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Abstract: This paper addresses a number of long-running deladtout the scope and
boundaries of systems engineering, and about cem@gtspecialisation and differentiation
of “systems engineers” within these boundaries. Wauthors have proposed segmentation
of systems engineering based on one or multiple akdifferentiation. Some emphasise the
need for “T-shaped people”, expert in one areangfreeering but able to work across many.
This paper builds on the existing literature to@étan integrated framework for
understanding the internal “flavours” and specaians of systems engineering, within the
overall scope and boundary of systems engineesmgfned by the BKCASE SEBOK. The
paper is intended to inform senior leaders in systengineering organisations responsible
for organisational and workforce development.

INTRODUCTION
Five major drivers are forcing the systems engingescommunity to provide a clearer
definition of the extent and limitations of whassyms engineering is and can deliver, and
what systems engineers do. These drivers are:

* Increasing complexity of real world problems andmlong between systems of all sorts —
including technical, organisational, societal andinmental systems —creates a new
demand for people who can apply a “systems apptdagirovide coherent and effective
solutions to complex large-scale multi-domain peoi

* The need to improve organisational performancesléac focus on lean thinking for
end-to-end value (including supply chain integnatmd through-life service provision),
on specialisation to improve efficiency, and onsflaped people” (Elliott et al) who can
clarify and align purpose and provide leadershipssdiverse stakeholder groups

* The need to extend current systems engineeringeframks to include sustainability
considerations means that systems engineers nesgaod their system boundary to
include “eco-systems” and “geo-systems”.

* Systems and Software engineering “coming togethetérdependence of SE/SW for a
very important and increasingly widespread classoafiplex system solutions, and a
wide dissatisfaction with the effectiveness of ititerface between the two disciplines,



create a demand for improved skills in softwareriigdn among a large subset of the SE
community

» The overlap between systems engineering and pragedpnoject/engineering
management leads to lack of clarity on the unigeénical content and added value of
some key systems engineering roles, which we fracdbfien performed poorly or not at
all.

Can we expect Systems Engineers to master botataband environmental complexity and
the intricate skills required properly to define thystem requirements for software? This
would imply a very wide scope of generalisationgwdas the need for better organisational
performance might be best satisfied by increaspegialisation. A very important

community is looking to apply a systems approaachsstems thinking to a wider range of
complex large-scale socio-technical problems arehtpneering domains that do not involve
software. Yet the “burning platform” creating argent demand for change in many SE
organisations is increasing dissatisfaction withititerface between systems engineering and
software engineering, brought into sharp reliefdyyid deployment of model based software
engineering and agile software processes, neithghich fit well with traditional systems
engineering process models that focus on docunagewtseview processes. In many
organisations it seems that the workload on systgsieers is increasing due to increasing
demands to service programme and customer demamdishey therefore have less time to
attend to the needs of their software colleagudg@acquire the skills necessary to manage
this interface better.

This paper sets out a framework within which a gdaeslebate can be conducted about how
to manage these issues. It is presented in thrgger sections:

1. Models that explain and structure the extenigetsaand ambiguity of systems
engineering (the “what?”)

2. Models that explain the different flavours o$tgms engineering practice and
professional attainment (the “how?”)

3. Adiscussion of the difference between “whatays engineers do” and “the cross-
disciplinary landscape that needs systems thinkimtja systems approach” (the “who?”).

Models that explain and structure the extent and va  riety of systems
engineering (“the what"’?)

Core models
(Ring et al, 2008) identify “extent, variety and laiguity” (EVA) as the three key
characteristics of systems engineering. (GodfreyBinckley) insist that “ambiguity” has to
be handled by recognising and accepting uncertaimtychange rather than trying to
legislate them away through tight contracts; tteeesuccessful precedents for complex
systems being delivered on time and on budget wsiligborative “win-win” commercial
constructs that align incentives to focus on commampose, where all parties are



incentivised to deal with risks and problems assa®they emerge in the way that minimises
total cost to the enterprise. Ambiguity in a sitolatcan be measured: for example Warfield's
“Spreadthink index” (Warfield, 2006) measures thgrement or otherwise of different
experts’ views of the relative importance of difet aspects of a complex situation.

Derek (Hitchins, 1995) described five types of sgst- subsystems and technical artefacts,
project systems, business systems, industry systathsocietal systems: this is a convenient
measure of the “extent” of a system. The 1ISO 1588dard (ISO, 2008) sets out a process
framework for managing the complete lifecycle gyatem - another dimension of “extent”.
Dave Stupples (Elliott et al, 2007) proposes that‘tariety” of systems engineering can be
measured in terms of “within a discipline”, mulgpdlisciplines”, and “socio-technical
integration”.

Extending existing models to include sustainability and
environment

The INCOSE UK SEASON report (Sillitto et al, 20¢8pvides a 3-dimensional model
which combines the Hitchins extent and Stupplegtyaaxes with a notional lifecycle based
on the ISO 15288 process architecture. In discassabout an appropriate model for the
Sustainable Systems Module at the University o$tBtj Sillitto and Godfrey extended all
three axes of the SEASON report model to accourdustainability considerations (Sillitto,
2009). The additions are as follows:

The Hitchins 5 layer system classification is exehto two further layers beyond “societal”
systems: “ecosystems” — characterised as anytlungining DNA; and the “geo-system™-
the physical universe. The Stupples three levelehisdextended to a fourth: environmental
integration. And the 15288 lifecycle model is exted to include re-use or recycle.

These extensions allow all factors affecting sustidie systems to be considered within
recognised and mutually compatible systems framlesvdt is important to realise that while
they are represented as orthogonal for simplicgglity is more complex; and of course the
need for a holistic understanding permeates aflirlagnd dimensions of this model.

It has been suggested that Hitchins levels 1-Gaaditatively different from the extensions
because they represent purposeful manmade systheiesewo and geo systems just “are”.
Leaving aside the obvious theological debate, gisi® do "engineer” ecosystems, and as we
move to geo-engineering we will also be attemptongngineer the energy balance of the
earth - indeed we have already re-engineered hioaritparticularly meaning to. Conversely,
many societal systems (and engineering systemgstdras!) are emergent and are not
consciously engineered.
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Figure 1: Sillitto/Godfrey extensions to Stupples, Hitchins and ISO 15288 models

Characterising variety
We can now map out the implications of the différ&tupples levels” and start to see what
this means in terms of the technical, mission-donaaid integration knowledge and
understanding involved in operating at the diffédemels. For the sake of completeness, the
aperture of “systems engineering within a discgglimcludes not only classical “hard”
system disciplines (structures, hardware and soffwedc.) but also “soft” system domains

(organizations, systems of business processeslysthgins, economic systems, political
systems, ecological systems, etc.).
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Figure 2: Extended Stupples levels
Systems engineering within a discipline: Stupples Level 1 is concerned with applying a
systems approach and systems engineering methtda widiscipline or technology. All of
the individual disciplines in level 1 may operat@a “extent” that requires a systems
approach and systems engineering methods. So ticegioof “systems engineering within a
discipline” is valid, and would be expected to ilwea high level of specific domain skills.
We can view the software component of a distributéarmation system as a distributed
software system in its own right. Similarly, theD“Bolts” that hold an aero engine to the
airframe (Price & Beasley) need to be designedaasghb a complete mechanical system to
maintain the structural integrity and performantée whole aircraft. Many university
courses with “systems engineering” in their naneecancerned with Level 1 SE, applying
systems approach within a discipline.
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Systems engineering across disciplines: Stupples Level 2 involves systems engineering
across several disciplines and is exemplified by:
* “product systems engineering” at Hitchins level 1;

» the classic “project systems engineering” role ixthins level 2.
The nature of interdisciplinary SE is differentla two Hitchins levels.

Systems Engineering at Hitchins Level 1 — refetcedbove as “product systems
engineering” - involves satisfying user needs oomtractual requirement statement through
the optimal (or “satisficing”) integration of mylie technologies into a complex product or
subsystem. Systems Engineering at this level reguire ability to engage in detail with the



technology experts and understand the trade-otfim@and between technology domains. In
products with a direct interface to the user, humfaators and usability should be included in
the inter-disciplinary skill-set.

The Stupples Level 2 role at Hitchins level 2 is thassic “INCOSE project systems
engineering” role in those cases where the humdroeganisational aspects of the
operational system are outside the boundary ofyetem of interest for which the project is
responsible. This role will be less focused on tebbgy integration and more on creating the
system architecture to achieve the required syteat behaviour and performance from
available or feasible subsystems. Again, humamfa@&nd usability should be included in
the inter-disciplinary skill-set.

In systems involving software, a critical skill ft8tupples level 2” systems engineers is the
ability correctly to scope, bound and specify tbftvgare content of their system and to
integrate the often quite disparate lifecycleshef $oftware element with the lifecycles of the
host hardware and the overall system. There is @fteension between a view of software as
a component within individual subsystems, and tievare system layer though the whole
system. Scalability and system of systems integmadre best served by viewing software as
a coherent “layer” through the whole system; whemagrammatic pressures often lead to
treating the software of each subsystem separateigh may lead to integration and
maintenance problems downstream in the form ofdrighipport cost and limitations on
wider system-of-systems integration.

Socio technical systemsintegration: As societal complexity increases, the dominant
systems problems are increasingly seen as sodadrganisational rather than technological;
and systems skills are seen as increasingly rel@valomains outside the traditional areas of
SE application. Many technical systems that mat g8pecifications have been unsuccessful
in operation. Many expensive software featuresuaigunused; whereas simple features in
systems prove to be unexpectedly usable and pofiataexample SMS messaging in mobile
phones, and chat-room technology in distributedroand and control systems).

Introduction of new systems usually involves matghthanges in culture, business process,
information flows, people skills and organisati®upples level 3 implies a skill in operating
across the socio technical boundary and beingtal@asure that a new system will be
successfully transitioned from technology developtte operation within a business or
enterprise to provide a useful service that detiwelue to stakeholders and society.

There is an increasing need for socio-technicdksys integration in both customer
organisations (as new technology systems need iticheasingly integrated with changes in
people, process and organisation to be effective)saipplier organisations (as contracts
increasingly demand that suppliers take respoiisitiar system operation and service
provision as well as or instead of system develagjne

Few people whose main experience is in Stupples eer 2 roles will comfortably slot into
level 3 ones; a different set of skills and behaxsds required to operate at Level 3. Even
fewer people, however widely skilled, will be albdehandle both the socio-technical and the



software-intensive aspects of systems integratiaproject simultaneously. Yet a holistic
approach to integration and synergy over this wkotgpe is what is required for successful
complex system development.

Socio-technical integration skills are relevanalaHitchins levels. They are the main issue at
Hitchins levels 3-5 (business, industry and sotmtstems); and increasingly important, as
we have just seen, at level 2 (project systemsjioStechnical integration is also relevant in
many Hitchins level 1 systems. Any major productowvation requires a good level of socio-
technical skills to understand how users are likelgespond to and interact with the product.
In many innovative product systems - the Apple patdine is a particularly obvious

example - a disruptive technology or user interfeare change consumer behaviour and
develop new business models. This also reflectsnportant aspect of ambiguity in systems
engineering: the requirements for new producto#éen difficult or impossible to establish
without an iterative “exploration” between whapigssible and what is useful.

Environmental integration: Some engineering domains are accustomed to emvaotal
integration — civil, oil and gas, for example. Enavimental integration is becoming
increasingly important in three respects: environtaeimpact, sustainability of resource
usage, and unintended consequences of couplingbetapparently unconnected
developments. For example engineering projects affagt water flows across wide areas,
pollution incidents may propagate through air otavacross wide areas, and water usage
depletes aquifers that cross national borders.

We illustrate this with two vignettes showing hdve tSillitto/Godfrey extensions of the
Hitchins 5-level model allow us to properly accotortsustainability issues and
environmental impact. Both address the couplingvbeh Hitchins level 1 subsystems and
technical artefacts, and level 6/7 eco and ge@Byst

Sustainability of product development: A product such as a mobile phone involves
integration of multiple technical disciplines (s@fire, optics, electronics, mechanical,
materials science, power storage, radio, - -) éaterthe handset — a Hitchins level 1 system.
A level 2 project system is required to put in plélce network infrastructure — base station,
switching, billing systems etc — to support molple®ne users. The infrastructure is funded
by a level 3 business system whose viability depermdmaking money from providing a
service to individual consumers. So the primarysewf requirements for the infrastructure
and its interface with the handsets are driverhieybusiness model for the network provider.
Costs to the consumer and to individual network/jgiers are minimised by common
standards used throughout the worldwide industsyesy (Hitchins level 4). These standards
have supported an innovative and adaptable busmedsl| which supported a startlingly
rapid adoption of mobile phones worldwide and addvusage models and business models
to emerge that were not anticipated by the eangldpers of the “system”. Mobile phones
have had a major impact on societal systems (Htigcleivel 5) by allowing people to
communicate in ways that were previously impossitdtably when on the move, and by
allowing rapid deployment of phone services in sprpopulated areas where wired
telephony services would not have been economivalyle. Mobile phone systems interact



with the geo-system (level 7) in two important watye effect of physical geography on base
station coverage; and the use of or hard-to-extreterials such as rare earth metals in
batteries and other critical components.

Environmental impact of failuresin Hitchinslevel 1 systems. The recent oil spill in the
Gulf of Mexico illustrates another form of couplitfyough all of the levels from technical
artefacts (Hitchins level 1) to geo-system (level&’mechanical failure in a subsystem
(level 1) led to an unplanned release of crudentol the sea (both part of the level 7 geo-
system), with consequential widespread damageltif@iand vegetation (eco-system, level
6) and major disruption to human society over gdaxtent of the Gulf coast (level 5
societal system).

The failed component was part of a drilling rigteys (level 2 project system of which
humans were a critical component, so involving Bleplevel 3 socio technical integration)
operated by a subcontractor (Hitchins level 3 bessrsystem) on behalf of the oil company.
The overall drilling operation involved a compleelwof support and service contractors so
was a level 4 industry system. The blow-out destdayne rig and killed eleven of the crew,
so the immediate effect of the failure was a hutnagedy in a Hitchins level 2 system. The
wider impact was societal and environmental tragedgvels 5 and 6, all due to the
unplanned and undesirable coupling between thedgiével 1) technical artefact and the
geo-system (level 7). During the recovery operatibare was extensive use of remotely
operated underwater vehicles, and the ability & e well successfully depended critically
on low level design characteristics (MMI, positibaacuracy) in the ROVs that determined
the finesse with which the problem could be diagdosnd attacked.

Recapitulation: Relationship between Hitchinsand S tupples levels
Superficially it may seem that there is equivalebetveen Hitchins levels and Stupples
levels. However this is not the case. It wouldrme correct — though probably still an over-
simplification - to suggest that they are orthodoAa stated earlier, the Hitchins levels relate
to “extent” of the system while the Stupples levels relateviariety”. A rough correlation
between them is shown in the following figure (Bjg This can be illustrated with a single
pair of contrasting examples.

First consider an extended command and controésydtet us assume it comprises a new
set of software applications deployed on an exastomputer and network infrastructure.
This could be a major project in its own right,isaerms of extent it is a Hitchins Level 2
“project system”. Whereas, superficially at le#@stvould often be considered purely as a
software system, so in terms of variety it is gpoptes Level 1 system. (The need properly to
consider the socio-technical systems engineeripgas of large software systems is
increasingly understood but often not properly take board. All large software systems
SHOULD be regarded as Stupples Level 3 socio-teahsiystems engineering problems
unless there is no change to people, processingasocial, cultural, policy or organisational
factors. See, for example, Sillitto 2010.)



Now consider a simple “technical artefact”, a Hitchlevel 1 system such as a mobile phone.
My mobile phone integrates the following technotsgand engineering disciplines (and
probably more): optical, mechanical, electronicdiasaare, advanced batteries and power
management, software, firmware, RF, thermal managéand human factors. It also
depends on a worldwide supply chain. It is cleat teading mobile phone vendors (one
might cite Nokia and Apple as particularly notevagitpay great attention to socio technical
engineering in terms of appearance, usability ali@msocial factors — key engineering
requirements for mobile phones seem to includego&iool” and supporting open innovation
business models.

Variety
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2: between disciplines

1: within a discipling
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Figure 3: relationship between extended Hitchins and Stupples levels

Extending lifecycle models to account for sustainab ility
According to ( Head), humanity has already experid8df the earth’s “natural capital”,
mostly in the 200 years since the start of the $tialal Revolution; and at current trends will
exhaust the remainder within another 200 yearss 3inggests that in future we will have to
consider sustainability (including resource usaggt\aaste disposal) as an element of
economics, of accounting, and of systems developr&ensystems engineering needs to
develop the tools to handle sustainability issisegaat of systems engineering.

This view requires two aspects. The first is thiolife resource accounting: ideally

materials will be recycled and energy use will bstainable and carbon-neutral over the full
lifecycle of the system. So resource, energy amdoteaccounting should be considered. The
second is the ability to have coherent modelsdhatv proper tracing of energy and resource
usage through all 7 extended Hitchins levels. Asxample of this, the sea has often been
regarded as an infinite source of fish and an itdisink of waste. It is now widely accepted
that fish stocks are being degraded, possiblyowre@ably in some areas, both by over-
fishing and by environmental pollution.
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Different “flavours” and levels of practice and att ainment
(the “how”?)

The previous section considered the domains wikthich systems engineering is conducted
and the ways SE and systems may be categorisedns bf variety and extent. We now
consider the relationship between various proposetthods of categorising systems
engineering activities and professional engineesingctures. This discussion considers the
full scope of the “systems approach” set out iInBRECASE SEBOK (BKCASE, 2010), so
considers activities required for a “systems apgnb#hat are not necessarily performed by
systems engineers. (The third and final sectiohelalborate this by trying to draw a clear
distinction between “what systems engineers do”“ardt is the wider participatory
landscape”?)

This section considers four perspectives:

* aspectrum of activities ranging from “applyinglal@al systems approach to complex
problem situations”, through “inventing/architegfidesigning new systems”,
“implementing and managing the global systems ezgging process for system
development” to “practicing a specific systems aegring process”;

* looking at the wider education community, the six@ation attainment levels of Bloom’s
Taxonomy, originating from the educational commyiammd proposed for use to define
target attainment levels in GRCSE

* anumber of ways proposed to assess SE competeti@tainment levels, particularly
the INCOSE Competency Framework’s four levels (@&yvaupervised practitioner,
practitioner, expert) and the five levels propobgdHitchins and Kasser);



* looking at the wider engineering community, thefessional levels recognised by
engineering institutions — the three levels usethénUK (Chartered, Incorporated and
Technician) are chosen as an example.

| will suggest that many of the debates raginden$E community can be moved forward if
we consider the mapping between these four petispsct

Levels of complexity and ambiguity
Jack Ring’s Systems Value Cycle (Ring 1998) shdwat @ systems problem first shows
itself as dissatisfaction with a “community sitwati. This implies a high level of ambiguity
and the probability that we are dealing with a ctaxpwicked problem”. If there is an
aspiration to make intelligent improvements whit@iding unintended adverse
consequences, there is a need for professionalsarhassess the whole problem situation
and decide whether there is an opportunity to cadheg situation, and if so develop a
suitable intervention strategy taking a holistipagach and selecting an appropriate system
boundary — large enough to achieve the desiredtedfed manage unintended consequences,
not so large that the task is infeasible. So atdtage of the lifecycle of the potential new
system, we need people who can apply a globalmegsée@proach to complex problem
situations. Their necessary competences are “apivynking”, and the ability to work from
first principles. (Elliott et al) refer to thesequee as “T-shaped”.

The next stage is to invent, architect and desigmew system — normally considering all
aspects of the problem including social, cultupalpple, organisation, policy, process and
information, as well as (possibly) technology. Tisishe role of the System architect working
initially at Stupples level 3. Once the elementshef system are established and agreed,
specialists in the different domains will elabortite solution until there is sufficient
confidence in feasibility and affordability to contrto designing and building the solution.

To take the project (or portfolio of projects) thgh to fruition, we need practitioners who
can define, implement and manage the global systemiseering process for system
development using the selected technologies arahaations.

Within each systems engineering process activigre will be specialists who have the
expertise necessary to set up and run the prodesse work and produce the outputs,
involving and co-ordinating the many different sthklders who may need to participate in
the process.

These four categories are shown in the next figDfeourse there is much overlap between
them, and people who focus on one role in one projay focus on a different one in
another. Also, the model applies recursively attiplal levels of the problem/solution
hierarchy and in multiple domains of expertise.



apply global systems approach to complex problem situations.
Key competencies are “a way of thinking” and an

Invent
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Figure 5: different roles in solving complex system problems

In a previous paper (Sillitto 2010) the current@uthas drawn a distinction between two
aspects of the solution for complex problems. Thele problem is assumed to be a
“wicked” problem, that is, one that cannot be sdibet must be managed. It is assumed that
we can decompose the solution into two parts, batdan be “solved” once it has been
scoped and specified, and the other part that ommdinue to be “managed”; it is assumed
that this management is facilitated by the “sohitito the “solvable” part of the problem.
Relating this model to the current discussion,dtigcal skill in applying a “global systems
approach” is to be able to make this decision abdatt part of the problem (if any) can and
should be solved by developing a new technicaltewiyor process or service, or all three),
and what part of it has to be “managed”, and hduws Tequires a range of skills to be
exercised at a high level in conditions of high &uliy, the outputs of which include
definitions of sub-problems that reduces the l@felmbiguity (and variety and extent) faced
by the other actors in the downstream part of thegss. The inventor/architect role interacts
strongly with the “global systems approach” roledngse what is feasible in terms of solution
architectures strongly influences the global appho®nce the solution is designed in
principle, stakeholder interests change from a aehfiar innovation to a demand for assured
delivery. So the emphasis of the implementatiomteaust change correspondingly, without
losing sight of the overall vision and how the sl will solve the problem — not of course
the original problem situation when the job startad the problem situation faced by the
stakeholders when the new solution becomes avail&8ld a key part of the “global
approach” is to understand the dynamics of chamgfeel problem situation and build
sufficient flexibility into the solution that it ceadapt to the circumstances into which it is
deployed, and continue to evolve to maintain itstyithrough life.

It is possible to plot the relationship betweersthtour roles against the two axes of EVA
(Extent, Variety and Ambiguity) and process. Thagdam below is only intended to be very
loosely illustrative and to pave the way for thetgart of the discussion. The assumptions
behind the positioning on the graph are as follokim “global systems approach” role



requires a substantial element of process to hdhdlstakeholder relationship issues, while
also facing the highest level of EVA. This processy be largely political in nature. The

main job of the architect/inventor is to invent,te role scores high on EVA and lower on
process — though Blockley (Blockley, 2010) emphesstbe importance of understanding “the
system as a process”, and architects need to Ipdydaeiliar both with the operational
processes that the system will support, and wehdavelopment processes the architect
needs to engage with to see his or her ideas broodtuition. The “global SE process” role
bridges the gap between invention and implememtatial may have to adapt known
processes to the unique circumstances of the isityao faces a considerable level of EVA.
The “process specialist” (a specialist in a spe@fe process area) does his normal job when
the project needs it done, so is high on proceddamon EVA.

Focuson

Extent/Varicty/Ambiguity Global Systoms Approach

«

Solution Inventor/Architect

Global SE process

Y

Process specialist

—

Focus cn SE process
Figure 6 The four roles of the previous figure plotted against EVA and process focus

Skills and Attainment levels in the Educational co mmunity
Bloom’s Taxonomy of educational attainment leveds kix levels from 1 (has knowledge)
through 3 (can apply) to 6 (“Evaluation” or “Credgf), and has been proposed as a metric
for student attainment target and achievementearGRCSE element of the BKCASE
project.

The original Bloom’s taxonomy for the cognitive daim (Bloom, 1956) is shown in the
following table alongside Anderson and Krathowlisgosed changes (Anderson &
Krathowl, 2001): the differences are discussedexmiained by (Atherton).

Bloom, 1956 Anderson & Krathowl, 2001
Evaluation Creating
Synthesis Evaluating

Analysis Analysing
Application Applying
Comprehension Understanding

Knowledge Remembering




Methods proposed and used within the SE community
The (INCOSE 2010) Competency Framework assessesbar of skill areas against four
levels: “aware”, supervised practitioner, practigo and expert. A number of organisations
(Stevens, Presland) have found it desirable toaadeixtra level between “practitioner” and
“expert”, referred to for example as “leading pita@ber”. These are measured for each of a
set of competency areas (INCOSE 2010).

The INCOSE certification process aims to certifyirgtividual as a “Systems Engineering
professional”. For the CSEP level, this involvesoadine test and a review of accredited
professional experience. Against the Bloom taxondtrseems that the on-line test for CSEP
measures knowledge — Bloom level 1 — and the reviesxperience measures the ability to
apply that knowledge in a real work situation, smdnds at least Bloom level 3. The ESEP
criteria demand a much higher Blooms taxonomy level

(Hitchins and Kasser, 2009) have published a fexell scale for systems engineers’
competence. Comparing the Hitchins/Kasser/Massf}Hscale against the Blooms levels,
the highest level (5) of the HKM scale demandsgh lidlooms level and a high ability to deal
with EVA.

Now returning to Figure 5 (above) we can see thahigh-level roles — “global systems
approach” and “solution inventor/architect” demédmgh ability to deal with EVA, require a
variety of systems skills (covering both systemgiegering and systems thinking) to be
mastered at high Blooms Taxonomy levels, and eqodeyels 4-5 on the Hitchins/Kasser
scale. The more process-oriented roles exposexver llevels of EVA can be performed
effectively with lower Blooms Taxonomy levels of stery (or with a high level of mastery

of a narrower set of skill areas), and by people wbuld be scored at lower Hitchins/Kasser
levels. This does not necessarily mean they ardemsyskilled overall, just that they may
have a different skills mix.

The important point is that anyone working in afyhe four roles shown in Figure 5 may
call themselves a systems engineer, or somethaeg @épending on the custom within the
organisation(s) they have worked in. People andrasgitions that use a narrower definition
of “systems engineer” may find that “systems engigéare not able to do what they are
expected to do; they may be either over- or undeiified depending on their background
and stakeholder expectations.

There has been much debate on this for a long filme BKCASE project is allowing us to
get a much better understanding of the issueskghanits success in building a wide and
agreed statement of scope of systems engineendggeétate this to a graduate curriculum for
systems engineers. It is not BKCASE's job to resdhe debate itself; individual
organisations and professional societies will hawvmake decisions based on the improved
understanding BKCASE provides.



The “Professional Engineer/Technician Engineer” spe ctrum
The previous sections refer to the systems engimgeand general educational literature. It is
instructive to compare the conclusions with exgtvisdom and assumptions about
professionalisms in a wider engineering commurhiigre we take one example of a
professional engineering structure, the one definethe UK Engineering Council. It is
instructive to see how this structure maps to tlewipus discussion.

The three professional levels recognised by theedgineering institutions (ECUK) are:

» ‘“professional engineer”, recognised by Charteratust(Chartered Engineer, or CEng)
and requiring the ability to work from first priqgdes and to innovate to solve
unprecedented problems and create new knowledge,;

* the “incorporated engineer”, requiring an abilibyapply a process or other known
approach with intelligence and competence in a agropriate to context;

» and the “engineering technician” who applies a gjpgarocess skill (which may be very
well developed and valuable) in accordance witltisigel standards.

These distinctions are seen as very importantimesgomains of engineering and less so in
others. They also have a strong notion of poterfighg can be achieved at quite an early
age (four years after graduation) if the applidzad clear potential to develop rapidly, as
evidenced by rapid progression and high attainnmeedlucation and early career. We can
(again very loosely) map these three categori@sdofidual against the two axes of
“innovation to create new knowledge”, and “skilagplication of existing knowledge”.

Capacity to innovate, working from first
principles to solve unprecedented problems
and create new knowledge

Professional (chartered) engineer

Incorporated engineer

Engineering technician

Skillfully apply existing knowledge to solve defined
problems within defined areas of competence

Figure 7: The UK SPEC levels require different balance of Innovation and Skill



The general approach is that the professional ledétates the sorts of roles the person
might perform, while the academic qualificationsl e institution or professional society
memberships indicate the domain of expertise. Eegggare expected to “undertake only
professional tasks for which they are competent! ‘@lisclose relevant limitations of
competence.” (ECUK 2010)

A key message from the established engineering agritynis that “anyone calling
themselves an engineer must be an engineer”: se ithan expectation that anyone calling
themselves a systems engineer would be an endirsteand foremost, with a bias towards
“systems” and the ability to apply systems thinkamgl a systems approach to their
engineering domain. This means that a differemb t@ould be required for members of other
professions applying a systems approach outside&sring.

So how do we — or can we - determine who is conmpétehandle unprecedented problems
and disruptive solutions? Systems engineering baa hsed successfully on unprecedented
problems — the space programme, ICBMs, etc. TheEd#ineering Council advises us to
“use professional judgement and experience - gguatent - - - to match the nature of the
hazard and the level of risk”. Creative and innoasatlesign requires the ability to draw
analogies from similar styles of problems, to idgmnisk areas and define appropriate
analyses. Indeed we could describe this as a feeesystems thinking approach”- see for
example BKCASE SEBOK Chapter 2 (BKCASE 2010) anddfeey et al, 2010).

“What do Systems Engineers do” versus the wider col laborative
landscape that needs Systems Thinking/Systems appro ach
The root cause of many systems failures is outsid@ngineering domain; and there is a
widespread belief among systems engineers thatSEprocess” has value to the “systems
approach” outside the boundaries of engineeringw Ho we reconcile these views with the
professional boundaries outlined in the previousise?

It is widely held (Elliott et al, Kasser, - - ) th@any major systems projects under-achieve —
fail technically, or meet spec but do not delivalue — not because of specifics but because
of a failure to manage the overall complexity o fituation. This leads to an increasing
interest in the concept of professionals who caessa high level systems problem and take
a global systems approach to the solution — thpgkts level 3, the Hitchins/Kasser level 5.
The University of Bristol has an organisation calfthe systems centre” — NOT “the systems
engineering centre” — because of a belief thaktieea need to work across the boundaries of
engineering and seek ways of working synergisiicatross a wider range of disciplines: see
the following figure which suggests that there rela of “systems engineer” as an actor
within a much wider community doing systems engimgeand using a systems approach.



L Other disciplines
Other disciplines

Systems
approach Systems engineer

Systems engineering

Figure 8: The systems engineer is one actor within a much wider community

It is clear that “systems thinking” is not the spleserve of systems engineers, and it is also
clear that a “systems approach” needs to invollierstbesides systems engineers. Many
people in senior technical, programme and prodw@stagement positions have been
“systems engineers” at some point of their caraedrreow apply what they learnt as systems
engineers in a wider context. Systems engineasngurrently formulated tends to focus on
product systems. BKCASE explicitly broadens thepscim service and enterprise systems
and by considering a “systems approach” abstrdobed any domain context. The key issue
seems to be that many of the failure modes ardalseft issues not well addressed by
current SE standards or published methods (Si2i@b0). The question is whether SE as “an
interdisciplinary approach and means to realiseesgful systems” can be given a meaning
outside the scope of engineering, and can be extetadcover the softer and non-technical
issues.

Fixing the interface with programme management
(Rechtin) pointed out that you can’t simultaneodslycost, time and performance in a
situation with high levels of uncertainty.

Yet it is common programme management practiceé® sertainty by dividing the job into
ever smaller parts, and increase planning time ¢ast) in order to increase precision of
estimates. If these are not mutually independedtimernally highly cohesive, reducing the
job into smaller and smaller chunks increases acteons by the square of the number of
chunks. So we have a more precise (but not nedgss@are accurate) estimate of cost of
making the chunks, and more risk through the cormylef the interactions that are not
properly managed through the programme lens ofaiu$tschedule.

Commercial practice by contrast is to develop asda possible, with lots of feedback and
value-based measurement, and (in Toyota anywaygue a single Chief Engineer who runs
the programme and the engineering to achieve ptaiecess. The key metric is “time to
value”. An effective approach is to focus on insieg shared knowledge, building consensus
and discharging risks - “learning by DOING” rathtiean faith-based PLANNING. Not to say



that planning doesn’t matter: but the flexibilititbe plan and architecture must match the
current level of uncertainty and change in the f@aiésolution space. And decisions must be
evidence based not faith-based, and made at thierdsponsible moment” not just because
the schedule/milestone plan says so.

Looking through out-of-focus spectacles to creaserale model that is useful in this
discussion, we can identify seven roles in supplg Systems Engineering:

* ‘“thinker”
* ‘“architect”
* ‘“analyst”

« ‘“engineering manager”
* ‘“requirements engineer”
* ‘“interface manager”

*  “IVV manager”.

Career incentives and programme pressures pull@adp “engineering management” and

“requirements” roles, and out of “thinking”, “analg” and “interface engineering”.

An option for “systems engineers” as a professiojolo family would be to stop overlapping
with PM and retreat into the space that is unantaigly technical, making a clear distinction
between “SE” and “engineering management”; ana$est on meaningful evidence based
measurement of uncertainty and ambiguity. Patriolf@&y and David Blockley in the UK
(Blockley and Godfrey 2000) are doing interestimykvon “soft and hard” systems and have
a neat concept called the “ltalian Flag” — greewlsit we have evidence works, red is where
we have evidence of problems, white is unknowneNbe use of the “E” word, the same as
the “E” in Feasibility Evidence Descriptions (Boel&iane): opinions and powerpoint do
not constitute evidence. Proper analysis and exygrtation do, preferably validated by
coming at the same issue from several differemrtctions.

An alternative approach is to advocate the Toyatdehof the empowered Chief Engineer.

There is also evidence that competitive and tramsed behaviours destroy synergy and
increase risk, whereas alignment of purpose leadsltaborative behaviours that reduce risk
and increase prospects of success — even withendimd budget!

Deductions and Conclusions
There is a clear place for systems engineeringsgsitms engineers within large projects
developing complex technology-intensive producteays. There is an increasing demand
for systems engineers skilled at handling the sy&eftware interface within such projects.



There is a much wider scope of activity that neetisystems approach” — including many
roles in organisations developing and using higirt@omplex systems, products and
services. This needs to focus on soft issues astdigability considerations that are now the
limiting factor in most complex system developmeatsd would ideally be based on an
underpinning “systems science” foundation.

Organisations that employ “systems engineers’raeegood position to apply systems
engineering to their whole organisation becausg ffage a continuous stream of systems
engineers coming through the ranks, some of whdhshow aptitude for applying the
systems approach in the wider organisation andkmolw the organisation well enough to be
able to do this effectively.

Systems engineering has an image problem outsideditional domains of application
because the use of the word “engineering” leadseamgineers to assume that systems
engineering is not for them. Also, the experiemd®ljity and professional level of systems
engineers are widely variable, just like any ot@fession, and not all systems engineers
can do all aspects of systems engineering.

Mature disciplines and mature professions segnmahspecialise to deal with such issues.
Physicists specialise in different areas of phyddxsctors specialise in different areas of
medicine. The BKCASE SEBOK provides a good basigl&ining the overall scope of SE,
and GRCSE proposes content for a core elementroéieindependent SE courses.

To move forward, the systems engineering commuroty needs to deliver excellence
within the areas that are well defined, and engggergistically with other communities to
foster the systems approach in areas where a sysigpnoach appears to be needed but is
not currently used.
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