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Abstract — This paper describes a new approach to
project design and planning that has been developed at
Imperial College London (UK). The management
framework is based on the use of systems engineering
methodologies and has been applied to the design and
planning stages for a new high pressure research facility
being established at Imperial College. The model includes
integrated system design, systems architecture, systems
integration and system-of-systems frames that are supported
by the enterprise and systems theory levels. Application of
the model to the case study investigation has revealed how
different systems techniques can be utilized as part of an
overall management approach, thereby reducing technical
uncertainties in the crucial early planning stages of
engineering projects.
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I. INTRODUCTION

The purpose of this paper is to report on the
development of a technical project design and planning
framework that has been developed at Imperial College
London, United Kingdom [1]. This model has been
formulated to help reduce technical uncertainties, ensure
project requirements are fully captured and then
subsequently delivered. It was initially developed as a
conceptual management framework following on from a
survey of industrial organizations in the UK, which found
there were a lack of available systems tools and
techniques to help in the technical management of
projects.

The general field of project management has
developed over many years [2] and there are established
processes to help practitioners (both project managers and
project engineering staff), including PMBoK [3] and
PRINCE2™ [4]. These general approaches provide
comprehensive frameworks to help in the management of
the project lifecycle (from initiation through to delivery
and eventually completion); establish project governance
and  organizational  structures; produce  project
management deliverables (e.g. initiation documents,
project plans and end project reports); as well as build
project tools for specific processes, such as risk
management and quality control. Challenges in project
management do, however, remain, such as a need to
improve stakeholder analysis in projects [5].

Ambiguity in project objectives and plans can reduce
project performance and studies have highlighted that the
deployment of structured methodologies can help enhance
project decision-making [6]. Moreover, there is a need
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for adequate project structuring and planning at the front-
end of projects [7], plus an inability to capture the full
engineering requirements in ‘client brief” documentation
can often hamper project delivery [8]. These challenges
lead to a need to improve project design and planning and
this is especially relevant for highly technical and
engineering projects, where there is significant
complexity that if not satisfactorily managed can give rise
to major uncertainties and technical risks, ultimately
impacting negatively on project outcomes [9].

The field of systems engineering (SE) has, similarly
to the project management subject, developed over many
years [10] and the SE discipline provides engineers and
managers with the methods and tools to allow engineering
complexities to be tackled. It is therefore a logical
progression to apply SE techniques and processes,
through a holistic approach, to the aforementioned
challenges in project design and planning.  This
application is focused on deriving the benefits from
systems methodologies to achieve a reduction in technical
and engineering uncertainties as well as a concomitant
improvement in project design and planning.

II. METHODOLOGY

The project design and planning approach is based on
a systems-view of projects [1]. The systems-view was
formulated in response to a survey of twenty-five
industrial organizations in the UK that identified a
number of issues related to the management of projects
from a systems engineering perspective. These findings
included a continued need for traditional systems
engineering approaches, such as requirements capture
[11] as part of integrated system design, plus the use of
systems architecting [12].  Furthermore, there were
particular problems identified in the case of systems
integration [13] as well as system-of-systems [14]
complexities.

The management of projects was also related to the
need to ensure a continued link to wider business
management structures (i.e. enterprise considerations) as
well as the need for adequate systems theory and
knowledge. Consequently, through building on these
findings as well as literature work it was possible to
formulate a conceptual management tool (see Fig. 1).

The systems-view provides project engineers and
management with a ‘route map’ to help guide the project
design and planning stages but is also applicable to the
resulting project delivery stage, although case study work
to date has focused on design and planning. The model is
based on a linear process involving progression through
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four interconnected frames that describe groups of
activities to be undertaken. This backbone to the model is
supported by two information levels, which are
mechanisms that allow a broader consideration of issues
relevant to achieving a project’s objectives.

’ ENTERPRISE LEVEL ‘

! ! ! !

Frame 1: Frame 2: Frame 3: Frame 4:
Integrated Systems Systems System-of-
system architecture integration systems

design development management

! ! ! !

’ SYSTEMS THEORY LEVEL ‘

Fig. 1. Systems-view of project management [1]

The basis for applying SE to projects can be viewed
in terms of the potential benefits arising from engineering
systems thinking, which have been summarized in eight
broad features [15]. In order to illustrate these benefits,
Table 1 [16] provides the eight features, with the
corresponding application to project management together
with reference to how the systems-view model relates to
each individual feature.

TABLE I [16]

Engineering systems
thinking

Project
management

Systems-view
model

Ability to see the ‘big
picture’.

Implementation of
overall management
considerations.

Acquisition and use
of interdisciplinary
knowledge.

Analysis of customer
needs and internal
capabilities.

Use of underpinning
systems knowledge.

Understanding of
synergies and
emergent properties.

Ability to challenge
existing approaches.

Creativity and
creative management.

To be able to position the
project within wider program
and business considerations.
To be responsive to strategic
management directives, e.g.
achieving a certain level of
project performance.

To be comfortable managing
technical project elements as
well as other functional
disciplines, such as finance
and contracts.

To be able to ensure the
project deliverables fully
meet the customer needs and
that organizational resources
are fully utilised.

An ability to take a holistic
view will ensure the project
is benchmarked well against
other projects.

An ability to manage all the
project streams of activity
could synergistically allow
further benefits, such as
repeat work or entirely new
project opportunities.
Challenging existing project
management processes, such
as financial control
mechanisms, can improve
project performance.
Creatively managing project
staff, e.g. through providing
enhanced responsibilities for
key staff, can significantly
improve project
performance.

Enterprise level;
system-of-systems
management frame.
Enterprise level.

Systems theory level;
integrated system
design frame.

Integrated system
design frame; systems
architecture
development frame.

Systems theory level.

Systems architecture
development frame;
systems integration
frame.

Systems integration
frame; system-of-
systems management
frame.

Enterprise level;
systems theory level.
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Table I clearly highlights a range of positive benefits
that can be envisaged from the application of engineering
systems thinking to project management, including the
specific areas of project design and planning, which
inevitably contributes significantly to a project’s ultimate
level of success. In order to investigate this proposition
further, it is wuseful to apply the systems-view
methodology to a case study [17], which will allow the
model’s attributes to be explored in more detail.

III. CASE STUDY INVESTIGATION

The case study involves the development of a new
facilities capability at Imperial College London in the
United Kingdom (the wuniversity).  The author is
responsible for the overall direction of the facilities
project that is funded by the university. The capability is
being developed in partnership with an industrial
company, which is funding the procurement of specialist
high pressure equipment that will be installed in the
facility.

In order to establish the new facility, the university is
commissioning a complex set of engineering services and
supporting construction activities, which are required to
allow the high-pressure equipment to be installed and
operated. The project can be viewed in terms of being a
‘design-bid-build’ project but on a smaller scale [18].
The equipment will be used for research and teaching in
the discipline of shock physics.

The project has a number of features that contribute
to its complexity, namely:

e The equipment is bespoke and there is a need to
optimize the specification of the equipment so
that the performance parameters set by the
industrial organization can be achieved.

e The development of the laboratory involving
refurbishment activities, installation of new
engineering services and various construction
works is occurring in parallel with the equipment
procurement and there is therefore a pressing
need to integrate the two sets of activities.

e  Whilst the equipment is being procured by the
partner company, the laboratory facilities
development project is being funded by the
university.

e There are a large range of stakeholders for the
overall initiative, including senior levels of both
the university and the company. Plus, there is
involvement of different academic departments
as well as various administration departments
from the university.

A combination of the above issues, together with a
general difficulty in translating the initial customer
requirements into engineering specifications for the
laboratory development project can be categorized as the
‘fuzzy front end’ of the project [19]. Therefore, there was
a particular benefit to be gained from the deployment of
structured (systems) management methodologies to help
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enable the project design and planning stage and hence
address this ‘fuzzy’ state.

IV. RESULTS

The systems-view model was used as the overall
technical management framework to guide the project
design and planning activities. The model is composed of
six elements (four frames and two levels) and it is useful
to describe the project design and planning activities
according to these six elements as part of the case study
investigation. It should be noted, however, that general
project management techniques, such as Gantt charts,
project management and risk management plans as well
as value engineering were also employed in conjunction
with the technical systems methodologies.

The first frame was the integrated system design and
Fig. 2 provides a summary of the overall process that was
initially implemented and which is adapted from the
recognized US Department of Defense (DoD)
methodology [20].

Process input

* Program objectives and
requirements

+ The need for new
facilities

* Research and training
capability

« Conceptual studies:
Structural feasibility study
« Technology base

« Current safety practices

Requirements capture
+ Company'’s technical

requirements

« [dentification of

university’s requirements| ,
Y )/

Initial design }’
« Identification of
equipment and

System
analysis &
control

7Y

« Trade-off studies:
Physical dimensions of
laboratory vs. technical
capabilities; performance

v

of high pressure
laboratory specifications equipment
+ Initial design work « Technical working group
« Project and risk
management
Detailed design « Failure modes and

« Design of laboratory
services
« Laboratory/equipment

interfaces

Process output

« Laboratory specifications

* Detailed design of laboratory
facilities and services

« Systems integration interface
for safety and departmental
operations procedures

« Laboratory code of practice

effects analysis

Fig. 2. Integrated system design for equipment and
laboratory facility [21]

The use of the standard integrated system design
approach allowed the engineering ‘client brief” to be
developed. This document contained the design package
for the laboratory services and construction works. A
crucial part of the first frame was the requirements
capture process, where both the external company
technical requirements had to be captured, together with
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internal authority requirements (e.g. health and safety,
security as well as other duty holders). This joint
external-internal needs gathering [22] has been shown to
be an effective route to generating the functional design
requirements for an engineering system, although in this
case comprehensive stakeholder analysis was also
undertaken [23].

Subsequent to the initial design work, there was a
need to develop an enhanced safety case for the project
and the FMEA (failure modes and effects analysis)
method [24] was selected as a suitable tool. The FMEA
process requires a system connectivity and function
structure to guide the analysis process and therefore as
part of the second frame of the model, a systems
architecture (viewpoint-oriented structural analysis and
design technique) [25] was developed (see Fig. 3). The
SADT architecture was selected after a literature review
[26] and because from the viewpoint of the operation of
the (facility) system it is an effective system design
visualization that readily highlights the main processes
relevant to FMEA.
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Fig. 3. Systems architecture for equipment operation [21]

Production of the systems architecture helped identify
the specific failure modes for the new facility.
Consequently, the mitigation measures for the most
prominent and high risk failure modes could be
incorporated into the facilities design.

Following on from these activities there was a need to
investigate how the equipment to be procured would
interface with the new laboratory infrastructure. This was
especially important for the high-pressure gas subsystem.
Since an inability to adequately plan this integration could
result in a number of problems, such as increased safety
risk; lack of dimensional connectivity between devices
and apertures; inconsistent use of equipment certification
and quality standards; and crucially a general lack of a
systems overview on the safe and effective operation of
this part of the facility. Consequently, systems
integration planning (frame 3) was undertaken that
involved detailed analysis (both qualitative and
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quantitative) of the that

summarized in Fig. 4.

integration factors are
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infrastructure

High-pressure
gas sub-system
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Fig. 4. Systems integration planning framework

The use of systems integration as a planning tool
strengthened confidence in the overall facilities design,
however, there was also a need to consider how the
equipment, laboratory and operations systems would
relate to other partially or non-federated systems (i.e. a
system-of-systems perspective). This is because the
eventual operation of the new facility would depend on
both the systems within the facility as well as through an
association with other systems at the university and
outside the university environment. In this regard, Fig. 5
provides a system-of-systems affinity diagram [27] that
was used to identify the additional areas relating to the
operating conditions for the new facility before the
installation works were commissioned.

System-of-systems }—\

non-federated
systems
— Equipment |— — Laboratory |— — Operations |—
subsystem subsystem subsystem - Departmental
« High pressure « Laboratory « Operational procedures and
vessel infrastructure procedures governance
« Evacuation » Mechanical « Technician « Other university
and filtration services staff staff/departments
« Interlocks and « Electrical » Materials » Materials
pressure services preparation procurement
gauges * Pressurized « Planned * Industrial
* Pressure gas supply preventative collaborators
release valves » Emergency maintenance « National health
« Diagnostic control unit « Laboratory and safety
equipment « Security and health and legislation
* Data monitoring safety « External
Transmission devices procedures services and plant
and cabling * Materials « Risk * Quality
store assessments assurance

Fig. 5. System-of-systems affinity diagram

Through implementation of the systems-view model

and as the project design and planning progressed there
was reference to the enterprise level. This started with the
initial business case for the project, which described the
benefits and risks. Throughout the extended project
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design and planning stage (which lasted 18 months), the
project’s progress was reviewed by a project board and
this mechanism maintained a positive association with the
corporate centre of the university.

The final element of the systems-view model
implementation was the systems theory level and the
project required the project staff to develop improved
systems and technology management skills. Especially in
regard to the initial requirements capture process as well
as also the need to understand how to conduct other
processes, such as systems architecting. Notably, as
project staff developed these improved systems skills, the
implementation of the technical design activities became
more streamlined and effective.

V. DISCUSSION

The case study investigation has highlighted how the
systems-view of projects can be applied to design and
planning. The systems-view has been proposed as a
mechanism that is flexible and within each of the four
frames and two information levels there is scope to use
different systems-related tools and techniques. In this
manner the model is not overly prescriptive but instead
the focus is on the deployment of engineering
management techniques that address increasing levels of
complexity. From the initial integrated system design to
systems architectures, a robust understanding of the
engineering system is developed. Then, through systems
integration and finally the system-of-systems frames,
there is a much broader analysis of the wider system of
interest (WSOI). The systems integration frame in the
case study has enabled a reduction in the project’s
technical risks and the system-of-systems frame has
allowed further planning of how the new facility will
eventually operate.

Much of the project design and planning work was
undertaken through a technical working group that was
established early in the project. This group was chaired
by the project director, with support from a project
manager, technical staff from both the university and the
partner company, health and safety staff as well as
external engineering consultants. This multidisciplinary
team was the primary channel through which the initial
industrial requirements for the high-pressure experimental
equipment were captured and then converted into the
corresponding specifications of the laboratory to house
the equipment. The use of multidisciplinary teams to
drive forward such engineering initiatives has been shown
to be particularly effective [28].

The performance of the team was also enhanced
through gaining improved systems skills and knowledge.
This was specifically required for FMEA risk
management activities that involved an understanding of
systems architecting techniques.

VI. CONCLUSIONS
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The systems-view of projects builds on established
systems methodologies, through emphasizing the benefits
of process best practice (e.g. requirements capture,
systems architectures, etc.) but with a holistic perspective
provided through connection to the organizational
enterprise and the need for systems skills. Application of
the model to a facilities development project has revealed
how project design and planning can be undertaken within
an overall technical framework. This approach is firmly
focused on risk reduction through, for example, the
systems integration planning that will help avoid any
interface problems for the new facility.

Future work is suggested on the implementation of
the model in the project delivery stage. A particular area
for investigation will be testing and validation of the
facility system against the design and planning
descriptions and supporting data.
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