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Abstract—A theory for describing the systems engineering
process using formal mathematical structures is presented in
this paper. This abstraction of the systems engineering process
makes it possible to concentrate on the operations and structures
involved in the process without the distraction of the narrative
word. An important aspect in the formulation of this theory is
the inclusion of people as part of it. Further development of
the theory will lead to the implementation of the mathematical
description in simulation software to study the dynamic charac-
teristics of and interaction of people with the systems engineering
process as well as systematically validating the theory through
empirical studies.

I. INTRODUCTION

The engineering of systems [18] and the management of
the process [19] to achieve that is addressed in the subject
area of systems engineering [5], [4]. This makes the subject
of systems engineering falling in the field of engineering as
well as management sciences as noted in [17]. Currently, no
theories are known in systems engineering that are based on
the dual character of the subject, i.e. a strong mathematical
foundation combined with management theory.

This paper proposes a theory to enable the development
of mathematical models describing the systems engineering
process. In future, this theory should be expanded to include
the management of the process over an entire system life cycle
to address the broader topic of the engineering of systems.
In this paper, the term ’theory’ is used in the tradition of
philosophy of science as treated by the structuralist programme
[6], [27], [2], [3], [15]. In the structuralist programme a theory
is a mathematical structure containing sets, relations, and some
axioms. Doeben-Henisch et.al. [13] made a first attempt to
apply this theory concept in describing an engineering process.

This is a more formal form of treating research compared to
the current research practice in systems engineering which in-
cludes the usual case studies [8], the proposed quasi-scientific
methods with an experimental group and control group [26],
or the usual empirical studies as performed in management
science [28]. The current research practice describes strong
or weak statistical correlations between parameters based on
hypotheses derived from descriptions [8] and without formal
mathematical models.

There are three possible aspects to a research project in
engineering and technology management [8]:

1) Testing of existing theories, models and methods.
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2) Application of existing theories, models and methods to
a new problem.

3) Construction of new or improved theories, models and
methods.

The current agenda for the development of the intended
theory is first to achieve the testing of existing theories, mod-
els and methods in systems engineering through simulation
that are validated with empirical measurements from systems
engineering practice. These validated models can then be used
to study the dynamic characteristics of the systems engineering
process.

A. Process context

The scope of systems engineering activities in [9] consists
of three main activities, i.e. systems engineering process,
development phasing and system life cycle integration. This
paper focuses on the development of a mathematical theory
for the systems engineering process. The other two activities
are not addressed here but the mathematical formalisms for
development phasing and system life cycle integration should
be addressed in future work. Further, the results of interactions
between the activities (baselining, life cycle planning and
integrated teaming [9]) should also be treated as mathematical
formalisms in future. If all these identified mathematical for-
malisms would be combined a theory for Systems Engineering
or Systems Engineering Management can be formulated in
terms of the model presented in [9].

In a simple form, the systems engineering process consists
of four subprocesses, i.e. requirements analysis, functional
analysis and synthesis with the support of the systems anal-
ysis subprocess [9]. International standards [19], [18] and
discipline handbooks [4], [5], [22] have augmented the four
subprocesses with refinements to the main subprocesses and
further description of implementation, verification, validation,
support and management processes to achieve the engineering
of systems.

II. PREVIOUS FORMALISM

A first formalism for an engineering process has been done
in [13] as per Figure 1. The elements in this figure are
characterized as follows [13]:
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Fig. 1. Selected Elements of the Engineering Process [13]

“The process starts with a problem P of a stakeholder.
Through a communication process the systems engineer trans-
lates P into a behaviour model Mgs_g' that represents the
complete expected behaviour of the system to be designed:

requirements P— Ms_r (D

It is a known problem that this communication includes the
semantic gap problem which is rooted in the communication
between the stakeholder and the engineer and the inherent
difficulty to clarify the meaning of the terms used during the
communication [12]. Based on Mgs_r, the systems engineer
develops during the design a system model Mgsys which has
to be verified:

design Ms_»r — Msys 2

verification Ms_r X Msys —V 3)

The Msys is converted into a real system Msys,. which
again has to be validated. Validation is realized as a measure-
ment process:

implementation Msys — Msyss “4)

P x MS—’R X ./\/l,sys* — Y (5)

validation

where V is a set of validation values indicating the corre-
lation between the behaviour model Ms_xr and the system
model Msys.

The process to convert P (in the non-symbolic space)
into formalized requirements Ms_x (in the symbolic space)
and the symbolic system model Msys into the real system
Msyss cannot be fully automated, because full automation
is restricted to the symbolic space. The challenge of relating
symbolic and non-symbolic spaces with each other also occurs
during validation, when non-symbolic objects are compared
with a symbolic description [12].

IThe S — R index reminds one of the stimulus-response paradigm from
the experimental behaviour sciences (cf. [25], [7]).

The general structure of the behaviour model Ms_xr can
be described as a sequence of combined states (2, ..., 2f).
A combined state z is defined by the driving task set T, the
participating surfaces of the user called user interface (UI), the
intended system interface (SI), and the assumed environment
interface (EI), thus, z; € Z C I' x INTFy x INTFg x
INTFg. A state change from a state z; to a state zjyy is
caused by an action o; € ACT C Z x Z. Every sequence
p of states for which it holds that (z;,z;1+1) € «; is called
a usage process or short behaviour of the behaviour model.
The complete set of all possible behaviours of Ms_r is
described by the generating function § that maps a start state
Zo into the possible usage processes ending in the final states
or goal states. A complete behaviour model Ms_x can then
be defined as

Ms_» = (I, INTERFgy /s, Z, ACT,5,5,Gr)  (6)

where G C Z is a set of goal states which shall be reached
starting with the beginning state S.

The constraints induced by the systems engineering process
challenge the systems engineer to specify the required proper-
ties of a system in terms of its observable behaviour, including
the interactions with the users and the environment.”

A nontrivial aspect of this modeling is the interpretation of
the task set I' at least by the user U. This presupposes that
a single task 7; € I' is given as some string written in some
language Lr which can be interpreted by the user U. Usually
is this interpretation not part of the behaviour model. But, with
regard to training and testing of users it could be necessary to
include a complete specification of the language Ly as well
as their intended interpretation Z by the user. The semantic of
the language Lr has as its domain of reference the complete
behaviour model Ms_x%.

III. CONSTRUCTING THE THEORY

The previous formalism for the description of the engi-
neering process above is not sufficient. Terms used in it are
still restricted to primary objects of the systems engineering
process (i.e. problems, behaviour models, design models, etc.)
but the main actors of this process, i.e. the stakeholders and
discipline experts, are not included. To rectify this critical
oversight, the formalism must be expanded. This expansion
is treated in the following subsections.

A. The formalism

The main difference between the current proposed formal-
ism and the previous formalism is the inclusion of the main
actors of the systems engineering process, i.e. the stakeholders
S and the different discipline experts £. Additionally there can
be different kinds of knowledge encoded in documents® D as
well as support systems A used as enablers in the systems
engineering process. The original requirements operator in (1)
is extended to

2Document is used in the widest sense of the word.
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Fig. 2. Semantics of the formalism for the systems engineering process

requirements SXEXAXD —PxMpr (1

where the symbol My means functional requirements M r
and non-functional requirements M yr with the behaviour
models Ms_x assumed to be equivalent to M £, thus

Mr = MrUMpyr (3

Thus, the problem description P together with My are
the products of the requirements analysis subprocess. The
enablers for the process are the stakeholders, experts, support
systems and additional documents. With a similar argument,
the operators in (2) and (4) are expanded:

EXAX Mpr — Mg &)
EXAX Mg x Myr — Mg, (10)

design

implement

Here M replaces the previously used Msys. Based on
these formalizations one can introduce the theory for the
systems engineering process as

E(:C) iff <8787A7D77D7MR7M‘93MS*apa(Sa [/> (11)

where the operators are abbreviated as follows:

p = requirements
6 := design
t = implement

But, for turning (11) into an empirical theory, one has to
provide a mapping (called semantics) from these formulas into
the intended domains. This will be achieved twofold:

o A mapping will be introduced incrementally from the
formal parts of the theory into a real domain of those

actors, objects, events, and actions which is commonly
understood as the systems engineering process.

o Another mapping will be introduced incrementally into
a defined simulation process, which in turn should be
sufficiently similar® to a real-world systems engineering
processes.

B. The semantics

The above formalism of the theory gets its meaning from
the underlying empirical processes of real-world engineering.
This includes a multitude of complex phenomena. Some of
these phenomena include:

1) The main actors of the systems engineering process, i.e.
stakeholders S and the discipline experts .

2) Besides the discipline experts £ one has to assume an
additional set of support systems A.

3) There are different kinds of knowledge sources indicated
in the theory as documents D used by the actors and
support systems.

4) Usually there is not one but multiple processes and
subprocesses active at a time.

5) The processes can be distributed over many physical or
logical locations.

6) Processes can execute synchronously or asynchronously,
periodically or aperiodically.

7) Processes can execute in parallel or sequentially.

8) Process can execute iteratively.

9) Different kinds of communication exists between pro-
cesses.

10) Human communication processes are mostly mediated
through languages which have open meanings embedded
in open grammars.

The actions of humans are based on infernal mental
models which are the outcome of individual learning
processes.

12) Human behaviour is influenced by internal motivations/

emotions/ drives as well as physiological states.

1)

From this it can be concluded that the human factors of the
stakeholders and discipline experts play a major part in the
outcomes and performance of the systems engineering process.
The interfaces between subprocess, the humans and support
systems along with the embedded communication implied
them are therefore fundamental to the systems engineering
process.

IV. RELATIONSHIP WITH CURRENT PRACTICE

The requirements mapping described in (7) corresponds
to the requirements loop described in [9], while the design
mapping in (9) corresponds to the design loop in [9].

The requirements loop consists of the execution of the
requirements analysis and part of the functional analysis
subprocesses [9]. The design loop consists of the execution
of part of the functional analysis and synthesis subprocesses

[9].

3The definition of being sufficiently similar will be addressed in the future.



The implementation mapping described in (10) has not
sufficiently been described as part of the systems engineering
process in the past. The result of the systems engineering
process is a data pack [19], [9] that specifies the neces-
sary products and processes to be implemented during the
manufacturing and test process [19]. In [18], though, is the
implementation subprocess described as part of the technical
processes in the life cycle for the engineering of systems which
should not be confused for the systems engineering process.

A. Requirements Loop

The requirements loop is described in [19] by the require-
ments analysis subprocess (Pr4) that implicitly executes the
functional context analysis subprocess (Prc) as well. If Pr4
is assumed to consist of two processes (P, and Pp,) that
precedes and follows Prc, then

requirements = P}, 0 Ppco Py, (12)

The requirements analysis subprocess transforms the prob-
lem of the stakeholder P into functional requirements M r,
including functional performances, and non-functional require-
ments M7, including the life cycle quality factors [19].

B. Design loop

The design loop is described in [19] by the functional
decomposition (Prp) and synthesis subprocesses (Pg) and
can be expressed as:

design = Pgo Ppp (13)

During the functional decomposition subprocess Prp, the
functional behaviour models in M z are further decomposed
into a functional architecture in M s to make it possible to de-
fine alternative subfunction arrangements and sequences, their
functional interfaces and their performance requirements [19].
A systems analysis is performed in order to select a balanced
set of subfunctions and to allocate performance requirements
in M r to subfunctions to assure that the preferred functional
architecture satisfies the system requirements [19].

During synthesis (Pg), the functional architecture in Mg
is translated into a design architecture in Mg that provides
an arrangement of system elements (hardware, software or
people), their decomposition, internal and external interfaces,
and design constraints [19]. A preferred design solution is
selected from a set of alternatives based on the associated cost,
schedule, performance and risk implications using the systems
analysis subprocess for assessing design alternatives.

C. Example Human Factors Engineering

Figure 3 illustrates the formal structure of a behaviour
model M as part of the general theory 3 which describes
the intended outcome of the functional requirements analysis.
As described in the common human machine interaction
(HMD) literature [10], [20], [21], [14], HMI is part of the
requirements and design processes for exploring the optimal
parameters of the intended system interface with regard to
the intended users and their tasks (including environmental
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Fig. 3. Human-Factors Engineering Example

factors). While this paradigm is well known and discussed in
numerous publications it should be realized that within the
intended systems engineering theory 3 this HMI-view should
also be applied on the acting engineers themselves. In the
primary view of the X-theory the systems engineering experts
&, the stakeholders S, and even the supporting systems .4 are
the ’users’ which interact with each other in an engineering
environment. Their task is to develop a new system and
the systems engineering process should be supported in this.
This includes that the engineers as the main actors need an
appropriate mental model which enables them to find the
adequate solution. The above mentioned simulation dimension
(see also Figure 1) can be viewed from the perspective of
the acting experts and stakeholders. The simulations have to
support these actors and should be smart and adaptive to be
able to give advice when needed. Future expanded version
of the X-theory will include an additional ’user interface’ to
the whole process for the management aspects of the systems
engineering process.

V. CONCLUSION

In this paper a programme for the development of a struc-
turalist theory is presented for the engineering of systems.
An important aspect in the formulation of this theory is
the inclusion of people as part of the systems engineering
process. Although assumptions are made to simplify the initial
formulation of the theory, it can be stated that the engineering
of systems is a complex topic that needs this theory.

Further work still needs to be done to bring the theory
closer to current practice. A research programme will be
formulated based on this theory and the programme status will
be reported on the website http://www.os-pe.org. Empirical
research into practices used in industry will also be used to
calibrate the theory. Further development of the theory will
also be undertaken to address the identified short comings and
simplifying assumption pointed out in this paper.

Some of the models can be implemented with stock and
flow models as used in the systems dynamics arena [23].



In general the models can be implemented on the OKSIMO
simulator platform [11], [24] as the formulation of the theory
in this paper is compatible with the underlying theory of
the OKSIMO simulation platform. It is the intension also to
cooperate with the development team of OKSIMO to make
simulations of the theory in this paper possible.

This theory for the engineering of systems is a contribution
for a better understanding how to establish a theoretical basis
for systems engineering and engineering management.
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