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! Acknowledgment is made to John Gray Ph.D. for the use of his metaphor.

% This chapter is based on - Kasser J.E., Shoshany S., “ Systems Engineers are from Mars, Software Engineers are from Venus”,
proceedings of the 13th International Conference on Software & Systems Engineering and their Applications, Paris, France, 2000, and
- Kasser J.E., Shoshany S., “Bridging the Communications Gap between Systems and Software Engineering”, proceedings of the
INCOSE-UK Spring Symposium, 2001.
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Competences of Engineerswith a High Capacity for
Engineering Systems Thinking (CEST)
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ABSTRACT

A major high-order thinking skill that enables engineers to successfully perform systems
engineering tasks is Engineering Systems Thinking. To successfully perform their tasks,
systems engineers need a systems view or, in other words, a high capacity for engineering
systems thinking (CEST). This paper summarizes the findings of three studies aimed at
identifying the knowledge, abilities, cognitive characteristics (thinking skills) and personal
traits (behavioral competences) of systems engineers with high capacity for engineering
systems thinking (or in other words, successful systems engineers). The findings suggest that
successful systems engineers possess interdisciplinary knowledge. They are expert in at least
one main field but have general knowledge in additional fields and disciplines. They become
familiar with the jargon and professional language of the other disciplines and are able to
communicate with people or experts from different fields and disciplines. Overall, ten cognitive
characteristics, eleven abilities, and ten behaviora competences were identified. In addition,

nine additional roles of systems engineering were identified.
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1. INTRODUCTION

A major high-order thinking skill that enables engineers to successfully perform systems engineering tasks is
Engineering Systems Thinking. To successfully perform their tasks, systems engineers need a systems view or, in
other words, a high capacity for engineering systems thinking (CEST). The main characteristic of CEST is the
ability to see the whole picture and all relevant aspects without getting stuck on details; to be able to identify the
system’'s emergent properties, capabilities, behaviors, and functions without looking inside the system and its
parts/’components/details.

The question then becomes: Is this ability learned or innate? Can it be developed through experience, job
rotation, education and training? Some authors refer to CEST as an innate ability. However, Frank [2002] found
that this ability is a measurable and consistent quality of personality, that it can be used to distinguish between
individual engineers, and that it is, presumably, amix of innate talent and acquired experience.

This paper summarizes the findings of three studies aimed at identifying the abilities, cognitive
characteristics (thinking skills) and individual traits (behavioural competences) of systems engineers with a high
capacity for engineering systems thinking (or in other words, successful systems engineers).

The importance of exploring and identifying these characteristics is that they can become the keystones for
developing (1) training classes, university programs and curriculafor constructing systems thinking in engineers,
(2) a plan for accelerating the development of systems engineers, through job design, job rotations, and
development programs, and (3) a test for assessing CEST. This test could then be used for selection, filtering,

screening, placement, and classification of candidates for engineering positions that require high CEST.

Remarks:
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In the context of this paper, the following five phrases are equivalent and will be used interchangeably:

(1) capacity for engineering systems thinking, (2) ability to take a systems view, (3) developed
ability/capacity of/for systems thinking, (4) systems thinking in engineers, and (5) possessing a high level

of engineering systems thinking skills.

The paper presents lists of abilities, characteristics and traits. According to the systems thinking
approach, one must not see them as ‘laundry lists' but rather assume that the items in these lists are
interconnected and interrelated. For example, the items "not getting stuck on details’ and "ambiguity
tolerance" are interrelated. Ambiguity may be created when there are not enough details. Systems
thinker, however, does not necessitate knowing the details in order to conceptually analyze the system.
Another example is that for convenience "general cognitive characteristics’ and "abilities" appear in

separate sections yet all items listed under the title "abilities’ require cognitive capabilities as well.

3. The paper does not deal with senior managers (CEQs, division managers, etc.). It is obvious that such
managers need strategic, holistic, systems and business vision. The paper deals with senior, mid-level,
and junior systems engineers. Systems thinking is required in al level of the hierarchy. Similarly, the
abilities, competences and traits presented in this paper are hierarchical. Thisisto say, that the higher in
the hierarchy are the areas handled by the systems engineer, the greater is the engineer’ s need for a broad

systems perspective.

4. For convenience, the items in the lists throughout the paper refer to the abilities, characteristics,
competences and traits of a single systems engineer. In real life, however, systems engineering work is
often carried out by teams. So the task descriptions here refer both to a single systems engineer and to a

systems engineer working within ateam.
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2. METHODOLOGY

As mentioned above, this paper summarizes the findings of three studies dealing with the capacity for
engineering systems thinking (CEST). Since this paper focuses on practical issues and not on research
methodology, only a brief description of these three studies will be presented. The primary aim of the first study
[Frank, 2002] was to identify the characteristics of engineers having high CEST. This study was carried out in
three stages. The first stage involved a pilot study in which 11 in-depth, open, non-structured interviews were
held with key figures in the Israeli hi-tech industry. In the second stage the researcher spent many hours in the
role of ‘the-observer-as-participant,” conducting on-site observations at two hi-tech companies. This second
stage involved 17 semi-structured interviews and content analysis of 14 lectures that were given in a seminar on
systems engineering. The third stage of the study consisted of a survey based on a pilot questionnaire (N=31)
and a final questionnaire (N=276). The qualitative-naturalistic inquiry paradigm, in which data collection is
based principally on interviews and observations, was found to be suitable for the first and second stages, since
the purpose of the research was to examine processes (and not only final outcomes) in the natural environment of
the study participants. The number of interviews and observations conducted during the first and second stages
was not set in advance. The criteria for concluding the data collection was saturation; that is, when it became
clear that adding new subjects did not significantly alter the findings, the interviews were brought to a close.
According to Morse [1995], as the study progresses, theoretical insights and linkages between categories
increase, making the process exciting as what is going on finally becomes clearer and more obvious. Data
collection and sampling are dictated by and become directed entirely toward the emergent model. The researcher
seeks indices of saturation, such as repetition in the information obtained and confirmation of previously
collected data. The selection of subjects in the first stages of the study was based on two primary assumptions.
These were (1) senior systems engineers have high capacity for engineering systems thinking and (2) the

appraisal of supervisorsisavalid information source.

The second study [Frank & Elata, 2005] tried to understand the process in which undergraduate engineering

students' awareness of systems-level considerations is increased due to their participation in the freshmen
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project-based-learning course “Creative Introduction to Mechanical Engineering”. The course attempts to

simulate the process of design and development of new products (naturally, limited in scope) and enable the
participating students who execute the assignments to develop CEST. During a 14-week semester, the students
are given four design projects, each relating to a different aspect of mechanical engineering, beginning with a
challenge presented in class, requiring the construction of a device that should perform a specific task. This
challenge includes an explicit procedure for measuring the effectiveness of the device, based on its performance.
Working in small teams, the students are given three weeks to compl ete each design and build a device. In recent
years, an increasing number of academic programs for systems engineering have been developed [INCOSE,
2003]. Many of these programs are intended for graduate students or engineering practitioners. The second
study was conducted during two semesters in which two classes of about thirty students each, took the course.
Many class observations were performed, and specific teams with “strong”, “weak” and “neutral” performances
were rationally chosen for interviews. Overal, there were eleven team interviews. Additional data was collected
in semi-structured interviews with the teacher and the teacher assistant, and by studying the students

submissions.

The third study, which is now drawing to a close, was actually follow-on of the first study. As such, it can be
considered as the second phase of the first study. The idea was that the findings of this phase would strengthen
(or weaken) the conclusions of the first study. The primary aim was also to identify the characteristics of
engineers having high CEST (according to the assessment of peers and supervisors). Forty-six systems
engineers, from all levels, participated in this phase. The data collection tool was the same questionnaire used in
the first study (with minor updates). The difference between the two was that in the first study the survey was
written but in the second phase it was done by personal interviews. All the data collected from the interviews
was transcribed and the raw data analyzed by ‘content analysis — "it defines the analysis units and establishes
the categories (outstanding repeated elements) for analyzing the raw data’ [Silverman, 2000]. According to
Denzin & Lincoln [1994: 358], “Qualitative researchers study spoken and written records of human experience,

including transcribed talk, films, novels, and photographs... Documents of experience can be content analyzed;
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that is, themes, issues, and recurring motifs within them can be isolated, counted and interpreted... This reading

found in at least three interviews or in three different data collection techniques were omitted.

3. GENERAL COGNITIVE CHARACTERISTICS

Table | presents the general cognitive characteristics of engineers with high capacity for engineering systems
thinking, arranged in descending order, ranked according to the weighting of the score they received in the first
study’s questionnaire and the frequency of their appearance in the appropriate category in the interviews and

observations conducted in the first and third studies. An empty cell indicates a characteristic that was not

referred to in the questionnaire.

Tablel. General Cognitive Characteristics of Engineerswith High CEST

Rank Characteristic Questionnaire Interviews
N=276
Score Frequency %
(1-5 scale) (of 77)
1 | Understanding the whole system and seeing the big picture 4.23 62 81
2 | Understanding interconnections; closed-loop thinking 4.22 43 56
3 | Understanding systems synergy 4.32 34 44
4 | Understanding the system from multiple perspectives 4.26 26 34
5 | Thinking creatively 4.24 24 31
6 | Understanding systems without getting stuck on details; 4.25 22 29
tolerance for ambiguity and uncertainty
7 | Understanding the implications of proposed change 3.85 14 18
8 | Understanding a new system/concept immediately upon 3.74 12 16
presentation
9 | Understanding anal ogies and parallelism between systems 9 12
10 | Understanding limitsto growth 8 10
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3.1. Understanding the Whole System and Seeing the Big Picture

According to the studies findings, engineers with high capacity for systems thinking understand the entire
system and have the ability to see the big picture. They understand the whole system beyond its elements/sub-
systems/assemblies/components and recognize how each element/sub-system/assembly/component functions as
part of the entire system. They also grasp how sub-systems integrate into a single whole single system aimed at
fulfilling predetermined requirements and specifications. They know how to consider the widest aspects of the
system and the environment in which it should perform.

Indeed, many authors refer to the necessity of seeing the whole in the process of problem solving. For
example, according to Kim [1995], Waring [1996], and O’ Connor and McDermott [1997], a problem may not
always be solved by breaking it down into elements and finding a separate solution for each of these elements.
One cannot predict the properties of a complete system by taking it to pieces and analyzing its parts. According
to Senge [1994: 68], “Systems thinking is a discipline dealing with seeing the whole. It is a framework for
scrutinizing mutual relations and interconnections more than the chains of linear cause-and-effect, for discerning
change patterns and repeating appearances’. In a recent study conducted by Davidz [2005], the item "think
broadly/see the big picture” is ranked first in the list of "individual characteristics for systems thinking

development”.

3.2. Understanding I nterconnections; Closed-Loop Thinking

CEST involves an understanding of the interconnections and the mutual influences among system elements/sub-
systems/assemblies/components/parts. It was found that engineers with high CEST have the ability for a closed-
loop (circular) view of causality rather than straight-line (linear) thinking. When system thinkers are asked to
analyze the possible reasons that cause a given system failure, they usually provide several possible explanation
and not only one. They do not ssimply submit a list of likely reasons (sometimes dubbed a “laundry list”) but
make it plain that they understand that the effect usually feeds back to influence one or more of the causes and

that the causes themselves affect each other.
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3.3. Understanding Systems Synergy

Genera systems theory holds that all systems are similar in certain ways. According to this view, if synergy
exists in al systems, then it certainly exists in man-made technological systems. The systems engineer must,
therefore, be capable of deriving the synergy of a system from the very integration of the subsystems under

his/her responsibility.

For example, in many models of advanced fighter aircraft, there is a system that allows pilots to see the
entire fight arena. The system is based on a communications network that transfers position and radar data
among aircraft in the same arena. The integration of the communications system and the radar system can create
synergy — capabilities and functions of an electronic warfare system. Having done this, it provides the capacity to
continue getting a radar picture even under jamming and allows weapons from one aircraft to be guided by
another’s sensors and controls. According to our study's findings, engineers with high CEST are able to identify

the synergy and emergent properties of combined systems.

Many authors discuss the issue of synergy (sometimes called emergent properties). For example, according to
Kahn and Katz [1966], Whitner [1985], Waring [1996], and Hitchins [2003], a system is more than just a
collection of parts. The system properties, capabilities, and behaviors certainly emerged from the system parts
but they also appear from the interactions among these parts. The properties of the system consist of more than
the aggregate of the proportion of the individual parts and interactions. The whole is more than the sum of its
parts. Systems have emergent properties that are not found in their parts. This synergistic effect is one of the

central and most important attributes of a system, but it is, at times, hard to identify.

3.4. Understanding the System from Multiple Per spectives

The studies findings showed that a successful systems engineer would avoid adopting a one-dimensional view.
For example, one might look at a system once from the perspective of its operating system and then from the
hardware point of view; or a system may be viewed once in terms of its functional aspect and once from its
architectural aspects. A successful systems engineer would be able to describe a system from all relevant

perspectives that go beyond the mere engineering level: the upper layer—technological, economic, managerial,
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and social perspectives, the systems layer—electrical, mechanical, and operational perspectives;, and the

engineering layer—the ability to examine a specific subject or problem from different angles and points of view,

to see it from multiple perspectives.

3.5. Thinking Creatively

Although the correlation between systems thinking and creative thinking was not calculated in the framework of the three studies, it
was very interesting to find out that engineers with high CEST are capable of creative-lateral-divergent-heuristic thinking in the raising-
ideas stages of a project, and logic-convergent-algorithmic-analytical thinking in the implementation stages. As such, successful
systems engineers contribute much to brain-storming discussions. They are able to offer workable creative/innovative origina

solutions, and transform a creative concept into arealizable idea.

3.6. Understanding Systems without Getting Stuck on Details; Forest Thinking; Tolerance for Ambiguity and
Uncertainty

It was found in the three studies that engineers with high CEST are able to conceptually and functionally
understand the system, even without understanding all its minutiae. They avoid getting snagged by the details.
They are able to understand the whole/overall picture and continue to act without understanding fully all of the
system’'s details. Such engineers feel comfortable with ambiguity and working in unclear conditions and in an
uncertain environment; not knowing all the details does not disturb them or hinder their efforts to solve a
systems problem. This thinking skill enables senior managers to set priorities and allocate resources on the

organization level.

In opposition, engineers who have to thoroughly understand al the details involved in a given problem in
order to be able to form a decision and come up with a solution, usually find it difficult to develop high CEST

and work as senior systems engineers.

According to Richmond [2000], “forest thinking” involves a “view from 10,000 meters rather than focusing
on local trees’” and “considering how the system influences systems on the other side of the line and how these

latter systems influence the former system”. In the study conducted by Davidz [2005], the item “think out-of-
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box” was ranked seventh in the list “individual characteristics for systems thinking development” and the item

“tolerance for uncertainty” ranked fifth.

Forest thinking allows systems engineers to distinguish between the major and minor, relevant and irrelevant
dimensions of a given system/issue. Engineers with high CEST are able to simplify — to filter out redundant,
unnecessary information and “noise” in order to clear up and understand the picture.

3.7. Understanding and Seeing the I mplications of Proposed Changes to the System

It was found that changes and modifications are central to the work of systems engineers. The systems engineer
must understand the system as a whole and be capable of anticipating and detailing all implications (including
side effects) of changes in the system — engineering and non-engineering alike — both those initiated by the
contractor and those required by the customer (sometimes even after freezing the design). The systems engineer
has to be able to assess the impact of a proposed change on the Form, Fit and Function of the system under
consideration. In many cases, the systems engineer must be able to take care of every step of implementing the
change — from identifying the need, through coordinating with all the involved departments and disciplines and
preparing its paperwork (Change Request, Specification Change Notice, and Engineering Change Proposal), up

to the approval of the customer and the Configuration Control Board.

According to McDermott and O’ Connor [1997: 14], a change involving the addition of a component to the
system raises the complexity of the system to be handled: “New interconnections among parts of a system add
complexity, and adding another piece can create many new connections. When you add one new piece, the

number of possible connections does not increase by one. It may increase exponentially...”

3.8. Understanding a New System/I dea/Concept | mmediately Upon Presentation
It was found that engineers with high CEST understand and are able to describe the operation, purposes,
applications, advantages, and limitations of a new system/sub-system/idea/concept immediately after receiving

an initial explanation. As one of the interviewees in the first study put it: “another thing characterizing engineers
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with the ability to engage in systems thinking ... whenever you present them with a totally new system they

manage almost immediately to evolve a conceptual grasp ...”

3.9. Understanding Analogies and Parallelisms between Systems

Genera systems theory asserts the "similarity of all systems’. Our studies found that engineers with high CEST
are able to compare and draw parallels between different disciplines. They are able to learn, infer, and draw
conclusions from one discipline and apply these conclusions to another. They know how to relate and find
resemblances and common ground between different disciplines, and project from their prime specialization to

other disciplines related to the project/system under consideration.

3.10. Under standing Limitsto Growth

It was found that when engineers with high CEST are asked to indicate possible ways to improve performance
they take into account factors and processes limiting and balancing the performance growth. For example, when
the systems engineers that participated in the first study were asked to suggest ways for improving the effective
output power of a given data transmitter, they offered methods such as increasing the amplification but also
related to factors such as the power supply, antenna, cooling system and mutual interferences of other systemsin

the area.

4. ABILITIES

Table Il presents the abilities of engineers with high capacity for engineering systems thinking arranged in the
order in which the ability appeared in the system life cycle. Likewise, the table shows the score received in the
first study and the frequency of its appearance in the appropriate category in the first and third studies. An empty

cell in the score column indicates a characteristic that was not mentioned in the questionnaire,
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Tablell. Abilities of Engineerswith High CEST

Phase Ability Questionnaire Interviews
N=276
Score Frequency %
(1-5 scale) (of 77)
Concept Exploration Analyzing the need 4.56 42 55
and Program Analyzing/Devel oping the concept of operations 4.45 33 43
Definition Requirements analysis 4.41 55 71
Solution Definition and | Conceptualizing the solution
Preliminary Design Generating the logical solution —functional analysis 3.65 28 36
Generating the physical solution — architecture 3.25 24 31
synthesis
All Phases “Seeing” the future 3.85 34 44
Using simulations and systems engineering tools 3.53 30 39
Optimizing 3.28 48 62
Using systems design considerations 3.07 28 36
Conducting trade studies 3.04 18 23

4.1. Abilitiesin the Concept Exploration and Problem/Program Definition Phase

4.1.1. Analyzing the Need

It was found that engineers with high CEST understand and are able to analyze customer (or market) needs,
constraints, limitations, priorities, and capabilities. They see the big picture and understand the mission and tasks
of the customer organization. Sometimes systems engineers are required to understand the needs even better than

the customer.

4.1.2. Analyzing and/or Developing the Concept of Operations

Engineers with high CEST understand and are able to analyze and/or develop the operational concept (CONOPS
- concept of operations), goal, objectives, and uses of the required system (or the solution it could provide); or in
other words, what the system should do and what it will do. Even at the early stages of concept development,

caution must be taken to refrain from setting over-extended goals and objectives. It was found that engineers
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with high CEST understand the operational environment and how a given system functions alongside its

operator/s. They recognize that the human element is part of the system and are careful not to propose

impractical designs.

4.1.3. Requirements Analysis

According to the Systems Engineering Handbook [INCOSE, 2004] requirements are the foundation of the
project. They form the basis for design, manufacture, test, and operations. It is essential that a complete, but
minimum set of requirements be established early. The objective of requirements analysis is to identify and

express verifiable requirements that state user needs in appropriate terms to guide system concept development.

In the three studies it was found that engineers with high CEST understand the requirements and are able to perform requirement
analysis including capturing source requirements, defining requirements, formulating requirements, ensuring that each requirement
does not sub-optimize the system, generating System Requirements Documents (SRD), “translating” the concept of operations and the
requirements into technical terms and preparing system specifications, validating the requirements, tracing the requirements, and
ensuring that all needs, goals and external interfaces (context diagram) are covered by the requirements. Engineers with high CEST are

also able to lead the process of requirements allocation and decomposition to lower levels.

4.2. Abilitiesin the Solution Definition and Preliminary Design Phase
4.2.1 Conceptualizing the Solution

It was found that engineers with high CEST are able to generate, using a top-down approach, a conceptual end-
to-end solution, prior to any detailed design or analysis. Many (junior) engineers find it difficult to adopt a top-
down approach because traditional education emphasizes the bottom-up approach. For example, the sequence of
the courses in a typical curriculum for communications engineering is. mathematics, science (physics, etc.),
electricity basics, components, circuits, modules, basics of transmission and receiving, sub systems,
communications systems. There are some B.Sc. programs in which the stage of dealing with a complete system
IS never reached. However, in our studies it was found that systems thinkers use top-down approaches
successfully for conceptualizing solutions. In recent years we have begun seeing a growing number of
undergraduate systems engineering programs that also stress systems aspects.
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4.2.2. Generating the Logical Solution — Functional Analysis

Thefirst step of the preliminary design is functional analysis. Engineers with high CEST are able to generate the
logical solution by conducting functional analysis. They are able to “trandate” the requirements and the system
specifications into a Functional Flow Block Diagram (FFBD), in which each block represents a determined
function. They are also able to allocate/decompose the functions down to the system elements, sub-systems,
assemblies and components. The process of generating the FFBD requires them to determine the interfaces and

flows among the blocks/functions.

4.2.3. Generating the Physical Solution — Architecture Synthesis

System architecture creation is defined as the selection of the types of system elements, their characteristics, and
their arrangement. Engineers with high CEST are able to generate the physical solution and to design the
architecture of the system. The process of designing the architecture involves allocating the functions to physical
“boxes’ — hardware and/or software configuration items (Cl), and determining the physical location of each CI.

They are also able to allocate/decompose the system elements down to sub-systems, assemblies and components.

The process of designing the architecture is actually a synthesis process. Many (junior) engineers find it
difficult to synthesize because traditional education emphasizes analysis processes. According to Bloom's
taxonomy, analysis is the disassembly of a system to its components, while retaining the components
interconnections, with the purpose of analyzing its operation. Synthesis, on the other hand, is the combination,
connection, arrangement, organization, and assembly of elements, sub-systems and parts into a whole with the

purpose of creating a system that did not exist before.

It was found that CEST means the ability to analyze and synthesize. Engineers with high CEST are able to move from the whole to
the parts, and analyze the system by breaking it down into its components. They are able to track signals from the input through every
sub-system, and interface to the output. In addition to this, however, successful systems engineers are able to synthesize. They are able

to assemble or connect sub-systems into a complete system and provide end-to-end solution.
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Usually, the preliminary design is subject to approval in the Preliminary Design Review (PDR). It was found

that successful systems engineers are able to prepare, actively participate and lead PDR (all or in part).

4.3. Abilitiesin All Phases of the System Life Cycle

4.3.1. " Seeing” the Future

It was found that engineers with high CEST are able to “forecast, anticipate and foresee the future”. For the long-
term they demonstrate technological vision and are able to analyze future customer/market needs and
technological developments. For the mid-term they are able to analyze the system life cycle from the first idea to
the disposal and take into consideration the various possible solutions following the system going out of service.
For the short-term they are able to analyze expected and/or unforeseen difficulties, problems, risks and change

requests.

4.3.2. Using Smulations and Systems Engineering Tools

Engineers with high CEST are able to use, design and build simulations (including simulators, models, mock-
ups, simulation running on standard work station, etc.). They are aware of the advantages and limitations of
simulation. They are able to define, use and build systems engineering tools. Thisis avery broad topic but due to

the limited scope of this paper, it will not be elaborated on any further.

4.3.3. Optimizing

Searching for an optimum solution is a key activity in systems engineering. The notion of “optimum” is related
to the notion of “trade-off”. For example, the process of system architecture synthesis is essentially a trade-off
leading to the final architecture, selected from among a set of candidates, as a final output, assuming that at least
one of the candidates is close to the true optimum. Indeed, the definition of optimum includes satisfaction of all
requirements and factors such as acceptable design maturity, compatibility with the development schedule,
minimum cost, acceptable risk, etc. Similarly, the process of generating a set of element options should include a
range of well proven items to allow trade-offs among cost, performance, development, time and risk [INCOSE,

2004: 142].
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Engineers with high CEST understand optimization considerations and are able to decide when to trade-off

and compromise in three dimensions. The first dimension refers to engineering optimization. Engineers with
high CEST are familiar with engineering constraints, are able to mediate conflicts of interest between the
different engineering disciplines, and know how to refrain from over-designing. An example found in one of the
studies was resolving conflict requirements between buffer size and bandwidth. The second dimension refers to
cost and schedule. Engineers with high CEST are able to apply cost-effectiveness, cost-benefit, and design-to-
cost considerations. The process of optimization requires trade-off analyses and must take into consideration
various conflicting constraints such as performance, cost, time, available resources, engineering constraints and
more. The third dimension involves engineering and operational considerations — how to achieve the best
possible operational performance with the least possible engineering efforts, and stay within project cost and

schedule.

4.3.4. Using Systems Design Considerations

Engineers with high CEST are able to apply systems design considerations. Examples found in the studies
are. generating a Built-In-Test (BIT) concept, comparing decentralized and centralized design options, offering
client-server architecture, considering interface and dependence minimization, considering re-use of aready

developed configuration items, and using appropriate standards.

4.3.5. Conducting Trade Studies and Providing Several Alternatives

Trade studies provide an objective foundation for the selection of one of two or more alternative approaches to
solution of an engineering problem [INCOSE, 2004]. It was found in the studies that engineers with high CEST
are able to successfully take part or lead trade studies and feasibility studies. In the trade study report they
usually offer a number of alternative solutions (and not simply the first and/or only one that comes to mind). For
each alternative the engineering implications are detailed, along with the estimated schedule and the required
resources. They are able to compare the alternatives and, by using various techniques, to point out the optimal

solution.
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All the systems engineers who participated in the three studies realized that any given engineering problem

may have severa alternative solutions. However, the more successful systems engineers were able to consider
many solutions in parallel as an ensemble of different options, and could easily handle the temporary ambiguity
and uncertainty in their design process. In contrast, the less successful systems engineers considered their
different alternative solutions sequentially, and when they encountered a difficulty in one option, they

prematurely dismissed it and turned to the next-in-line alternative, without further consideration.

5. BEHAVIORAL COMPETENCESAND INDIVIDUAL TRAITS

Table 111 presents the behavioral competences and individual traits of successful systems engineers, sorted in
descending order by the frequency of their appearance in the appropriate category discussed in the interviews
and observations carried out in the first and third studies.

Tablelll. Behavioral Competences of Successful Systems Engineers

Rank Behavioral Competency/Individua Trait Frequency %
(of 77)
1 Management Skills 66 86
Team Leader

Building and Controlling the Work Plan

Defining Boundaries

Taking into Consideration Non-Engineering Factors

Additional Management Skills

2 Good Human Relations; Team Player; Good Communication 40 52
Skills; Good Interpersonal Skills

3 Autonomous and Independent Learner; Strong Learning Skills 38 49

4 Willing to Deal with Systems 34 44

5 Curious, Innovator, Initiator, Promoter, Originator 28 36

6 Ask Good Questions 26 34
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5.1. Management Skills

It was found that successful systems engineers have the following management skills (all or part):

5.1.1 Team Leader

The studies found that successful senior systems engineers aspire to manage and are able to lead interdisciplinary
teams (sometimes called IPDT — Integrated Product Development Teams). This task includes: building and
operating the team, leading the team through all development stages, chairing the team meetings, goal setting,
decision making, conflicts resolving and motivating the team members. Successful system engineers are able to
bring together into cooperative professional activity expert systems engineers from different disciplines. For this
purpose they need interdisciplinary knowledge, organizational and management capabilities, and an ability to
integrate disciplines.

Teamwork is not a natural process arising from a meeting of a group of people. Rather, it is an initiated
process that requires organizational activities and specific procedures over a period of time. The term
‘organizational activities relates to activities such as distributing the team calendar in advance, writing up
protocols of meetings, defining the preparations needed before each meeting, characterizing the ways of
distributing the reports, nominating a leader, and determining the structure of the meetings (e.g., reviewing the
status of previous decisions, presenting a new subject, holding discussions, summing-up, making decisions).
“Specific procedures’ refer to activities such as how decisions are taken (vote, consensus, by the chairman, etc.),

and how to cope with conflicts. Successful systems engineers are able to lead all these activities.

5.1.2 Building and Controlling the Work Plan

It was found that successful systems engineers are able to bring together al activities under their responsibility to
successful completion of the mission/project. This includes tracing and controlling the missions/projects under
their responsibility by building, controlling and managing a work plan containing a tasks list, schedule,

milestones, design reviews, status meetings, activities for identifying bottlenecks, etc.

5.1.3. Defining Boundaries
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It was found that successful systems engineers know how to set up proper boundaries and allocate tasks to the

various teams, departments, partners, sub-contractors and out-sourcing contractors in a way that each of them

finds it possible to cope with its missions and tasks.

5.1.4. Taking into Consideration Non-Engineering Factors

It was found that successful systems engineers are aware that sometimes, when preparing proposals or designing
solutions, one must bear in mind non-engineering consideration such as ecological/environmental, marketing,
“political”, organizational, economic, and personal issues, personality styles, business, re-use, opportunities and

different viewpoints considerations.

5.1.5 Additional Management Skills
It was found that successful system engineers are able to resolve technological, organizational, “political”,
personal and logistics problems, control all personnel involved in the mission/project (internal or external to the

organization), make successful presentations and successfully WIN-WIN negotiate.

5.2. Good Human Relations, Team Player; Communication Skills; Inter per sonal Skills

Complex systems and issues often require several engineers to cooperate in order to grasp and comprehend all
aspects of the system. By its nature, systems thinking calls for the review of multiple perspectives, and so
teamwork is often required. In most cases group decisions, expressing the various perspectives of a team’'s
members, are better than individual decisions [Parker, 1990]. Teamwork requires interpersona skills such as
communication skills, negotiation skills, and an ability to cope with conflicts. Employers frequently identify the

lack of team skills as acritical lacunain the preparation of engineering students [Prince, 2004].

In the three studies it was found that successful systems engineers are characterized by good communication
and interpersonal skills and are able to collaborate with others, are strong team players, and establish trusting

relations with customers, colleagues, partners, vendors, and sub-contractors. In a study conducted by Davidz

INCOSE_IL/ILTAM 27 7X1Wn NRAYNA 'oTnn 7w nyn and



PV NCOSEIL S NIDIAIYND J:I 7
The Voice qf the Systems

[2005], the item “strong communication skills’ is ranked fourth in the list “individual characteristics for systems

thinking development” and the item “strong interpersonal skills’ isranked eighth in this list.

5.3. Autonomous and independent L earner; Strong L earning Skills

It was found that successful systems engineers are capable of autonomous and independent self-learning. They
are willing to take responsibility for acquiring new knowledge. They are capable of learning whatever is required
for the job, including know-how from other disciplines; they know how to let others assist them, and usually
they participate in the “learning organization” activities. They read a lot, and keep up-to-date in the pertinent
fields, ensuring that new, relevant information reaches them.

5.4. Willing to Deal with Systems

Analysis of thefirst study’s findings revealed that not every engineer aspiresto be a systems engineer and to deal
with systems. Some engineers prefer to be research and development engineers and conduct detailed, in-depth
work. The first condition for being successful in a position that requires CEST is to have the desire and interest
to work with systems and to “love” working on the systems level and with its respective issues. It was found that

senior systems engineers seek to look at the whole picture and not at the details.

5.5. Curious, Innovator, Initiator, Promoter, Originator

It was found in the three studies that engineers with high CEST are curious and open-minded, and usually have
broad interests, beyond the limited area of their expertise. They are uninhibited and do not find it difficult to
think under pressure. They do not “freeze up”, nor are they “afraid” to think and dare. They are willing to cope
with (new) areas outside their area of expertise. In the study conducted by Davidz [2005], the item “curiosity” is
ranked second in the list of “individua characteristics for systems thinking development” and the item “open-

minded” isranked third in the same list.

It was found that engineers with high CEST do not stop thinking and initiating. They are constantly on the watch
for what more can be done and where additional/new opportunities may emerge. They aways investigate issues

that are related to their current work, and how their work can be improved and expanded. They are willing to
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take risks. They see failures, problems, and screw-ups as challenges and opportunities for development, not as

“the end of the road.”

5.6. Ask Good Questions

It was found that successful systems engineers constantly question information they are given. It has been shown
that the ability to ask good questions is a managerial tool that helps oversight and enables the asker to see the
whole systems picture. The significance of this issue can be learned from the findings of the pilot questionnaire
distributed in the first study. The average grade that the item “to what degree, in your opinion, can CEST be
acquired/learnt/devel oped by learning to ask good questions?’ was 4.01, with a mean standard deviation of 0.82

on ascale of 1-5.

Richard Feynman, the 1965 Nobel Prize winner for physics and a member of the Presidential Inquiry into the
Challenger Explosion of 1968, also spoke of the asking of questions as an effective tool for getting information:
“Thisis the only way that | know of getting technical information in a hurry: you don’t sit and listen...instead
you ask alot of questions...and learn exactly what to ask...| got an exceptional education on that day [Feynman,
1988: 121].

Likewise, O’ Connor and McDermott [1997: 138] recommended devel oping question asking skills:

“...The other way to get feedback is by questions. Good questions get good feedback. The more precise and

focused the guestion, the more useful the answer. So cultivate the art of asking good questions”.

In the study conducted by Davidz [2005], the item “ask questions’ is ranked sixth in the list “individual
characteristics for systems thinking devel opment”.

6. ADDITIONAL ROLESOF (JUNIOR) SYSTEMS ENGINEERS

This section presents additional roles of systems engineers found in the first and third studies. Although some
measure of systems thinking is required to perform these tasks, the opinion of most systems engineers
participating in the studies was that they can be performed by junior systems engineers. Indeed, it was found in

the studies that therolesin thislist are related, usually, to junior systems engineers.
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The additional roles are:
Testing — to take part in (or to lead) the following stages of the project: integration, verification, validation,
evaluation, qualification, to be familiar with standard and specific diagnosis tools and test equipment (including

FTE, ATE, etc.); to lead “by similarity” analyses.

Interfaces — to design interfaces; to be proficient in handling the hardware and software input and output of

units under their responsibility; to be familiar with various types of interface components and standards.

Wiring — to design wiring and/or to examine wiring designs and drawings; to be proficient in dealing with

types of wires, cables, optic fibers, connectors, plugs, bonding, shielding, etc.

Installations — to design installations and/or to examine installation designs and drawings (both mechanical
and electrical); to be familiar with installation considerations.

Documentation — to take part in (or to lead) preparing/analyzing engineering documents including Requests
For Proposals (RFP), proposals, hardware/software development specifications, Interface Control Drawings

(ICD), test specifications and various technical reports.

Supporting and Coordinating — to support the production line; to support the various operational stages and

the end users (as part of the maintenance effort); to coordinate development teams' activities during the detailed

design phase and other phases.
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Resolving System Failures or Problems — to remedy/resolve/analyze system failures or problems; to be

familiar with system malfunction/failure analysis tools such as Fault Trees, Failure Modes and Effect Analysis

(FMEA), and Structured Analysis and Systems Design (SASD).

Standardization — to design to (and be familiar with) the standards; to carry out a design compatible with
adjacent systems; to carry out a modular design by integrating open sub-systems and/or existing products; to be
familiar with standard communication protocols; to ensure compatibility with commercial products and standard

software tools and platforms.

Quality Assurance and Risk Management — to support quality assurance activities and 1SO and CMMI

efforts; to take part in (or to lead) the risk management activities.

7. KNOWLEDGE

In the opinion of most systems engineers who participated in the first and third studies, the single most
prominent characteristic of engineers with high CEST iswide, diversified, multidisciplinary and interdisciplinary
knowledge. Usually, successful systems engineers have a B.Sc. in at least one main area (an “anchor”) and
become specialists in this field. However, in addition to this, they acquire knowledge in additional areas. The
knowledge in these other areas need not be equal to that of a specialist.

In the additional areas successful systems engineers possess general knowledge and understanding. Over the
years they become familiar with the jargon and professional language of the other disciplines (relevant to their
job and tasks), are able to communicate with people or experts from different fields and disciplines and ask
intelligent relevant questions. According to O’ Connor and McDermott [1997: 4], “Therefore you can make
predictions about the system behavior without knowing the parts in detail.... Instead of seeing separate fields of
knowledge, all needing years of study to understand, systems thinking lets you see the connection between
different disciplines.”

The findings obtained from the respondents in the first study clearly point to the need for interdisciplinary
knowledge. On the pilot questionnaire, the mean grade of the item “To what extent is the systems engineer
required to have multidisciplinary knowledge” was 4.10, with a standard deviation of 0.79, on a scale of 1-5. In
the final questionnaire, the interviewees were asked the following: “In addition to extensive knowledge in the

area of your main specialty, to what extent do you need knowledge (perhaps less extensive) in additional
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disciplines, at least on the level enabling you to ask intelligent questions, understand (on the top level) what the

issue is and be able to communicate with colleagues from different disciplines?” The mean grade to this response
was 3.7 on ascae of 1-5.

The majority of the electrical/electronics systems engineers who participated in the first and third studies
indicated that they were required to possess genera knowledge in the following additional areas of
€l ectrical/electronics engineering in addition to their expertise in a sub electrical engineering area: programming,
software/hardware integration, computer networks, signal processing, control, microelectronics, and electro-
optics. Systems engineers dealing with airborne systems reported that they also need general knowledge in the
different areas of avionics. Furthermore, they were required to acquire general knowledge in the following
additional disciplines: industrial engineering and management (project management, business administration,
economics, pricing, marketing, financing, human engineering, operations research, production engineering,
human resource management), mechanical engineering (design, mechanical packaging, thermal design),
specialist engineering (quality assurance, reliability, 1SO standards, electromagnetic compatibility, etc.),
computer science (software engineering, knowledge on alevel that would enable them to evaluate the content of
a programmer’s job — hours of work, costs, and time, familiarity with considerations for selection/planning
computer peripheral components or equipment), support engineering and ILS — Integrated Logistics Support
(maintenance and support principles, levels of maintenance, service measures, spares, long-lead spares,
inventory, inventory turnover, inventory levels, inventory consumption, manuals, technical handbooks, technical

training).

8. CONCLUSION

From an analysis of the results, it would appear that engineers with certain personal characteristics can acquire or
enhance their CEST in agradual and long term process, by appropriate training, job rotation, systems work roles,
job design and development programs. Executing a wide range of jobs enables the engineer to get acquainted
with many systems and technologies, as well as acquire broad experience, learn from others’ experiences and
work on teams with engineers who have systems engineering thinking and are dealing with areas that require
CEST. Nevertheless, work tenure and experience are not enough for an engineer to gain CEST. There are many
veteran engineers who have never attained it. Many of those who participated in the studies said that, often, an
engineer with potential high CEST will demonstrate it even in the first two or three years of their first position.

Moreover, in the second study it was shown that the capacity for engineering systems thinking can be devel oped
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in the early stages of engineering education. These two findings bear witness to the fact that there are additional

factorsthat allow engineers to acquire CEST —innate potential is probably one of them.

During these studies, it became clear that a quantitative tool for assessing CEST is currently not available,
and that such a tool is needed. Such a tool may also be used for classification and selection of engineers in
industry and government, as well as engineering students. Based on the results presented here, a follow-on study
that includes quantitative measurements is being designed. To this end, a test for assessing the capacity for
engineering systems thinking is currently being devel oped.
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This article views the organisation from the perspective of its culture — the people who comprise the organisation and how they
communicate because communicationsis avital ingredient to the success of any enterprise. Once work is split up between different
people the need to communi cate shows up. One of the many barriers to successful communications is the background of each
individual which assigns different meanings to words. Consider the word “secure”. When told to “secure” abuilding it has been related
that inthe USA,
e The Navy issues apurchase order for the building.
e TheAir Force locks the doors and turns on the alarm systems.
e The Army evacuates the personnel, then locks the doors and turns on the alarm systems.
e The Marines assault the building using ground troops and air support, and then deploy squadsin and around the building

checking the credentias of al who aspire to enter the building.

This example illustrates a subtle communications problem. When one hears unknown words, such asin aforeign language, the failure
to communicate is obvious. However, when one hears words that sound correct in the context, the failure to communicate is not
realised and sometimes produces serious consequences. This situation can happen when communications takes place between different
organisations, different national cultures and even different engineering specialties as demonstrated in this article. The differences
between systems and software engineers has been chosen as a demonstration, because in the last three decades of the 20th Century, a
period roughly matching software engineering’s history, the development of complex projects seems to have resulted in massive
failures. This article provides some insight that the failure of systems and software engineers to communicate, and more importantly
their failure to understand that they are not communicating, may be a hitherto undetected cause of the failures experienced in
developing today’ s complex projects. The article then explores some of the reasons for the communications failure and recommends an
approach for improving the ability of systems and software engineers to communicate.

Five thousand years of experience in hardware engineering have provided its practitioners with methodol ogies that have, in the main,
been successful. It was during that time that projects were engineered. Only in the last three decades of the 20th Century, hasthe
development of complex projects been plagued by massive failures. Y et when seen from a historical perspective the complex projects
of the last three decades are no more complex than the large engineering projects of the past, projects like the railroads, canals,

3 Acknowledgment is made to John Gray Ph.D. for the use of his metaphor.

* This chapter is based on - Kasser J.E., Shoshany S., “Systems Engineers are from Mars, Software Engineers are from Venus”,
proceedings of the 13th International Conference on Software & Systems Engineering and their Applications, Paris, France, 2000, and
- Kasser J.E., Shoshany S., “Bridging the Communications Gap between Systems and Software Engineering”, proceedings of the
INCOSE-UK Spring Symposium, 2001.

INCOSE_IL/ILTAM 35 7X1Wn NRAYNA 'oTnn 7w nyn and



PV NCOSEIL NIDIAIYND J:I 7
The Voice qf the Systems

pyramids and military sieges, within the constraints of the then-available tools and technology®. The growing recognition that the
multidisciplinary environment in which today’s complex software intensive systems are developed is characterized by poor
reguirements, poor change management and poorly defined processes resulted in several approaches to improve software development,
including:

e Thedevelopment of Computer Aided Software Engineering (CASE) Tools.

The focus on process and methodology embodied in the | SO/IEEE standards.

The United States of America’ s DOD initiated Software CMM.

The development of the “domain abstraction concept” in object-oriented Methodol ogies (OOM).

The adoption of the UML.

The development of reusable generic software components.

Theinclusion of software engineerson IPTs.

However the adoption of these approaches will not guarantee that current and future software based complex projects will not fail. This
is because the projects that software engineers develop do not exist in a vacuum (Pfleeger, 1998). Software cannot perform its function
without an underlying hardware platform. Consequently, software engineers need to communicate with the systems engineers,
hardware engineers and the other members of the IPT.

During the course of some research Sharon Shoshany (the software engineer) and | (the systems engineer) realized that a
communications gulf existed between systems and software engineers, and tried to identify it. After some discussion® we developed a
conceptual meta-model of the system development process within the System Life Cycle (SLC). The meta-model, which became our
Rosetta stone, summarizes the development process in the following manner: When faced with the problem of meeting the customer’s
needs:
e Engineersdon’t aways reuse solutions or components that worked in the past; they reinvent them or try to invent

New ones.
e Even when engineerstry to reuse solutions or components that worked in the past, according to good engineering

practice, there are two implementation choices:

1. The problem is similar to other problems that have been solved in the past. Thus this time
around, providing a similar solution may solve the problem. The process then becomes one of
identifying the applicability of the solutions of the past, to the problem of the present and
applying the elements of one or more solutions of the past to solve the problem of the present.

2. The problem is unique so there are no known solutions. The process then becomes one of
identifying a solution that makes the maximum use of existing solutions to past problems
(components) and the minimum use of components to be developed so as to reduce the risk of
non-delivery on time and within budget.

At thistime, while we came to the realization that while much of the communication problem was with the semantics; we also
identified other underlying barriers including:

e Training and Background Differences

A lack of respect for the other’s profession.

The use of language

Therole of systems engineer in the SLC.

Different Concepts.

Before considering each of the barriers to communicationsit isimportant to distinguish between atrue barrier, and poor application of
the methodol ogy since each engineering discipline has both good and bad practitioners. Each barrier in the above list is discussed in
this chapter and several examples are cited from the published literature as well asfrom personal experience.

Training and Background Differences
This section analyses the different training and background of software, systems, and hardware engineers.

Hardware Engineers

The most common background for system engineersis hardware engineering. Moreover, hardware engineering is often used as a
reference when describing generic processes. Therefore it isimportant to understand the background of the hardware engineer.
Hardware engineers have been using models and blueprintsin the form of schematic diagrams and sketches since the early days of

° While we can see the products or outputs of those development processes, little information about cost and schedule overruns or prior
failures has survived through the ages.

® No blood was shed in the process but we came close.
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engineering. They aso use a component-based methodology. However, they develop components that are physical in nature, e.g. black
boxes, printed circuit boards, integrated circuits and subsystems. When hardware engineers design adigital system, they use integrated
circuits. The hardware engineer will pattern match sections of the design to the offerings in the vendor’ s family of components. They
then partition the design to make use of standard components and design a small amount of custom circuitry as required to interface
between the standard components. The physical nature of the components themselves enforces the mapping of functionality onto
physical components.

Software Engineers

In its early days software devel opment practitioners used two basic approaches. Some developed their own libraries of subroutines or
modules for functions, that once debugged, could be used in other programs. The majority however:
e Tried to implement the same functionsin various ways in different projects.
e Suffered from the “not invented here” syndrome and would not reuse code from external
Sources.
o Failed to obtain the benefits of code reuse because they either changed working code or
reused the code in a context different from its origina one and the difference was the
cause of the failure.

However, software engineers have since matured and created several more important methodologies, including
e Componentwar e - Components are large grained entities that are defined by their
interfaces (services provided and demanded) and can be independently developed and
used (Szyperski, 1997). The component approach promises to turn software devel opment
to software assembly in a similar manner to the use of integrated circuits by the hardware
engineer.
e Design Patterns—away of expressing general solutions to recurring problems.
e Abstract modelling — a systematic way of capturing the system requirementsin an
abstract, consistent and compl ete manner.

Software engineers are often in the vanguard when it comes to system changes due to:

e  The common misconception that it is easier to make software changes than hardware
changes.

e Softwareisresponsible in most cases for the user interfaces — an area constantly requiring
changes.

Software engineers are often a product of athree-year undergraduate course of computer and information science. This course seldom
teaches math and physics at alevel that is considered basic for engineering.

“What do you mean you don’t know what a Fourier Transformis’ yelled the systems engineer at the software engineer.
With current technology at hand, software graduates rarely come to consider Hardware as constraint or consideration.
“No wonder most IT systems tend to crash at their first field test” grumbled the systems engineer).

In ascan of the indices of books about software engineering and development picked at random from those used for, or considered for
use for, teaching software engineering and management at the postgraduate level, the following books identified the term ‘ systems
engineering’ in their indices’. (Shumate and Keller, 1992; Pressman, 1993; Sommerville, 1998; Donaldson and Siegel, 1997; Brodie,
2001; Pressman, 2005; Endres and Rombach, 2003). The remainder made no mention of the term (Shlaer and Mellor, 1988; Marcotty,
1991; Jacobson, Christerson, Jonsson and _vergarrd, 1993; Arthur, 1993; Y ourdon, 1993; Gamma, Helm, Johnson and Vlissides, 1995;
Perry, 2000; DeMarco, 1995; Humphrey, 1995; Metzger and Boddie, 1996; Berg, Leviaand Rouillard, 1996; Y ourdon and Argila,
1993; Budd, 1996; Fowler, 1997; Weinberg, 1998; Bass, Clements and Kazman, 1998; DeMarco and Lister, 1999; Van Vliet, 2000;
Britton and Doake, 2003). Even (Peters and Pedrycz, 2000) made no mention of systems engineering in their index. Thus a generation
of software engineers seemingly was being taught to engineer software without knowing much about traditional engineering and what
function systems engineers perform.

In addition, software engineering which does not directly address systems engineering is also teaching methodologies for €liciting
reguirements (e.g. Use Cases and business objects). At the sametimeit is ready to accept the system engineer as arequirement source
in the manner of any other stakeholder.

" Two of the books are used in the management classes not the engineering classes.
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System Engineers

Systems engineersin general havelittle if any formal training in systems engineering. They graduated to the discipline from another
engineering discipline, mostly from hardware; therefore the software engineer claims that they may not have an understanding of the
nature of software. In addition, software engineers are assuming the role of the systems engineer in software-intensive systems.

The systems engineering community has recognized the need for formal education and training in systems engineering (Faulconbridge
and Ryan, 1999; Kasser, 2000). A scan of the indices of books on systems engineering for the word “ software” had mixed results.
Software is cited in the index of several books on systems engineering (Rechtin, 1991; Thome, 1993; Eisner, 1997; Kendall and
Kendall, 1997; Martin, 1997; Blanchard, 1998; Faulconbridge and Ryan, 2003). And athough the requirements for software
engineering are discussed in the context of adapting (MIL-STD_2167A, 1998) to systems engineering in (Kasser, 1995), software only
shows up in the bibliography section of (Martin, 1997) and fails to show up completely in two books (Buede, 2000; Hitchins, 1993).

“Yes’ pointed out the software engineer “while (Buede, 2000) doesn't list software engineering in itsindex, it borrows alot of terms
and concepts from software engineering”.

The lack of mutual respect

IPTs containing engineers from multiple disciplines develop today’s complex projects. One of the characteristics of successful teamsis
respect for each other’s specialty knowledge. Y et systems and software engineers, in general tend to have little respect for each other.
This section explores the following reasons that system and software engineersfail to respect each other:

e Thediscipline of engineering

e  Poor engineering practice

e Theuse of language

Thediscipline of engineering

Many of the software development personnel are not engineers but are programmers (eguivalent to technicians). Other software
engineerslack aformal background in math and physics which tends to preclude them from fully understanding a system that has more
then just software in it. On the other hand, many hardware and systems engineers have some programming experience which makes
them believe that they are “ software experts’. Comments heard in organizations included:

e “ltried using areal time operating system 15 years ago and it didn’t work, therefore it shall not be used in my project”.

e “Thisis something that my high school kid can program in aweek”.

Additionally, systems engineers expect software designs to be yet another direct functional decomposition of the system design, and
they get confused when the designs don't look that way.

"Why did they redo my nice object diagram” pondered the confused systems engineer?
Poor engineering practice

Some software engineers feel that systems engineers seldom provide the process-product deliveries expected from them. The software
engineer claimed that she knew of several organizations that had to retrain their system engineers when going through the Capability
Maturity Model (CMM) processin order to be able to qualify for the Level 2. Other common complaints were:
e “They keep handing us new requirements on the way to the canteen”.
e “They fail to uncover al the system behaviour issuesin their requirements, concentrating on the static and most

apparent ones’.

These examples of poor systems engineering lowered the respect for systems engineersin the eyes of the software engineers. On the
other hand, from the systems engineer’ s perspective, Watts Humphrey created a CMM for the individual called the Personal Software
Process (PSP) (Humphrey, 1995).

“His process, used by systems and hardware engineers for years, is being treated with wonder by the software engineering community
because of the reception that the PSP is receiving” said the system engineer.

“Please don’t mention the PSP,” she retorted, “The PSP never was an issue in my community and was never actually mentioned or
used”.

“But listen to this” said the systems engineer quoting “ These techniques (the CMM, PSP, and others like them) apply basic engineering
and management principles to software. Over the years, we software practitioners convinced ourselves that software was different. The
basics did not apply to us; we needed to break the mould. We were wrong. Software is different in some ways, but it has morein
common with other fields than we want to admit. We must use what others have proven works at work” (Phillips, 1998).
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In his eyes this quotation proves what systems engineering has held for along time, namely, software engineering is one of many
engineering disciplines.

The systems engineer then picked up abook on software reusability and read “In well-established disciplines like civil or electrical
engineering, reuse is based on the existence of previously coded knowledge. There are two different levels of reuse to consider: (1) the
reuse of ideas or knowledge and (2) the reuse of particular artefacts and components... Electrical engineers, for example, consult
component catalogues, check which available part best fits the design constraint, and, in some cases, relax the original design
requirements to take advantage of existing components (Prieto-Diaz, 1987).

He, the systems engineer agrees with the author but thinks that it is poor engineering practice to relax the original design requirements
without consulting the customer. He has seen it happen in the world of systems engineering and knows that the correct approach, the
relaxation of requirements takes the form of a change request, the after the Configuration Control Board has accepted the request, a
sensitivity analysis and an informed decision with the customer. He reads on to discover

“We propose a model for reusability based on these observations and on the assumption that available components usually do not
match the requirements perfectly, making adaptation the rule rather than the exception. Our approach is to provide an environment
that helps locate components and that estimates the adaptation and conversion effort necessary for their reuse. The reuse processis as
follows:

A set of functional specificationsis given. The user then searches a library of available
components to find the candidates that satisfy the specifications.

|f a component that satisfies all the specificationsis available, reusing it becomestrivial”.
Thisisgood stuff he thinks; software engineering has finally learnt to use components properly. He then reads on and discovers the
following text:

“Moretypically, several candidates exist, each satisfying some specifications. We call them similar components. In this case, the
problem becomes one of selecting and ranking the available candidates based on how well they match the requirements and on the
effort required to adapt the non-matching specifications. Once an ordered list of similar candidates is available, the re-user selects the
easiest to reuse and adaptsit” .

“Adaptation!” criesthe systems engineer, “that’s like performing the functional equivalent of drilling into an integrated circuit and
attaching awire internally, instead of designing some external circuitry to interface the wire to the component”.

“No” replies the software engineer, “ Adaptation does not necessarily mean changing or modifying the component. For example, when
you bring a 110 Volt radio from the USA to Australia which uses 220 V olts how do you adapt it?”

“WEell you can change the power supply internally, or add a transformer externally” was the reply.

“So the word adapt does not necessarily mean modify!” she said triumphantly.

“Yes’ he admitted.

“So why did you immediately associate ‘ adapt’ with ‘modify’? She asked.

“Because in my experience, that’s what software engineers did, years ago” he replied.

After some discussion they agreed that indeed it was the perception that drove the redlity, and even if today’ s software developers did
not modify existing components, the systems engineer’ s perception, based on his experience, shaped his lack of respect for software
engineers.

In addition systems engineers have the perception that software engineering much the same as any other engineering disciplineis
characterized by poor practice. For example, as the systems engineer said, (Boehm, 2000) states “ the software drives system
considerations such as performance and cost. For example, in a recent survey of 16 books on object-oriented design, only six had the
word ‘performance’ in their index, and only two had the word ‘cost’“ .

“From the system engineering perspective, requirements drive performance and cost as well as functionality, which in turn drive the
software and all other parts of the system. So why should Boehm in the year 2000 have to point out cost and performance to software
engineering?’ he asked.

Shereplied “You will not find cost in hardware engineering text books either, simply because the books discuss technology and not
management. On the other hand | agree that in some areas of information systems technology performance is not treated with enough

respect”.
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The use of language

Just as a common language opens the door to communication, so too the lack of it erects a barrier not easily overcome (Cox, 1996).
However, even with acommon language, communications is not guaranteed. While the notion that Great Britain and the United States
are separated by a common language (Shaw, 1925) may be known, its ramifications are subtle and it is not an easy concept to
understand unless one has been sensitised to it. An example of the situation occurred in the mid 1970’ s during contract negotiations
between the Communications Satellite Corporation (COMSAT) and British Aerospace. The language of the meeting was English. The
meeting became stuck on one point. Someone then suggested “tabling the issue”. Both sides agreed and the meeting deteriorated. The
situation was much improved when the bi-lingual interpreter pointed out that the verb “to table” meansin:

e English -to place the subject on top of the table for immediate discussion.

e American - to place the subject under the table or put it away for later discussion.

Consider the following SLC analogue, concerning the meaning of the word “component”.
The systems engineer quoted (Buede, 2000) page 50

“ A component of a systemis a subset of the physical realization (and the physical architecture) of the system to which a subset of the
system' s functions have been (will be) allocated” .

They agreed that systems engineers live in the physical world and the software engineer also stressed that components are not only
physical but are also logical. So they decided to look up the UML 1.3 definition of a component (UML, 1999), and found:

“ A component is a physical, replaceable part of a system that packages implementation and provides the realization of a set of
interfaces. A component represents a physical piece of implementation of a system, including software code (source, binary or
executable) or equivalents such as scripts or command files” .

“So components ARE physical” said the systems engineer, to which she replied “What' s physical for usislogical for you”.
She explained further “ software engineering separates the issue of component (what it does) from both deployment (where it executes)
and from its instances (how many times it runs). It creates another layer of abstraction that has more in it than just the physical entity as

thought of by systems engineering. “

They then looked up the definition of acomponent in UML Version 2.0 and found the definition of a component as “a modular unit
with well-defined interfaces that is replaceable within its environment” (UML, 2005).

“That meansit can be physical or logical” she said.
“1 think I’m getting a headache” he sighed.

The following day he found a cartoon, shown in Figure 1, which, they both agreed seemed to express the situation and should be
consulted before any discussion with a person from another discipline to sensitise the participants to the pitfalls associated with the use
of ambiguous wording.

HAGAR the Horrible By Dik Browne

| THINK [

BET YoU CAN'T
0o THAT/

|

Figure 1 Cartoon illustrating ambiguity in wording

The role of systems engineer in the SLC

“Modern information technology products, even the software-intensive ones, are complex enough to require application of techniques
from both disciplines. Accordingly, it becomes important to understand the relationships between relevant standards for systems and
software engineering” (Moore, 1998).

(1SO 12207) depicts the link between system and software as: “ This standard establishes a strong link between a system and its
software. It is based upon the general principles of systems engineering. The basic components of systems engineering (e.g., analysis,
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design, fabrication, evaluation, testing, integration, manufacturing, and storage/distribution) form the foundation for software
engineering in the standard. This standard provides the minimum system context for software. Software is treated as an integral part of
the total system and performs certain functionsin that system. Thisisimplemented by extracting the software requirements from the
system requirements and design, producing the software, and integrating it into the system” .

While mentioning systems engineering, the standard is silent asto the role of systems engineers. A search through engineering
textbooks and other sources for the role of systems engineers showed that systems engineering is defined in several ways. A
representative sample of definitions was shown in Table 1. These different perceptions of systems engineering illustrate the point that
systems engineers themselves had different perceptions as to their role in the SLC (Kasser, 1996). For example, the systems engineer
pointed out that systems engineers might direct or perform:

e Thehigh level design.

Requirements and interface management.

Activities that are not performed by other specialty disciplines.

Inter-group coordination.

The advocacy for the customer during the design and test phases of the task and whenever the customer is not

present.

After viewing the list the software engineer pointed-out in disdain "with so many definitions no wonder you get us confused, asto your
role".

Table 1 A selection of definitions of systems engineering as published in chronological order

The combination of advanced chemical engineering science with the tool of electronic computers and the viewpoint
of considering the process as an entity (Williams, 1961).
Systems engineering considers the content of the reservoir of new knowledge, then plans and participates in the
action of projects and whole programs of projects leading to applications. It considers the needs of its customers and
determines how these can best be met in the light of all knowledge both old and new. Thus systems engineering
operates in the space between research and business, and assumes the attitudes of both. For those projects which it
finds most worthwhile for development, it formulates the operational, performance and economic objectives, and
the broad technical plan to be followed (Hall, 1962) page 4).
The science of designing complex systemsin their totality to ensure that the component sub-systems making up the
system are designed, fitted together, checked and operated in the most efficient way (Jenkins, 1969).
Systems engineering covers the comprehensive aspects of engineering practice, and the application of the modern
rational approach to the formulation and solution of technical problems (Au and Stelson, 1969) page 1)
The application of scientific and engineering efforts to transform an operational need into a description of system
performance parameters and a system configuration through the use of an iterative process of definition, synthesis,
analysis, design, test, and evaluation; integrate related technical parameters and Ensures compatibility of al
physical, functional, and program interfaces in a manner that optimises the total system definition and design;
integrate reliability, maintainability, safety, survivability, human engineering, and other such factorsinto the total
engineering effort to meet cost, schedule, supportability, and technical performance objectives.(MIL-STD-499A,
1974).
The transforming of an operational need into a description of system performance parameters and a system
configuration. (FM_770-78, 1979)
A hybrid methodol ogy that combines policy analysis, design and management. It aims to ensure that a complex
man-made system, selected from the range of options on offer, is the one most likely to satisfy the owner’s
objectives in the context of long-term future operational or market environments (M'Pherson, 1986) pages 330-331).
An iterative process of top-down synthesis, development, and operation of areal-world system that satisfies, in a
near-optimal manner, the full range of requirements for the system (Eisner, 1988) page 17).
The management function which controls the total system development effort for the purpose of achieving an
optimum balance of all system elements. It is a process which transforms an operational need into a description of
system parameters and integrates those parameters to optimise the overall system effectiveness (DSMC, 1989;
SEMG, 1990) pages 1-2).
A robust approach to the design and creation of systems to accomplish desired ends (Chamberlain and Shishko,
1991) page 23).
An interdisciplinary approach to evolve and verify an integrated and life cycle balanced set of system product and
process solutions that satisfy customer needs. Systems engineering:

a) encompasses the scientific and engineering efforts related to the devel opment,

manufacturing, verification, deployment, operations, support, and disposal of system
products and processes,

b) develops needed user training equipments, procedures, and data,

c) establishes and maintains configuration management of the system,

d) developswork breakdown structures and statements of work, and
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€) providesinformation for management decision making (MIL-STD-499B, 1992).

A management technology (Sage, 1992) page 1).

The design, production, and maintenance of trustworthy systems within cost and time constraints (Sage, 1992) page
10).

Theintellectual, academic and professional discipline the principal concern of which is the responsibility to ensure
that all requirements for a bioware/hardware/software system are satisfied throughout the life of the system
(Wymore, 1993) page 5)

Integrates all the disciplines and specialty groupsinto ateam effort forming a structured devel opment process that
proceeds from concept to production to operation. systems engineering considers both the business and the technical
needs of all customers with the goal of providing a quality product that meets the user needs (Sage, 1995) .

A discipline created to compensate for the lack of strategic technical knowledge and experience by middle and
project managers in organizations functioning according to Taylor’s “ Principles of Scientific Management”
(Chapter 2).

Comprises systems analysis, systems integration and human factors including human-computer
interaction.(Anderson and Dibb, 1996)

The activity of specifying, designing, implementing, validating, installing and maintaining systems as awhole
(Sommerville, 1998).

A complex collection of interactive units and subsystems within a single product, jointly performing a wide range
of independent functions to meet a specific operational mission or need (Shenhar and Bonen, 1997).

A set of activitieswhich control the overall design, development, implementation and integration of a complex set
of interacting components or systems to meet the needs of all the users (DERA, 1997).

An interdisciplinary approach and means to enable the realisation of successful systems. It focuses on defining
customer needs and required functionality early in the devel opment cycle, documenting requirements, then
proceeding with design synthesis and system validation while considering the complete problem. (INCOSE, 2000).
The design and analysis process which decomposes an application into software and hardware (Brodie, 2001) page
249)

The process that identifies the technical characteristics and operating rules of that system that best achieves the
objectives in question (Westerman, 2001) page 6).

The art and science of creating systems (Hitchins, 2003)

Deals with the planning, devel opment, and administration of complex systems, particularly of computing systems
(Endres and Rombach, 2003) page 1).

Provides a framework, within which complex systems can be adequately defined, analysed, specified,
manufactured, operated, and supported (Faulconbridge and Ryan, 2003).

Guides the engineering of complex systems (Kossiakoff and Sweet, 2003)

“In addition”, he said, “in the 20" and 21% Century paradigms, which are based on building hardware, systems engineers convert
customer needs to system requirements’, and he then quoted from (Kasser, 1996).

Most of today' s systems engineers really appear (work as) to be Requirements and Interface Engineers. They have the responsibility to
validate the requirements since there' slittle point in building a system which conforms to requirements if the requirements are
incorrect” .

“In the 21% Century paradigm, the system engineer should lead the Integrated Process Team (IPT)”. He added, to which she pointed
out, “some modern software-intensive systems can be devel oped effectively without systems engineers as long as the software
engineers perform the requirements elicitation function”.

To which he replied “ (Pfleeger, 1998) begins the process of describing a system by naming its parts and then identifying how the
component parts are related to each other. The system is analysed in terms of objects and activities. Thereisarole for requirements
engineering to capture the system level requirements, but the book is silent as to how the requirements are allocated between the
software and hardware subsystems”.

The use of concepts

As an example of the different interpretations of concepts this section addresses the differences in the following concepts:
e Inheritance

Blueprints

Models

Objects and classes

Architecture
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e Adaption
e Useof viewpoints

Inheritance

Systems and hardware engineers use inheritance in the form of physical and domain knowledge as shown in the following examples:
e When they build a printed circuit board they inherit mechanical aspects (size and shape) from other printed circuit
boards. The board may also inherit connectors and interface circuits from previous boards.
e  Spacecraft inherit environmental propertiesi.e. thermal vacuum, thermal, and vibration.
e Aircraft inherit attributes to make them airworthy.
e  Shipsinherit attributes to stop them from sinking and protect them from the long term effects of seawater.

However they do not generally realize that they are employing the concept of inheritance, other than the obvious case of reuse, so they
have no methodology for using the concept.

Software engineering uses inheritance as an integral part of object-oriented techniques. In modern software engineering you can inherit
any classifier: interface, class, use case etc., thus creating a powerful way of expressing and implementing ideas for specialization and
generalization, accompanied by rules of refinement.

Blueprints

“We have always used Blueprints in the form of engineering drawings’ he said.
“We software engineer use blueprints as a metaphor claiming that software is always a blueprint even when implemented,” she
countered.

Models

“In my view amodel is arepresentation of aproduct” he said. She replied “amodel is away of expressing knowledge in an abstract
way, yet exact, without showing unnecessary details. We can use amodel during analysis or design. We can use amodel to generate
implementation. Software engineers model as away of communicating knowledge”

Objects and classes

In software engineering:

e Anobject isadiscrete entity with awell-defined boundary and identity that encapsulates state and
behaviour. An object isarole-centred entity with internal data and a set of operations provided for
that data. An object is an instance of aclass.

e A classisthetype of an object. A classis adescriptor for aset of objects that share the same
attributes, operations (methods), relationships and behaviour. Examples are a set of people, places,
things or transactions that share common attributes and perform common functions (Dewitz, 1996).
A class might capture real-world concept or design concept. A class can inherit another class's
operation, relationship and behaviour either for expressing commonalties or as away of making a
more specific class. Objects can be instantiated from every class (not just from the more specialized
one).

Objects and Classes originally were used in Object-Oriented Programming (OOP) to achieve encapsulation, reuse, inheritance and
abstraction, later migrated to Object-Oriented Analysis (OOA) as away of capturing the real world (the holistic approach).

In systems engineering an object is a subsystem. There is no concept of class. “It goes back to the fact that you are actually not
inheriting” she pointed out.

Architecture

In software engineering an Architectureis

“The organizational structure and associated behaviour of a system. An architecture can be recursively decomposed into parts that
interact through interfaces, relationships that connect parts, and constraints for assembling parts. Parts that interact through
interfaces include classes, components and subsystems’ (UML, 1999).

or/and

“The set of design decisions about any system (or smaller component) that keeps its implementers and maintainers from exercising
needless creativity” (D'Souza and Willis, 1998).

In systems engineering, the architecture of a system consists of the structure(s) of its parts (including design-time, test-time, and run-

time hardware and software parts), the nature and relevant externally visible properties of those parts (modules with interfaces,
hardware units, objects), and the relationships and constraints between them. There are a great many possibly interesting relationships.
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“On the first reading they both look the same” she said, then added, “the software is adding a layer of abstraction that allowsthe
developer to extend his problem dimensions’.

“And later definitions include system evolution”, he replied. “ For example, the United States Department of Defense Architecture
Framework (DODAF) provides the following definition of an Architecture — *the structure of components, their relationships, and the
principles and guidelines governing their design and evolution over time' (DoDAF, 2004)“.

Adaptation
The concept of Adaptation was addressed above.

Use of viewpoints.

Systems engineers' views tend to be constrained in the physical realm. So they tend to mix the physical and abstract views (Lykins,
Friedenthal and Meilich, 2000). This tends to result in a one-to-one mapping between the functional and the physical. Software
engineers may pick any number of abstract views and try to separate concerns by splitting them to different yet related viewpoints.

Discussion

There are several reasons for the gulf separating software engineering from the hard engineering disciplinesincluding:

e Systems engineers tend to think physically, and move rapidly to solutions. They do this using the reductionist approach
of partitioning the big problem into a number of smaller problems on the assumption that if all the small problems are
solved, then the big problem will also be solved. They aso have awide range of al sorts of components to assemble
into their architectures (resistors, computers, tanks, aircraft, etc.)

e Hardware components generally evolved from one specific application to other applications. Systems and hardware
engineers tend to focus on solving the problem, if they have to build a component, it tends to be a special purpose
component optimised for that application. Hardware engineers constructed their own computer cards until vendor
components become available. Similarly, companies developed proprietary network protocols until standards were
adopted. Software engineers tend to think in abstractions and try to find an elegant solution to the problem (sometime
staying abstract for alonger period than the system engineer feels comfortable with). In general, software does not have
the benefit of thousands of years of component development. Thus when developing applications, software engineers
may try to develop them in amanner that allows them be reused in the same or in other yet to be specified applications.

e A magjor barrier isthe semantic barrier due to the different perceptions of the use of words. Both sides must be made
aware that the situation is akin to Humpty Dumpty telling Alice that when he uses aword it means just what he chooses
it to mean — neither more nor less (Carroll, 1872).

Conseguently, in an exchange of information, each side should use active listening techniques to minimize loss of meaning across the
gap in their common interface.

Bridging the communications gap between systems and software engineers

In recent years advances have been achieved in two areas that have the potential of dealing with the explored gap. These two areas are:
1. CMMI —the extension of CMM to address both software and systems engineering issues became wide
spread
2. SysML —the adaptation of UML to address system views was defined

However while exploring the effect of these on the communication gap, the known symptoms still emerge:
1. Most practitioners and supporting personal of the CMMI come from the software arena causing repeated comments from
the traditional systems engineering community —"it must fit software projects”.
2. The additions made to the SysML are mainly of the physical diagrams— and the amazing requirements diagram that tries
to model things even if it does not need modelling.
3. Theuse of asemi common language to describe system and software |eads to expectations of direct decomposition which
of course does not follow.

Therefore while improving the situation the gap still remains.

The key element in bridging the communi cations gap between systems and software engineersis to use active listening enhanced by
“pattern matching” during discussions. For example, during a meeting discussing a scenario, design issue or requirement, they can
often be seen to be similar to previous encounters. Thus when faced with a problem, the project team should first review this chapter
which will sensitise them to the issues and the potentia barriers to communications. Only then should the discussions take place.
During these discussions different people may recognize different similarities to previous encounters. Let each take aturn in explaining
what pattern they recognize and why. Thus for example
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Systems engineering may recognize a Type A scenario.

Hardware engineering may recognize a Type B situation.

Software engineering may see it asa Type C.

Reliability engineering may seeit as a cross between a Type B and a Type C.

Participants in the meeting should use active listening techniques enhanced by pattern matching to apply feed back to the
communications process to maximize the probability of sharing the meaning. Active listening is a standard technique for applying the
feedback principle to inter-personal communications to minimize errors in conveying the meaning from one person to another. Active
listening first recognizes that during a conversation, most people do not listen to what the other person is saying. They are too busy
planning what they will say when the other person pauses. Standard active listening comprises the following multi-step process:

When the other person speaks gives them your full attention and look them straight in the eyes. Then begin iteration loop.

1. Listento everything the other person says and try to understand it fully.

2. Ask questionsto clarify anything you don’t understand and anal yse the response.

3. Rephrase what you have heard in your own words and ask the speaker if they meant what you are about to say. Use words
such as “if | understand you, then ....... ", or “Doyou mean....."” Thisisthe principle of applying feedback.

4. If, after you have rephrased what has been said and the person says, “No that’s not it!” or the equivalent, then go back to
step 2. Y ou may need to invoke the STALL technique at this time (see below).

5. When the speaker finally agrees with you, then you have (most probably) actually communicated and shared meaning.

6. Inmodifying active listening by the use of pattern matching, change Step 3 to incorporate the pattern by adding words such
as “thisreminds me of the [Type A Scenario]”, and “isn’t thissimilar to [Type B]” and explain why you find asimilarity in
the current situation. Use a metaphor appropriate to the other party such as sport.

During the conversation use the STALL approach to regulate matters®. STALL is an acronym for

Stay calm

Think

Ask questions and analyse
Listen

Listen

Y ou have two ears and one mouth, use them in that ratio.

"It sounds a bit like marriage counselling” said the tired software engineer.

Summary

This chapter has provided some insight that the failure of systems and software engineers to communicate, and more importantly their
failure to understand that they are not communicating, may be a hitherto undetected cause of the failures of today’ s complex projects.
The chapter then explored some of the reasons for the communications failure and recommended enhancing active listening with
pattern matching as approach to bridging the communications gap. Active listening is a well-established technique for bridging
communications problems and sharing meaning.

Conclusion

Systems and software engineers think differently, come from different backgrounds and use different vocabularies, hence stretching the
point, it can be stated that systems engineers are from Mars and software engineers are from Venus.

8 Stalling is a good way to initially deal with most problem situations.
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