0s5 ., o1 0.35 46
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Table 13 Project Completion Times with Additional Resources
New Products Reformulations
" Prionty 1 Priority 2 Priority 2

Case Added Resouces In Weeks % Change Weeks % Change Weeks % Change Weeks % Change
Base - 84 ,200 2 55

1 Techmcal Services (3%)t 82 2% 185 8% 20 5% 50 9%

2 PD Engineering (3%) 81 4% 150 25% 20 5% 43 22%

3 ' Technical Services, PD 80 5% 141 " 30% 20 5% 4 25%

Engineering and Ap-
phed Engineering (9%)

+ Percent increase in total resource pool.

they will be the best resource to augment. The simu-
lation results in Table 13 bear out this expectation. The
results in Case 2 indicate that investment in well chosen
resources can yield disproportionally large reductions.
in cycle-time. On the other hand, Table 13 shows that
adding a resource to an “‘uncritical”” resource pool may
have virtually no impact on cycle-time performance, as
in Case 1. . X

A final resource allocation decision (that is, whether
and whom to hire) would require economic analysis
comparing the savings resulting from shorter devel-
opment cycle times to the cost of an additional em-.
ployee, including the extra coordination effort implied
by the addition of new people (Brooks 1975). The data

we present in these simulation studies Could serve as
one (otherwise elusive) element of such an economic
analysis.

8.2. Input Control: Capping the Number of
Projects or Operating as a Pull System
In the base case simulation, the product development
organization had more than 20 unfinished new product
projects 10% of the time, and the number of ongoing
projects could reach 40. Using our simulation model,
we considered two “input control” policies: one in
which the organization does not bid for new product
projects when the level of unfinished projects rises
above a pre-set cutoff level, and a second in which new
product projects are not begun until existing ones are
finished. (Because reformulation projects support es-
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tablished product lines, we assumed that the organi-
zation could not decline these projects without great
cost.)

Figure 9 shows the average new product completlon
times for both priorities and for cutoff levels ranging
from 25 to 5 projects. Our simulation results show that
while priority 1 project completion time is not reduced
by much, priority 2 projects, being the primary victims
of congestion, benefit greatly from this control policy.

The improvement in completlon times comes at the
cost of projects lost as a result of the input control pohcy
For example, with a cutoff level of 20 projects, an av-
erage of 4% of potential new product projects are lost,

and average completion time for priority 2 new product
projects is reduced by approximately 18%. Thus,

input control policies look particularly attractive if

Figure 9 New Products Project Completion Time with Input Control
st @ vt PriO7Ity | memmeniOmmmee Priority 2
180
£ 200 200 ;165
=
g 160
53
&3 120
o
o 8 80 * * p .
i 84 83(1% 83(1%) 8l1@%) 79 (6%) 75'(”%)
E 40 + + + $ t 1
No 25 20 15 10 5
maximum -
Mlxunum Number of Concurrént Projects
(Figures in p: h p improvement 1n project completuon uime)
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management can select projects according to their
probabilities of success.

This simple control policy reduces cycle time not only.
by decreasing the amount of work in the system but -

also through the more subtle yet more powerful vari-
ability reduction that comes from restricting ‘the total
number of jobs allowed in the network at a time. In
light of this, we consider a “pull policy” in which the
number of concurrent projects in the organization is
kept at a constant level so that the development orga-
nization initiates a project only when another project
has been completed. In order to implement a pull sys-
tem, the product development organization must always
have projects “‘on the shelf ” waiting to be processed.
The manager of the Plastics division confirmed that in
his organization worthwhile product or material ideas
emerged frequently enough for this to be feasible.
Table 14 compares the performance of the push (or
“open’’) system and the pull system when the number
of concurrent projects is fixed at different levels. It re-

veals the possibility for trade-off: the more projects that

resources must handle concurrently, the more projects
they can complete each year, but the longer it takes to
complete each individual project. But relative to the base
case, the pull system with five concurrent priority 1 new
product projects delivers better cycle-time performance
for all project types while completing as many or more
projects per year. '

Table 15 highlights this point by comparing priority
2 new product completion times for three systems that
have approximately the same throughput rate: (i) the

- push system (ii) the push system with input control,

where the maximum number of concurrent projects is
set at 25, and (iii) the pull system with the number of
concurrent projects set equal to five. Despite a slightly
higher throughput rate, the pull system outperforms
the other two systems by eliminating the variability due
to (uncontrolled) arrivals of new projects. In queueing
theoretic language, the pull system is a closed processing
network, the natural analog of the manufacturing mod-
els proposed in, for example, Solberg and Spearman
(1977), and Woodruff and Hopp (1990).

8.3. Tradeoffs of Cross-training: Effects of Pooling
Because product development engineers are much more
heavily utilized than product development technicians,
we examine the consequences of allowing more shared
work between these resources. In the simulation ex-
periments described here, we assume that engineers
reassign a portion of their work to technicians whenever
the number of ongoing projects exceeds 5. Whereas we
previously assumed that 30% of the engineers’ work
could be performed by technicians, we now explore the
effect of varying this amount of transferable work. These
results provide one measure of the potential benefits of
cross-training. )

Figure 10 shows the average completion times for
new product projects with pooling levels ranging from
10% to 70%. The numbers in parentheses are percent-
age reductions in cycle time resulting from giving an
additional 10% to the amount of work that PD engineers
can reassign to their technicians. For example, by in-

Table 14 Project Completion Times and Throughput Rates in a Pull System
Average Cycle Time (Weeks)
Number of New Products Reformulations Prionity 1 New Product Projects
Concurrent R Completed per Year
Projects Priority 1 Prionty 2 Priority 1 Prionty 2 {Throughput Rate)
Open System 84 200 21 55 30
-5 82 (2%)" 173 (14%) 20 (5%) 47 (15%) 31(+2%)t
3 . 78(7%) . .114 (43%) 20 (5%) 30 (45%) 1.8 (-41%)
1 : 77 (8%) 94 (53%) 19 (10%) 24 (56%) 0.7 (—78%)

- * Percent improvement in project completion time over open systefn.
1 Percent change in number of priority 1 new product projects completed per year over open systém.
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Table 15 Comparing Priority 2 New Products Project
Completion Times
Project Completion Time
Throughput

System Average 90th Percentile Rate
Open 200 350 3.0
input Control (25) 180 290 29
Pull (5) m 270 3.1

i

creasing the fraction of pooled work from 20% to 30%,,
average priority 2 completion time is reduced by 13%.
(Again, note that the impact on priority 1 cycle time is
negligible.) The graph in Figure 10 suggests that the
expected incremental benefit of additional pooling di-
minishes as the amount of shared work increases. In-
deed, as engineers reassign more work to technicians,
the engineers gain slack time while the technicians be-
come busier. Eventually product development engineers
cease to be the bottleneck.

We make the simplifying assumption that no loss of
efficiency results from pooling. In general, transferring
work from engineers to technicians could result in in-
creases in. either processing times or in the likelihood
of errors. Although our hosts shared this expectation,
they were not able to quantitatively estimate.these ef-
fects for us. Nevertheless, combining this observation
with the insight gained from Figure 10, it should be

clear that there is an ““optimal” level of pooling beyond
which cycle time increases.

8.4. The Importance of Priority Coordination

An often-addressed topic in the product development
literature is the benefits of organizing different functions
under one manager (we call this a ““centralized” system),
rather than letting them operate independently under
different managers (which we call a.’’decentralized”
system) (Wheelwright and Clark 1992b). The Plastics
division operates under the centralized structure. In this
organization all functions involved in product devel-
opment activities (e.g., product development engineers,
product management, and marketing) are grouped un-

der one manager. Consequently, projects are assigned -

the same priority across all groups—at least, in principle;
Conversely, if the “lowest common manager” were

3

MANAGEMENT SCIENCE/Vol.'41, No. 3, March 1995

., New Products Project Completion Time with Paoling

Figure 10
¢ Priority ] =0~ Priority 2
350 “
-E 200 231 '
Joq,ye 200 ,
E 20 o) %) 15 165 157 160
34 20 (13%) (%) (5% ' (-2%) c
Z 150
100 85 84(1%) 84 (0%) 84 (0%)
g s 84 (0%) “E%) 0%
£ o4 { } ' — q
- & & & & % & ¢
. ' Percent of Pooled Work -
*Incremental change in cycle ume d with an i 110% i n pooling

higher in the reporting hierarchy, projects would likely
be accorded different priorities in different groups.

To examine the consequences of the decentralized
organization, we analyze a system in which manufac-
turing engineers and product management treat all
project-related work as low priority compared to their
support activities. Project completion times, shown in
Table 16, are much longer for the decentralized system.
Manufacturing engineers and product management play
relatively small roles in the product development pro-
cess in terms of both absolute number of hours con-
tributed and percentage of time dedicated to project re-
lated work. But when these groups do not treat project
work as first priority, project completion times can suffer
by 35%.

1

9. Conclusion l

When we began this project, we hypothesized that pro-
cess management would offer opportunities to improve
product development in a wide class of businesses and
that process modeling would prove to be a valuable
tool supporting that effort. We believe that the results

Table 16 Project Comple;ion Times with Lack
' of Priority Coordination

Néw Products Reformufations
System Priority 1 - Priority2 .,  Prionty 1 Priority 2
Centralized 84 200 21 55
Decentralized =~ 95 . 190 24 53
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reported in the previous sections are sufficiently positive’
to encourage further:research along these lines. The
hurdles we encountered along the way, however, are
also valuable research results. Here we discuss these
hurdles under two headings—technical constraints and
organizational impediments.

From a technical point of view, development process
modeling encounters some difficulties inherent in the
differences between product development engineering
and repetitive manufacturing operations. Whereas
manufacturing produces many identical units of a few
different products, the task of the engineering organi-
zation has the inverse structure: it produces a few dif-
ferent product designs using many possible engineering
and support activities. For manufacturing, repeatability
is of the essence, and the constituent activities have to
be rigorously standardized. In the engineering case, the
product design effort aims at the optimal unique solu-
tion, and the group performs the required activities in
whatever order, combination, and form are necessary
to reach that goal. (Of course, customized manufactur-
ing job shops look a lot like engineering from this per-
spective.) In this technical setting, a process perspective
seems antithetical to the very essence of product de-
velopment engineering, and the difficulties we encoun-
tered in building a process model have helped us better
understand the distinctive nature of engineering. Our
research was designed to test the hypothesis that the
conventional view of engineering work as essentially
nonroutine is sufficiently false—in other words, that
there is enough repetitiveness in at least some-engi-
neering organizations—to make a process model pos-
sible and useful. We believe the results reported in the
previous sections support our hypothesis.

Second, even if a process view is feasible, another
technical difficulty lies in the intrinsic complexity of
process modeling. Many managers are familiar with the
enormous complexity of manufacturing process plans,
and they justifiably worry that the burden of creating,
maintaining and exploiting “engineering process plans”
would outweigh any benefits. As we discuss in Adler
et al. (1995), we found that the construction of the
model itself, rather than being a burden, was probably
the most directly useful part of our research. The act of
explicating the work process, establishing a common
task nomenclature, and abstracting the process for peo-
ple in different technical functions gave our contacts a
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broader understanding of their organization and pointed
to some immediate process improvements. However,
we hope that this project has also shown that the par-
ticular insights of a stochastic processing network justify
the modeling effort. In particular, given a working sim-
ulation model, management can explore the implications
of changes to their organization and to the way they
structure their work.’

A third technical impediment that surfaced only oc-
casionally in our project might prove to be an interesting
subject for future research. Our approach takes the pro-
ject as the unit of analysis, but in reality projects belong
to streams: new products are often generated as variants
of old ones. For example, dialogue with new customers
often leads the product development group to adapt
product specifications in order to broaden their potential
customer base. If our collection of project data proved
difficult, it was in part because the engineers and man-
agers tended to view the organization’s work as com-
posed of such streams, rather than as a set of discrete
projects.

If we are right and a process approach could be a
powerful management tool, why has it not been at-
tempted before? Our project also led us to several in-
sights about the specifically organizational impediments
that account for engineering management’s traditional
focus on discrete projects rather than on ongoing pro-
cesses.

First, engineering managers have tended to concen-
trate on the unique features of each project, a point of
view that is rooted in the assumption that the effec-
tiveness of an engineering project depends most criti-
cally on creativity. It is natural that the culture of en-
gineering should highlight and celebrate the distinctive
and novel challenges in engineering work. In many en-
gineering organizations, however, there is considerable
cross-project commonality and a high ratio of routine
to nonroutine activities. In such contexts, projects can
be managed as variants of previous projects, and effec-
tiveness depends not only on the creativity with which
the truly creative parts of the project are conducted but
also on the efficiency with which the routine parts are
conducted. As product development time becomes a
more salient competitive factor, management needs to
shift itsattention from an exclusive focus on creativity
and product features and to consider as well the effi-
ciency of the product development process.
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A second organizational impediment for engineering
managers is the lack of requisite data. It is difficult to
determine what data ought to be gathered; moreover,
unlike manufacturing operations, there is no unobtru-
sive way to collect the data that process modeling would
require. Nevertheless some organizations do collect time
cards from engineers, and if the organization has a con-
sistent nomenclature of activities, then times can be col-
lected for projects and activities, thus opening the way
to systematic process modeling. In the future, as more
engineering work is done on CAD / CAE workstations,
the opportunities for unobtrusive data collection will
grow.

Finally, and perhaps most fundamentally, the reluc-
tance to develop process models might stem from an
image of engineers as “autonomous” professionals who
should not be told how to do their jobs. Indeed, process
models might connote an organization so regimented
as to preclude creative innovation. We believe, however,
that if process management is presented and imple-
mented as a means of enhancing effectiveness—not as
a club to make engineers work harder but as a tool that
helps them work smarter—then it will be embraced by
such professionals. Our experience at the Plastics di-
vision supports this hypothesis. We found a high level
of support for our project, and the engineers were very
cooperative throughout our time-consuming data col-
lection effort. It is appropriate that we close this article
by thanking them.

Acknowledgements. This study would not have been
possible without the generous cooperation of the com-
pany we have called Chemicals, Inc. We owe thanks in
particular to the manager and staff of its Plastics divi-
sion. This project has also benefited from the advice
and support of Chuck Holloway and Mike Harrison.
Funding from the Stanford Institute for Manufacturing
and Automation is gratefully acknowledged. Vién
Nguyen conducted part of this research during a post-
doctoral fellowship at the Stanford Graduate School of
Business. Elizabeth Schwerer was supported by a Na-
tional Science Foundation graduate fellowship.

References

Adler, P, A. Mandelbaum, V. Nguyen, and E. Schwerer, ““From Project
to Process Management: Modeling Issues and Data Collection
Challenges in Building a Process Model,” UCLA Conference
Proceedings, 1993.

MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995

—, ——, —, and —, “Managerial and Methodological Chal-
lenges in Engineering Process Management: Lessons from a Case
Study,” in Design Management, S. Dasu and C. Eastman (Eds.),
Kluwer, Amsterdam, 1995.

Alexander, R., “Scheduling and Resource Allocation Methodologies
for Fast Product Development in a Multi-Product Environment,”
unpublished master’s thesis, Sloan School of Management, Mas-
sachusetts Institute of Technology, 1990.

Ancona, D G. and D. F. Caldwell, “Bridging the Boundary: External
Activity and Performance in Organizational Teams,” Adminis-
trative Sc1. Quart., 37 (1992), 634-665

Baccell, F. and A. Makowski, “Queueing Models for Systems with
Synchronization Constraints,” Proceedings of the IEEE, 77 (1989),
138-161. ’

Black, T. A, C. H. Fine, and E. M. Sachs, “A Method for Systems
Design Using Precedence Relationships: An Application to Au-
tomotive Brake Systems,” Alfred P. Sloan School of Management
Working Paper No. 3208-90-MS, Massachusetts Institute of
Technology, 1990.

Blackburn, ]. D., “New Product Development: The New Time Wars,"”
in Time-Base Compch'tion The Next Battleground in American
Manufacturng, J. D. Blackburn (Ed.), Business One Irwin,
Homewood, 1L, 1991.

Brooks, F P Jr., The Mytiucal Man-month: Essays on Software Engi-
neering Addison-Wesley, Reading, MA, 1975

Clark, K. B, W. B. Chew, and T. Fupimoto, “Product Development in
the World Auto Industry,” Brookings Papers on Economic Activity,
3(1987),729-781.

—— and T. Fupmoto, “Lead Time in Automobile Product Develop-
ment Explamning the Japanese Advantage,” |. Engineering and
Technology Management, 6 (1989a), 25-58.

—-— and ——, “Overlapping Problem Solving in Product Develop-
ment,” in Managing International Manufacturing, K. Ferdows (Ed.),
(1989b), 127-152

and , Product Development Performance: Strategy, Organi-
zation, and Management i the World Auto Industry, Harvard Busi-

ness School Press, Boston, MA, 1991.

Conway, R, W. L. Maxwell, }. O. McClain, S. L Worona, User’s Guide
to XCELL+ Factory Modeling System, Release 4.0, The Scientific
Press, South San Francisco, CA, 1990.

Cooper, R. G., “A Process Model for Industrial New Product Devel-
opment,” IEEE Transactions on Engineering Management, 30
(1983), 2-11.

Dean, B. V. (Ed.), Project Management: Methods and Studies, North-
Holland, Amsterdam, 1985.

Eppinger, S D., D. E Whitney, R P. Smith, and D. A. Gebala, “Or-
ganizing the Tasks in Complex Design Projects,”” Alfred P. Sloan
School of Management Working: Paper No. 3083-89-MS, Mas-
sachusetts Institute of Technology, 1989

Hayes, R. H, S. Wheelwnght, and K. B Clark, Dynamic Manufacturing:
Creating the Learning Organization, Free Press, New York, 1988.

Imai, K., I. Nonaka, and H. Takeuchi, “Managing the New Product
Development Process. How Japanese Compantes Learn and
Unlearn,” in The Uneasy Alliance: Managig the Productivity-
Technology Dilemma, Kim B. Clark, Robert H. Hayes, and Chris-

483

Copyright © 2001 All Rights Reserved



ADLER, MANDELBAUM, NGUYEN,"SCHWERER
From Project to Process Management

topher Lorenz, (Eds.), Harvard Business School Press, Boston,
1985. ,

Jackson, ). R., “Networks of Waiting Lines,” Oper. Res., 5 (1957),
519-521

——, “Jobshop-Like Queueing Systems,” Management Sci., 10 (1963),
131-142, S )

Kleinrock, L., Queueing Systems Volume 1: Theory, Wiley & Sons, New
York, 1975

Kulkarni, V. G. and V. G. Adlakha, “Markov and Markov-Regenerative
PERT Networks,” Oper. Res., 34 (1986), 769-781.

Neumann, K , “GERT Network and the Time-Onented Evaluation of
Projects,” in Lecture Notes in Economics and Mathematical Systems,
Vol. 172, Springer Verlag, New York, 1979.

Nguyen, V, “Processing Networks with Parallel and Sequential Tasks:
Heavy Traffic Analysis and Brownian Limits,” Ann. Appl. Prob.;
3(1993), 28-55.

— "‘The Trouble with Diversity: Fork-Join Networks with Hetero-
geneous Customer Population,” Ann. Appl. Prob., 4 (1994), 1-
25.

Pegden, C. D., R E. Shannon, and R. P. Sadowski, Introduction to
Simulation Using SIMAN, McGraw-Hill, Inc, New York, 1990

Pristker, A. A, B., Modeling and Analysis Using Q-GERT Networks
(2nd Ed.), John Wiley / Halsted Press, New York, 1979,

Rosenthal, S. R., Effectrve Product Development: How to Cut Lead Times
and Increase Customer Satisfaction, Business One Irwin, Home-
wood, IL, 1992

Schoenberger, R. J,, World Class Manufacturing: The Lessons of Stmplicity

. Applied, The Free Press, A Division of Macmillan, Inc., New York,
1986. ) ]

Solberg, ] J., A Mathematical Model of Computenzed Manufacturing
Systems,” Proceedings of the 4th International Conference on Pro-
duction Research, Tokyo, Japan, 1977

Spearman, M. L., D. L. Woodruff, and W ] Hopp, “CONWIP: A Pull
Alternative to Kanban,”” International J. Productions Res , 5 (1990),
879-894 :

Stalk, G. Jr. and T. M. Hout, Competing Against Time: How Time Based
Competition Is Reshaping Global Markets, Free Press, New York,
1990. .

Susman, G. L, Integrating Desigu and Manufacturing for Competitive
Advantage, Oxford University Press, New York, 1992.

Taylor, B W.and L ]. Moore, “R & D Project Planning with Q-GERT
Network Modeling and Simulation,”” Management Sci., 26 (1980),

. 44-59. :

Wess, G., “Stochastic Bounds on Distribution of Optimal Value
Functions with Applications to PERT, Network Flows and Reh-
ability,” Oper. Res., 34 (1986), 595-605.

Wheelwright, 5. C., ““Time to Market in New Product Development,”
ICL Techmical J., November (1989), 625-646

—— and K B. Clark, “Creating Project Plans to Focus Product De-
velopment,” Harvard Bustness Review, March-April (1992), 70-
82 - -

——— and ——, Revolutionizing Product Development: Quantum Leaps
in Speed, Efficiency and Quality, Free Press, New York, 1992,

Accepted by Linda V. Green; recetved December 1992 This paper has been with the authors 5 months for 2 revisions.

484 .

MANAGEMENT SCIENCE/Vol. 41, No. 3, March 1995

Cppyright © 2001 All Rights Reserved



	Untitled
	Process Mgt-1.pdf

