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Abstract. With coordination defined as the management of dependencies,
complex engineering projects are well coordinated when teams are aware and able
to respond to demands for interaction across product and organization systems.
Classic representations of dependence in project management standards and
practices emphasize sequence: a single dimensional consequence of dependence.
However, underlying mechanisms of dependence which drive remain assumed or
hidden, preventing analysis of systemic consequence on scope, quality, schedule,
and cost. This paper begins with a review of dependence as viewed commonly in
system engineering and project management. Building on our recent work to
consider engineering projects as sociotechnical systems, we propose dependence
characteristics which more meaningfully capture underlying project activity
dynamics. Mechanisms are proposed for dependence which are satisfied by the
interplay of demand for interaction and the supply of coordination. Attention
allocation and exception handling behaviors in the project organization influence
the extent of local satisfaction of dependence. Project architectural characteristics
lead to emergent and systemic impacts on cost, schedule, and quality. Our next
step in this research is introduced, the instrumentation of teamwork experiments to
observe and validate the demand and satisfaction of dependencies by project team
during complex project execution.
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Introduction

In response to increasing sociotechnical complexity of engineering projects, an
emphasis has been placed on standards and practices for systems engineering and
project management. While there have been successful improvements, examples of
failure in large engineering projects are sufficiently alarming to focus attention on the
efficacy of these practices. We have argued that today’s engineering environment of
dispersed teams, concurrent work, and increasingly complex subsystems has led to a
decline in teams’ abilities to anticipate and respond to needed coordination.
Information capture, archive, and search have become abundant and inexpensive, yet
performance has not necessarily improved. Wasteful attention to information of little
value can itself create risk of poor quality, schedule delays, and budget overruns.
Surprisingly, existing project management (PMBOK, Prince2, P2M, etc.) and
systems engineering (SEBOK) standards treat task dependence in a narrow way — as
sequence. Often the activities driven by dependence are characterized as overhead or
“soft” activities, with only a few consequences of dependence treated through network
or topological analyses on top of these narrow representations. Yet we continue to see
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that activity driven by dependence in engineering can reach up to half of a project's
attention, often in unexpected positions and timing across a project. Thus existing
handling of dependence assuming no, little or uniform coordination is inaccurate and
calling for better coordination a truism. Instead we consider design of an engineering
project to reflect — within limited capabilities and capacities — when, where, and why
coordination to satisfy dependence is valuable and feasible. In this paper we begin by
exploring an improved definition of dependence suitable to capture the dynamics of
complex engineering systems projects.

1. Context: Instability of Experience and System Complexity lead to Surprises

What we produce and how we work combine as a sociotechnical system in which
products, processes, and people interact and evolve. Over time, if system characteristics
and work styles align, then improved performance is promoted and predictable. If a
product system changes quickly and work styles are unable to adapt, the relevance of
past practices diminishes. Likewise, if ways of working change quickly without
consideration of the systems produced, performance may also be at risk. In an
environment when both ways of working and complexity of systems change
simultaneously, the emergent performance characteristics of an engineering project
become quite difficult to anticipate. For this reason the thoughts leaders of scientific
management a century ago promoted standard work and reduction of variation in both
parts and people.

Teams in the past commonly worked on new product systems located in the same
buildings, corporation, and work culture. Development phases were more likely to have
been sequential, the workforce likely to be experienced with the previous generation of
product. Relationships — both formal and informal — existed amongst teams over time
and across multiple projects. In contrast, recent complex engineering development
projects are marked by meaningful changes in how product, process, and organization
architectures are organized and linked. These characteristics of recent projects are beset
by fundamental trends which exacerbate the instability and complexity leading to
surprise.

In this paper we view interactions across boundaries as activity, with ability and
experience relevant to performance. Since demand for coordination changes in a
sociotechnical system due to the overlap of dependence and teams, then instability in
product and teaming naturally leads to changed patterns of demanded interaction. We
argue, consistent with Nonaka [1], that interaction patterns over a career are an aspect
of tacit knowledge. Organizations may be highly capable to coordinate given past
experience, through both formal and informal relationships across system and
organization. The teams become experienced and able to recognize critical interactions
in tradeoff with all of the demands on their time.

We witnessed the contrary in a recent multi-billion dollar aerospace initiative,
cancelled after years of planning, designing, and engineering across a highly distributed
organization and product system. A lead engineer lamented that the performance of
teams was lacking, even though requirements had been carefully mapped, interfaces
listed, work packages defined and assigned. In her words, the teams had no “feeling for
the dependencies.” The I.T. automated workflow, meant to reinforce attention to
critical matters may have had the opposite effect, instead preventing development of
tacit knowledge and experience at uncertain interactions. The teams were focused on
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their own work and their side of each interface, rather than the back and forth
interactions across dependencies.

2. Related Work

Literature on dependencies within engineering projects can mainly be found in the
domains of portfolio management, process management and the study of team
performance. In all of these fields much is based on the work of Thompson [2] on
organizational  dependencies. It is commonly stated that project activities are
dependent due to resource sharing and other factors such as time constraints, project
outcomes or risk profiles [3]. Understanding and managing the dependencies between
projects is considered to be a critical issue [4].

Dependence of specific tasks is often discussed centered on improving product
development processes [5]. The links are shown to be a result of work outputs that to
be passed from an upstream to a downstream task, thus making it an issue of task
sequence. Only few see task dependencies as a broader concept in need of further
investigation beyond precedence, functional, and probabilistic dependencies [6], [7].
Task dependence is also central in many works concerned with team performance [8].
It is generally stated that high task dependencies in teams produces positive effects [9].
Research by Shea and Guzzo [10], for instance, suggests that task dependence
positively influences team efficacy while Campion [11] finds that it correlates with
employee satisfaction.

Dependence also plays a large role on interpersonal relationships [12]. Thus,
insights gained by analyzing the psychology and sociology of interpersonal
relationships can be adapted and applied to the study of dependencies in product
development. Two main theories serve as a basis for the research of dependence in
interpersonal relationships, Interdependence Theory [13] and The theory of Cognitive
Interdependence [14].

2.1. Dependencies in Textbooks and Project Management Standards

Tasks are the lowest level of activity unit, an atomic element to the models of projects.
Dependence modeled as precedence is therefore a relationship amongst milestones
[15], [16]. A task dependent on another task is characterized by these precedent
constraints: e.g. Finish to Start (FS). These commonly used practices also categorize
dependence as Internal vs. External (do the two activities fall within or across some
defined system or boundary?) and Hard vs. Soft (the dependence cannot or can change
within the horizon of the project?) We note that the mathematical relationship
describing the dependence contains very little information, only the expected schedule
consequence rather than any of coupled characteristics of the activities. Importantly,
the underlying driver of dependence — the essential meaning — is not expressed.

2.2. Dependence as Process

The Critical Path Method (CPM) and PERT were born of industrial and military
projects in the 1950s. Dependence in these models is taken as discrete sequence
constraints amongst tasks. PERT differs in that uncertainty in duration is considered.
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Typically these models are used to control critical elements of development. PERT and
IDEF, task-based charting methods, model the process of tasks. As in CPM, tasks are
related through time-based relations such as precedence constraints.

Rather than a Gantt-like display against calendar time, both PERT and IDEF
portray the flow of a tasks as a network. Each task is a box, with dependencies shown
as lines connecting the boxes. Other modeling languages (IDEF, UML, SysML, OPM)
and tools have since emerged. Enterprise architectures, such as PERAM, CIMOSA,
and GERAM, are used to represent a total product development process.[17]

The design structure matrix (DSM) is an N-squared matrix which emphasizes the
dependencies and their pattern across a set of functions or tasks. teward, published a
description of DSM in 1981 [18] with the tasks as the element along the rows and
columns of the matrix. The problem addressed by DSM is to find a sequence of the
tasks avoiding a delay, rework, or poor quality. In some cases in which a subset of
tasks are tightly coupled these tasks are

partitioned; acting as a subset which as a whole satisfies the desire to have all
dependencies in the lower left triangle.

Dependence has also been defined as a demand in one activity for information
from/in another activity. Traditionally one might refer to the “source” of the
information as the upstream activity, and the demanding “sink” activity as downstream.
In a network or PERT diagram which shows activities on nodes and arrows as
dependence, the arrow can be considered a pipe for directional flow of needed
information, from upstream to downstream. A measure of the dependency strength (or
depth) can be represented as the amount of information available upstream that is
needed downstream.[6]

2.3. Coordination as the Management of Dependence

Clark and Fujimoto [19], in their characterization of the development process as a
"system of interconnected problem solving cycles", observe that in theory shorter lead
times can be achieved through "Integrated Problem Solving". Integrated problem
solving increases the dependency amongst tasks, with increased overlap and mutual
communication. However, case study data showed that the shorter lead times expected
theoretically from such concurrency are difficult to realize. When teams work on
dependent activities they may need to coordinate. “Different types of coordination
result from different kinds of dependencies, which in turn are dependent upon different
kinds of products, services, actors, work specializations, efforts, tasks and purposes.”
[20] Malone and Crowston, after a review of many related terms, defined coordination
as “the management of dependencies”. [21]

3. Definition and Characteristics of Dependence in Engineering Projects

In our previous work we have presented a modelling framework for continuous,
concurrent, and mutual dependence. [7],[22] We quickly summarize this previous work
and expand the definition to describe the underlying mechanisms of dependence
driving dynamics of engineering projects as sociotechnical systems.
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3.1. Dependence as Essential Need to Interact

In project management, systems engineering, computer science, information theory,
linguistics and other fields “dependence” is a common term. Here we explore a
definitions across these different disciplinary uses of the word, beginning with a
dictionary definition of dependence: “the quality or state of being dependent;
especially: the quality or state of being influenced or determined by or subject to
another” [23]

The nature of a system determines the meaning of influence and determination in
the definition of dependence amongst elements within the system. The significance of a
dependency is that the essence of an element — a task, a system, an organization, a
phrase — cannot be realized without the awareness of some other element, which itself
exists with a meaning of its own. Therefore, in contrast to definitions of project
dependence as task sequence, our definition is tied a broader view of dependence as
need. A meaningful representation should go beyond a measure of consequence and be
tied to the root cause of the need. For engineering projects, “dependence is defined as
need for interaction that matters — a demand for coordination — so that an activity’s
outcome is successful” [7].

3.2. Dependence as Demand for Interaction during Concurrent Progress

In addition to a demand for some amount of information, one can also consider the
timing of the flow. The information from an upstream task may be needed completely
before another task begins, which is the meaning of classic Finish to Start (FS)
dependency. However, the tasks could also be dependent while proceeding in parallel,
creating a continuous, concurrent demand for interaction. This continuous, concurrent
dependence is common amongst critical design tasks, yet unable to be easily
represented in the classic approaches.

This same representation of dependence may be subdivided to allow further
granularity as stages of concurrent progress (shown on in Figure 1.) The concurrent
progress diagram is divided into sections which each may have a depth and shape to
express the need from upstream to downstream. Likewise, in a view of concurrent
progress, there may be a demand for interaction through flow of information and
resources amongst tasks in both directions.

Design Drawings
Design Drawings

Develop Prototypes Develop Prototypes

Figure 1. Concurrent Dependence with Stages from [13].
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3.3. Dependence as Exception Trigger

In Figure 2 taken from our recent paper, concurrent and mutual dependency
characteristics are shown in one diagram. If the state of progress is in an unconstrained
area, and dependencies have been satisfied through coordination, the two tasks at that
moment are effectively independent.

Finally, our representation of project dependence includes not only dependence as
continuous flow, but also the exception handling behavior of the project organization.
Other researchers have used network diagram representation of dependence with
related exception handling [25]. The concurrent and mutual dependence diagrams treat
the “shaded” areas as zones of exceptional activity. Why? If a downstream task
proceeds without the needed upstream information, or perhaps the received information
is defective, then the progress and quality of the downstream task is at risk. In this way,
the dependence if poorly coordinated is a source of exception propagation.

It is possible that mutual

. .. . 100%
progress is positioned in the exceptional activity
concurrent dependence that should RSB
: : : FEifE exception
otherwise be constrained: in a boundary
shaded area. Two dependent tasks 2
hich touch and cross the bound 7
which touch and cross the boundary ] nominal activity
(referred to as the “exception o Design & Prototype
boundary”) will trigger errors and ° proceed with
Yy g g coordination
exception handling behavior. o
The dependency in Figure 2 is o
mutual, driven by need in both & exceptional activity
di . fr . In Prototype due to Designs
irections, om Design to
Prototype activity, and inversely

from Prototype to Design activity
(the shaded area in the upper left). 0% Progress of Prototype 100%
Thus the open area -- when the two
tasks can operate as long as
coordination is effective --

is a zone of nominal activity. Crossing the boundary into a zone of exceptional activity
triggers a demand for the organization’s exception handling behavior.

Figure 2. Mutual, concurrent dependence with exception
boundaries [7].

4. A Framework of Dependence Mechanisms
4.1. Characteristics of a Practical Dependence Representation

In summary this representation of project dependence is continuous, concurrent and
mutual. A dependence captures a concurrent (and possibly mutual) need for
information and results as a continuous function of progress of activities, generating
demands for coordination activity. If a dependence boundary is crossed, exceptional
activity is triggered.

The dependence is a constraint on independent performance. This constraint is
mitigated through effective coordination which satisfies the dependence by addressing
an underlying need. Coordination itself is real activity, requiring awareness, attention
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allocation, abilities, and experience to be well performed. Therefore, coordination takes
time, cost, and impacts quality. We’ve seen across tens of projects that this simple,
visual representation becomes readily useful in practical, industrial settings.

By examining the mechanisms of dependence more closely, one can analyze the
local and systemic impacts of the dependence on project performance. To overcome the
limits of the classic view of dependence as sequence, the consequences of coordination
(better or worse) should be multi-dimensional: one should forecast the systemic effect
of the dependence being satisfied on project cost, schedule, and quality.

4.2. Mechanisms of Dependence

A close view of the mechanisms for satisfaction of dependence is shown in Figure 3
below. Dependence is driven by two types of causes, sources of need we term Flow and
Pool causes. A flow cause of dependence is a need for results or information from
another task.

Dependency Management (“Coordination™)

Volume
Causes Demand(s) Awareness | | Interaction Timeliness
(Sources of need) tointeract & attention Cost
Quality
Flow: Results & Info
Pool: Shared Resources . .
Local | Dependence Satisfaction
Effect (None... partial.... Complete)
1 Product
Systemic
Effects Process
Organization

Figure 3. Mechanisms of Dependence from Cause to System Effects.

A pool cause of dependence is a need for a resource shared by another task. They both
lead to a demand for interaction. Awareness of the dependence and allocation of
attention are the major factors influencing how or if any interaction takes place. The
volume, timeliness, cost, and quality of the interaction all have consequences regarding
the satisfaction of the dependence.

Dependency management, or coordination, may influence the demand itself, the
awareness and the allocation of attention, as well as the interaction. Many classic
dependency management techniques aim at improving the awareness of the dependence
(e.g. CPM or DSM) or improving the interaction (e.g. action plans or standardization).

The extent to which the dependence is satisfied determines the local effects, which
in turn influence the systemic effects. Local effects are the immediate consequences for
the tasks (e.g. delay, costs, and rework) and the individuals (e.g. frustration or
establishment of trust) whereas the systemic effects influence the significance of the
local effect on product quality, the process as a whole, and the organization. These
effects in turn can lead to a change in the remaining demand to interact. If the
dependence is fully satisfied the demand is effectively eliminated and thus no demand
to interact remains. If the dependence is only partly satisfied or not at all satisfied
through insufficient interaction, demand to interact may decrease or — in some cases —
increase.
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4.3. System Consequences of Timing and Quality of Dependence Satisfaction

Given these characteristics and mechanisms of a project dependency, how do these
combine with behaviors of teams to drive systemic results in cost, schedule, and
quality? Below in Figure 4 we show a concurrent dependency with two stages. For the
first 20% of the upstream design work the progress of downstream prototypes is
prevented,. e.g. information from that initial 20% is needed to begin the first prototype.
After this point, in a second stage of dependence, as long as designs proceed (at pace)
ahead of the progress of prototypes, and coordination ensures transfer of upstream
results, then the prototypes can proceed without exception.

+ Total results can
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Figure 4. Systemic Consequence of Complex Dependence.

A dark dashed line shows a hypothetical mutual progress path, beginning in the
lower left. The path shows designs proceeding to about a third of progress before the
prototypes begin. Until about a quarter of the prototype scope is completed the mutual
progress seems nominal, far from the dependency exception boundary. However, the
progress upstream is reversed (a bug discovered), and the mutual progress is no longer
in the open, unconstrained area but instead placed in the middle of the area of
exceptional activity.

In order to analyze the cost, schedule, and quality implications of this condition,
the behaviors of the teams come into play. The mutual progress from that point, now
shown in the middle of the exceptional activity area, is driven by the combination of
team behaviors. Have the teams prioritized and paid attention to quality? Is this issue
even noticed? If so, how does each team respond and make a decision on how to
proceed? Given these teams’ allocation attention and exceptional handling behaviors
the resulting paths could lead to a recovery of quality through rework at some delay
and increased cost. It is also possible that the quality issue be missed or ignored,
leading to undetected quality issues both in the Designs and the Prototype.

Significantly, in contrast to a singular dimensional analysis of schedule effects
such as the critical path method, this representation and the mechanisms of dependence
allow one to forecast total results as emergent and a mix of total cost, duration, and
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quality. Choices by teams amongst many demands on their attention, driven by
behaviors and priorities, changed the paths of progress within and across tasks.
Typically in complex engineering programs the awareness of teams to the systemically
meaningful dependencies is challenged and combined with natural limits in capacity
and ability.

5. Next Steps and Validation

The validation of our research into engineering projects as sociotechnical systems will
require the instrumentation of performance during complex project planning and
execution. For this paper’s representation of dependence, we will observe projects in
progress to test the dependency model’s practicality and usefulness. We are preparing a
platform to measure the demands on and the attention of teams across product, process,
and project organization. The responses to dependence will be correlated to local and
systemic performance. Also, we have begun a series of experiments to test the effect of
increased awareness of concurrent and mutual dependence on local and systemic
performance of the engineering project.

6. Conclusions

Why do some teams, even in the face of complexity, perform with excellence? The
situation faced by product development initiatives today includes changes in our
product, our teams, and how we work together. Judgment and embedded practices —
built on decades of traditions and standards -- have lost relevance as new, product,
process, and team architectures emerge and overlap. This trend will continue; future
engineered system projects will continue to increase in complexity technically and
organizationally. We are driven in our thinking and experiments to better understand
the nature of teamwork across boundaries, to uncover performance in these complex
sociotechnical systems and significantly improve schedule, cost, and quality.

We have seen in industrial practice that techniques which rest on traditional
planning significantly misrepresent dependence. Coordination activity requires effort,
time, and cost, and for modern engineering projects can be one-third to half of the total
attention by teams. Some assume that coordination is a qualitative rather than real
activity, and therefore do not recognize the limited capacity of teams to both work and
interact with others.

This paper began with a review of dependence as viewed commonly in system
engineering and project management. Building on recent work to consider engineering
projects as sociotechnical systems, we described dependence characteristics which
more meaningfully capture underlying project dynamics. We proposed mechanisms for
dependence and their satisfaction through the interplay of demand for interaction and
the supply of coordination. We’ve shown how attention allocation and exception
handling behaviors in the project organization influence the extent of local satisfaction
of dependence. In turn, project architecture leads to emergent and systemic impacts on
cost, schedule, and quality. Our next step in this research focusses on the
instrumentation of teamwork experiments to observe and validate the demand and
satisfaction of dependencies by project team during complex project execution.
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