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Abstract.  From one perspective, developing complex
systems is an exercise in uncertainty reduction and risk
management.  In this article I first organize the principle
sources of risk in product development into five
categories:  market risk, product performance risk,
technology risk, development cost risk, and schedule risk.
Second, I synthesize research findings from literature and
interviews with experienced product development
managers and system engineers at a major aerospace
company regarding the sources of uncertainty underlying
one of these categories, schedule risk.  Relationships
between these sources of schedule uncertainty are shown
using a causal framework.  The goal of this preliminary
work is to highlight areas for increased attention in
planning and management processes, while providing a
systems view of the effects of certain actions.

1. INTRODUCTION

Complex system product development involves enormous
risk.  This risk stems from uncertainty regarding product
performance in the marketplace and the ability of the
development process to deliver that product within a
given schedule and budget—and the consequences of the
undesirable outcomes.  From one perspective, product
development is a process of uncertainty reduction and risk
management.  Markets and customers are studied to
derive efficacious product design and pricing criteria and
a product introduction window of opportunity; designs are
developed to meet these goals; and programs are managed
and controlled to keep cost and schedule within
acceptable limits.  Bettering our understanding of the
sources of risk in the product development process is
fundamental to improving it.

After providing definitions for several categories of
risks, this paper focuses on the sources of schedule risk in
complex system development programs.  Schedule risk
stems from uncertainty regarding project duration and the
potential consequences of possible, undesirable outcomes.
Here I will focus more on the sources of uncertainty than
on the consequences, although the latter are just as
important.  Also, this paper focuses on risks at the product

development program level.  One could also examine
risks from a program portfolio perspective or at any of a
number of levels within a program.  Practicing managers
will hopefully find the approach taken useful, allowing
them to consider the impacts of their decisions in new
ways.

2. CATEGORIES OF RISK IN COMPLEX
SYSTEM DEVELOPMENT

Synthesizing the risk taxonomies of many authors yields
the following categories of product development risk:
development cost risk, schedule risk, performance risk,
technology risk, and market risk (AFSC/AFLC 1988;
DoD 1992; Draves 1993; DSMC 1983; Justice 1996;
Kockler 1990; Roberts 1996; Shishko 1996; Smith 1991).1

Each is defined in Table 1.
This paper focuses on drivers of schedule risk.  From

a mathematical perspective, schedule risk is the product
of the probability of various unacceptable project
durations and the consequences of each.  Schedule
uncertainty can be represented mathematically as variance
from the expected duration.  Schedule uncertainty drivers
cause this variance in the distribution of possible schedule
durations.  The wider the distribution of possible schedule
durations and the greater the probability of the
unacceptable durations, the greater the schedule
uncertainty and schedule risk.

3. METHODOLOGY

Identifying schedule risk drivers for this paper involved
three approaches:

                                                
1 Other categories—such as sustainment, manufacturing, or
logistics risk—are also possible.  Usually these can be
subsumed under performance risk, because they imply important
dimensions of a design’s performance level once that definition
is expanded to include all dimensions of merit.  Sometimes
these specific areas of performance are so important that they
deserve explicit subcategories, such as the one given to
technology risk.



Product performance
risk

Uncertainty in the ability of a design to meet desired quality criteria (along any one or more
dimensions of merit, including price and timing) and the consequences thereof

Schedule risk Uncertainty in the ability of a project to develop an acceptable design (i.e., to sufficiently
reduce performance risk) within a span of time and the consequences thereof

Development cost risk Uncertainty in the ability of a project to develop an acceptable design (i.e., to sufficiently
reduce performance risk) within a given budget and the consequences thereof

Technology risk A subset of performance risk:  uncertainty in capability of technology to provide performance
benefits (within cost and/or schedule expectations) and the consequences thereof

Market risk Uncertainty in the anticipated utility or value to the market of the chosen “design to”
specifications (including price and timing) and the consequences thereof

Table 1:  Definitions of Categories of Product Development Risk

1) Consulting literature, examining the approaches
others have taken to representing schedule
uncertainty and variance

2) Interviewing managers and system engineers at a
developer of large commercial and defense aerospace
systems, soliciting insights on risk drivers

3) Administering a Delphi-type survey of managers and
system engineers, validating previous results as to
significant sources of risk and their causes and
supplementing them with additional views.

I separated responses into sources of uncertainty and
consequences and constructed causal diagrams
representing the relationships between drivers of
uncertainty.  These diagrams represent a framework for
understanding the sources of schedule uncertainty in
development programs.  They do not purport to be
finalized or airtight.  Rather, they form a working
framework to assist our understanding of schedule risks.
The framework exists to stimulate thinking.  It endeavors
to be comprehensive at a reasonable level of abstraction,
but it will no doubt fail to satisfy everyone’s ideas of what
factors and relationships should be included.  (I welcome
feedback and comments in this regard.)

4. SCHEDULE UNCERTAINTY DRIVERS

Figure 1 provides an overview of the schedule
uncertainty driver framework in the form of a causal loop
diagram.  The variables in the figure and others not shown
are described in the subsections that follow.  A key
feature of a causal loop diagram is that it intends to show
cause and effect relationships between variables
(represented by the directions of the arrows) under the
assumption of “all else being equal.”  Since the
framework is still under development, some of the
variables shown and others added below may not in fact
represent direct causes but rather proxies for certain
causes and/or effects.  Also, note that in a dynamic model
the distinction between cause and effect becomes blurred.
For simplicity, Figure 1 does not include feedback.  (For

example, Schedule Uncertainty can require corrective
actions, which in turn have a variety of effects on the
schedule uncertainty drivers.)
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Figure 1:  Categories of Sources of Schedule
Uncertainty

The positive and negative signs in the causal loop
diagram indicate the directionality of the cause–effect
relationships, all else being equal.  For example, having to
perform additional iterations of product design increases
the likelihood that the schedule will deviate from
anticipated duration, as indicated by the + alongside the
arrows from both “number of iterations” variables to
schedule uncertainty.  Similarly, as our confidence about
the completeness of the activity set constituting the
product development process increases, schedule
uncertainty decreases, all else being equal.



4.1. Number of Intentional Iterations Within the
Process

Iteration of design activities is fundamental to complex
product development processes in at least two ways:
1) Iterations are intentional, allowing design processes

containing interdependent activities to refine their
designs and converge to a desirable solution.

2) Iterations are unintentional, the result of new
information arriving late in the process (resulting
from out of sequence or long pipeline activities, fluid
requirements or design goals, mistakes, discoveries,
etc.).2

As a conceptual construct, iteration accounts for design
changes and rework.  Osborne (1993) found that iteration
typically accounted for an average of 33% (ranging from
13% to 70%) of total project effort (usually the
unanticipated part) for the semiconductor development
projects he studied at Intel.  Iterations are a major
contributor to schedule uncertainty.  This effect is
compounded by their occurrence along a process’s critical
path of activities.

The number of intentional iterations is affected by
the following variables (as shown in Figure 2):
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Figure 2:  Factors Affecting Number of
Intentional Iterations

a.  Performance Uncertainty.  Hopefully, successive
iterations move the design closer to desired targets
(Eppinger 1994; Singh 1992; Smith 1997; Whitney 1990).
Any assumption that performance increases
monotonically with each iteration generally becomes
more valid the higher the level of abstraction and the
more frequent and consistent the design reviews (the
shorter the iterations).  However, some studies disprove
the monotonicity assumption under certain circumstances
(e.g., Cusumano 1995; McDaniel 1996).
b.  Iteration Productivity.  Iteration productivity is the
effectiveness of each iteration in decreasing the
performance gap by increasing actual design quality.  The
rate at which additional iterations close the performance
gap is the productivity, quality, or gain of the iterations.
If doing additional iterations within an allotted amount of
time (by doing them faster) compromises the productivity

                                                
2 For a fuller discussion of iteration, see (Browning 1998)

of each iteration, the additional iterations may not be
helpful.
c.  Degree of Activity Coupling.  Highly interdependent
activities will converge more slowly to a
multidimensional performance target than will sparsely
coupled activities (Clark 1991; Eppinger 1994).  Amount
of coupling refers to the relative number of
interdependent activities or teams.  Tightness of coupling
refers to the extent that the interconnected teams mutually
rely on each others’ outputs as their own inputs.
Together, I represent amount and tightness as degree of
activity coupling.  A greater degree of coupling means
more “chicken and egg” design problems3 that can only be
solved iteratively.  The ramifications of design coupling
can be reduced to an extent through robust design
practices (Clausing 1994).  They can also be reduced
through improved activity sequencing quality (§4.2.b.,
below).  (While activity resequencing cannot remove
coupling, it can minimize its impact.)
d.  Management Decision.  Some managers will
predetermine the number of design iterations to be done
without direct regard for performance engineering (Bell
1987), basing this decision solely on available time and
available budget.  (This trades cost and schedule risk for
performance risk.)  While deciding the number of
iterations to do a priori usually implies doing fewer
iterations than design performance monitoring might
indicate are necessary, it can also mean doing additional,
unnecessary iterations after the design is acceptable.

4.2. Number of Unintentional Iterations Within the
Process

The number of unintentional iterations is affected by the
following variables (as shown in Figure 3):
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Figure 3:  Factors Affecting Number of
Unintentional Iterations

a.  Performance Uncertainty.  Sometimes performance
uncertainty (or a certain performance shortfall) can cause
unwanted iterations.  For instance, if poor activity
sequencing or a long pipeline subprocesses causes certain
information to be released late in a process, it may be
necessary for other, shorter cycle subprocesses or
activities to rework their analyses to accommodate the
                                                
3 or design “circuits” (Steward 1981)



new results.  For example, suppose a weights analysis for
an aircraft is released late in the design process, and the
results show the current design over weight targets by
5%.  An additional, unintentional “weight out” iteration
must then occur to close the gap.  Although performance
uncertainty usually causes intentional iterations, the
iteration in this example is unintentional, resulting from
poor activity sequencing and coordination.
b.  Activity Sequencing Quality.  The activities in the
design process can be sequenced on the basis of their
input and output requirements such that the need to send
information backwards or upstream in the process and the
scope of these feedbacks are minimized.  Processes not
organized on this basis are more likely to require iteration
simply because the right information is not available at
the right place at the right time.  Activity sequencing is
constrained by long lead time activities, resource
availability (§4.3.b.), knowledge of activity content, and
requirements quality, simplicity, and stability (see d.).
c.  Quality of Communication, Coordination, and
Integration in the Process.  Highly successful
communication facilitates the optimal flow of information
such that it is available at the right place, at the right time,
and in the right format (Browning 1996).  Less than
optimal communication contributes to finding out things
“later,” when the only option is to go back and redo
something.  The synchronization of information
exchange, decisions, and iterations across subprocesses is
important to ensure that all subprocesses and activities are
working with the latest, most useful information.
d.  Design Specifications/Requirements’ Quality,
Simplicity, and Stability.  Gupta and Wilemon (1990)
and Mello4 (1997) found poor definition of requirements
to be the number one cause of delays in new product
development.  Complex and/or equivocal requirements
increase the likelihood that something will be missed on
the first pass and cause rework later.  Incomplete
requirements increase the likelihood that their completion
will create new information and rework.   Unstable
requirements result in moving design targets; changing
prioritizations result in new trade-study results.  Ironing
out conflicting requirements requires multiple,
unintentional iterations.

Market uncertainty drives requirements quality,
simplicity, and stability as well.  The better the market
(customer) and the regulatory environment (certification
basis) are understood, the more likely the organization
can concisely write and correctly interpret stable product
requirements.  Furthermore, available time can also
impact requirements stability:  the longer the design
process, the greater the chance that the needs of the

                                                
4 Mello quotes findings from the “Product Development Best
Practices Survey:  Report of Findings,” undertaken by PDC,
Inc., 3/96.

customer will change during that time.  (Hence, shorter
cycle time programs can be less likely to experience
requirements changes.)
e.  Design Mistakes.  Every design process, especially an
unprecedented one or one developing an unprecedented
system (product and process novelty), will have its share
of mistakes (Rechtin 1991, p. 129f).5  Mistakes imply
unintentional rework, perhaps for upstream activities.
The design mistakes variable serves as a catch all
category for gaffes unattributable to the other causes.

4.3. Iteration Scope and Duration

The scope (number of constituent activities involved) and
potential duration of iterations is an important contributor
to schedule variance.  Several authors have noted the need
to execute many short, fast iterations instead of a few
long ones (Clark 1991; Eisenhardt 1995; Singh 1992).
Iteration scope and duration is affected by the following
variables (as shown in Figure 4):
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Figure 4:  Factors Affecting Iteration Scope and
Duration

a.  Activity Sequencing Quality.  Activities with a
propensity to require iteration can be arranged in a
process such that the scope (in terms of the number of
activities affected and the amount of rework generated)
and the duration of the iterations are minimized.  The
greater the number of sequential activities required to
iterate, the greater the scope and duration of the iteration.
b.  Constituent Activity Characteristics.  The number
and expected durations of any activities that must be
reworked has a large bearing on the time added by the
iteration.  In addition to some factors discussed in §4.4,
the likelihood that these durations will be greater than
anticipated is affected by:

Resource Availability.  Information, personnel,
experience, facilities, and budget must be available when
needed to expedite activity completion—i.e., resources
must be at the right place at the right time, and this
availability should be predictable and stable.  Bottlenecks
resulting from resource scarcity increase activity

                                                
5 Also noted in Rechtin (p. 141) is a reference to Norman, D.A.
(1988)  The Psychology of Everyday Things.  New York:  Basic
Books.  Chapter 5, “To Err is Human,” provides a catalog of
design errors.  Chapter 6, “The Design Challenge,” lists reasons
for common design errors.



durations (and thus variance in process duration) and
reduce the advantages of improved activity sequencing.
Individual activities will have differing sensitivities to
various kinds of resource shortfalls.

Resource availability itself is affected by the
available budget, maximum ramp up/down rates,
concurrent needs of other processes or programs, limits
on total resources available, stability of funding profiles,
shortages of material, hold ups by labor issues, and
quality of communication, coordination, and integration
(which determines information resource availability).
Project priority is also an important factor.  Adler et al.
(1995) present a model that explicitly demonstrates the
effects of resource availability on the product
development process.

Activity Sequencing Quality.  Activity sequencing
quality has a bearing on the number of activities that will
have to perform rework for any given iteration.  If faster
iterations are a goal, activities can be sequenced such that
the number of interim activities in any target iteration is
minimized.  Faster iterations are advantageous because
they reveal problems with the design quickly and in
smaller, more manageable increments of rework.
c.  Number of Intentional or Unintentional Iterations.
Because of learning curve effects, performing multiple
design iterations can actually decrease the duration of the
later rework cycles.  However, if a large number of
iterations are anticipated by the developers, a project must
guard against a loss of productivity or gain per iteration
resulting from a “we’ll get to it next time” mentality.

4.4. Durations and Variations of Constituent
Activities

Most activities or subprocesses within a project are of
uncertain duration.  For subprocesses, variation is driven
by many of the same factors causing schedule uncertainty
in project itself.  Thus, to the extent that lower level
variations propagate uncertainty to a higher level process,
determining schedule risk is a recursive, bottom-up,
synthesizing process.  These factors are shown in Figure
5.  The combined effects of variation in underlying
processes are represented by a factor called rolled up
schedule uncertainty.  The greater the size and complexity
of the system development, the greater the number of
levels to roll up and the greater the chance that something
will cause variance.  For individual activities, resource
availability, resource stability, and sensitivity to resource
fluctuations drive schedule duration and variance (q.v.,
§4.3.b).  Activity duration uncertainty is also impacted by
the completeness of the knowledge about what each
activity entails (knowledge of activity content, a function
of product and process novelty) and performance
uncertainty (how likely the activity is to achieve its
objectives).  Some “activities” are actually important

decisions, which, if deferred or held up (decision
availability), can have a significant delaying effect on the
process.  (This is a driver of empowerment, or decision
making at the lowest level.)  Activity sequencing quality
can affect the number of activities planned to occur in
parallel whose outputs must be coordinated.  A greater
number of activities implies a greater likelihood that one
will not finish on time and hold up the overall process.
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Figure 5:  Factors Affecting Activity and
Subprocess Length and Variance

4.5. Activity Set Completeness

If the activities comprising a process—i.e., those required
to produce the desired output of the process—are unclear
or vaguely defined, it increases the likelihood that
something will be unaccounted for.  Activity set
knowledge is affected by product and process novelty.
Rechtin lists “the job is more complex than we thought”
as one of two key reasons why schedules change (1991, p.
139).  Of course, the activity set is more difficult to settle
if the requirements themselves are unclear or fluid.
Furthermore, work statement growth, “creeping
elegance,” and “might as well”s have the impact of
rendering less relevant the original activity set upon
which projections and coordination plans were made,
thereby increasing schedule uncertainty.

4.6. Activity Flexibility

Activity flexibility is the extent to which activities can be
rearranged or resequenced in the process should the need
arise.  The ability to adjust the schedule with ease because
of unanticipated circumstances greatly reduces the
probability that these events will prevent meeting
preplanned schedule milestones (Boehm 1989).
Flexibility comes from knowledge of activity content such
that the effects of resequencing activities are easily
anticipated.  Flexibility is constrained by organization
inertia (the agility of the organization in adapting to
modified activity sequencing) and long lead time
activities, which are somewhat inflexible vis-a-vis the
final need date.  Clark and Fujimoto (1991) list the ability
of downstream activities and organizations to quickly
adjust to unexpected changes as one of the conditions
enabling effective integration.



4.7. Unknown Unknowns

No framework or plan will be able to anticipate every
possible factor affecting schedule uncertainty.  And, as
significant drivers of schedule uncertainty are addressed
by improved management policies, new factors will
become significant.

4.8. Uncertainty Reduction Actions

Actions by management to identify, assess, analyze, and
mitigate schedule uncertainty play an important part in
risk reduction.  Schedule uncertainty is ultimately
determined by the contributions of the factors mentioned
above and also by the amount by which this uncertainty is
reduced through specific actions.  Many of these actions
become obvious based on the drivers contributing to
schedule uncertainty:  efforts to temper the effect of these
drivers will reduce the amount of uncertainty (and thus
risk) to be managed.  Other actions available to
management include identifying the most significant
drivers in particular processes at particular times and
ensuring their close observation.

4.9. Additional Factors

Several program factors underlie all of the schedule
uncertainty drivers, including program scale, program
scope, and product and process novelty.  Program scope
and scale act as multipliers, increasing the magnitude of
the effects of many of the variables and relationships.
Product and process novelty drive requirements quality,
simplicity, and stability; activity set completeness; design
mistakes; and knowledge of activity content.  They
probably influence other variables as well.  Many authors
have noted how an extremely large and novel
“megaproject” creates much more uncertainty than
several smaller step projects.

4.10. Putting It Together

Using Figure 1 and adding the factors discussed above,
we get the causal framework for schedule uncertainty
shown in Figure 6.  Variables in <variable> notation
represent names used in more than one place.  Most of
these, such as <Long Lead Time Activities>, are used in
multiple places to eliminate crossing arrows.  Some, such
as <Performance Uncertainty>, are also enclosed in
boxes.  These represent factors directly involved in the
other risk categories discussed above.

5. CONSEQUENCES OF SCHEDULE
UNCERTAINTY

Uncertainty is just one part of the risk equation.  Schedule
risk is due not only to uncertainty but also to the
consequences of various duration outcomes.  The

following are some of the consequences of deviant
schedules and schedule uncertainty in general:

• Correcting unacceptable outcomes adds
activities and rework, costing additional time and
money.

• Time is wasted as activities wait for each other.
• Uncertainty requires maintined flexibility, which

means keeping large resource reserves.
• Teams cannot make firm commitments in terms

of time, money, or performance.
• Because of uncertainty, the program may be

unable to hit crucial windows of opportunity
(Smith 1991, pp. 209-211).  The program will be
viewed as high risk.

• Decision making is “fuzzy.”  Indecisiveness
reigns because of the surrounding uncertainty.
People are afraid their decisions may be
invalidated later.

In addition, the firmness of the “need date” itself has a
bearing on the consequences of unacceptable project
duration outcomes.  An effort should be made to explore
the value to the customer of having the system at a certain
time.  Indeed, timeliness of delivery is a dimension of
product performance, and sometimes it must be traded off
against other aspects of performance.

6. CONCLUSION

This paper has addressed the sources of risk in complex
system development programs.  Risk stems from
uncertainty and consequences.  A key step in
understanding risk consists of identifying the sources of
uncertainty and deleterious consequences, the risk drivers.
Then, it is useful to explore the relationships between
sources of uncertainty:  which ones cause or contribute to
the others?  These relationships are used in this paper to
construct causal frameworks.  While the frameworks are
based upon research and observations, some of the
connections displayed are stronger than others.  Some of
the connections have been established through empirical
research, whereas others to this point depend on the
theory and observation.

Thus, the frameworks should be viewed as working
models.  Their primary purpose at this point is to direct
further research and model development.  However,
practicing managers will hopefully find the approach
taken useful, allowing them to consider the impacts of
their decisions in new ways.  A more advanced awareness
of risk drivers improves risk assessment (attempting to
quantify the probability of occurrence for each of several
uncertain outcomes), risk analysis (examining the change
in outcomes with the modification of risk drivers), and
enlightened, proactive risk management policies and
actions for the product development process.
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Figure 6:  Causal Framework of Factors Contributing to Schedule Uncertainty
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