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Abstract. How to measure complexity for systems engineermgurrently receiving great
attention, including such efforts as DARPA’s METRogram. However, complexity is a highly
varying concept with many different views. This papliscusses some of those varieties of
meaning, types of complexities, and entities whictay be measured for complexity
(qualitatively or quantitatively). First discussare attributes that make a system complex and
difficulties in dealing with the system becausetlod complexity (i.e. complexity causes and
effects). Next types of complexity are reviewednir previous work. Finally those types of
complexity are applied to four types of systemsimegying entity: a project building a
technological system, that system itself, the emnrent into which the system will be inserted,
and the cognitive load on humans involved in thstesy. Ongoing and future work is also
described.

Introduction

Engineering marvels appear every year that areidemsl more complex than any previous type
of technology. Every new program expands the boyndawhat has been done before. Since
the internet began defining every system we usebaiid, new systems put globally available
information together in new ways to exploit andateenew capabilities.

No longer can systems be created that one mindicderstand. In fact, there is probably no one
in the world who has the ability to make (complgtélom raw materials) something as
ubiquitous as a computer mouse. (Ridley 2010) mé&dion fusion creates superimposed maps
upon request, for military use, advertising, evendonsumers. (An Android smartphone with a
ShopSavvy application can list nearby stores’ griter a product based on integrating a
photograph of its universal product code with photterpretation, price search and global
positioning algorithms.)

It is clear that today's systems are far more cexpghan yesterday’s, both the systems that
consumers use every day, and the systems that coespae trying to develop and evolve. The
guestion is, what does it mean to be complex? Wiakies a system more or less complex? How
can the complexity of different systems be comparddw much does complexity “cost” and
how can it be reduced? If it is reduced, doesttlaaslate to cost, schedule, or other benefits?

This paper separates attributes associated witlplexity into causes and effects of complexity,



and applies previously-published types of compiexd a number of systems engineering
entities whose complexity can be typed and measured

Ongoing research is investigating which measuresnehtomplexity (of which type, for which
entities) correlate to program success. Future veark focus on recommending strategies for
dealing with specific types of complexity, includicomplexity reduction.

Background

What is complexity? Definitions of complexity include a variety of cogpts and terms. Many

dictionary definitions circle among complexity, cpl@x, complicated, and intricate, in that the
definitions for each word use the others. Suchnitedins are descriptive but not useful in this
context.

Dictionary Definitions. The American Heritage 20Qfefinition of complexity combines
structural and cognitive aspectgohsisting of interconnected or interwoven partsmposité
and ‘having parts so interconnected as to make the wpeklplexing” The Oxford English
Dictionary 1992 also includes concepts of diversitgl hierarchy: “.formed by combination of
different elementsand “parts or elements not simply co-ordinated, but sofrthem involved in
various degrees of subordinatiénThe Oxford English Dictionary also suggests irgms
difficulty in understanding or coping with compléxi®not easily analyzed or disentangléed

Software and systems. Specific software definiti@glress interfaces, loops (conditional
branches), nesting, and types of data structureadR2008) Approaching systems engineering,
the concepts that arise include emergence (Abb@@6EY abstractions, layers, and internal
networks (Moses 2002). Maier (2007) addresses mgstievelopment efforts in particular and

notes number of sponsors, whether users are the aansponsors or different, low- or high-

technology, feasibility of meeting expectations egivcost and schedule, centralized or
distributed control, clarity of objectives, requdreuality, total size (money), organizational

experience, whether the system is stand-alone bedded within an “assemblage of products
and enterprises,” and how much the operators neuable to adapt the system.

Warfield. Warfield (2007, 2001) takes a differenppeoach: his method requires group
construction of a “problematique” or a model ofeiracting problems, then counting and
combining various measures such as how differeatdpinions are of the top 5 problems
(Spreadthink Index), how many problems and how eoted they are (“Miller Index” and

“DeMorgan Index”). In particular, he decries anytion of complexity that is external to the
observer.

Variety of definitions is a problem. There is galeagreement that complexity is a problem (or
even “the” problem), but there is virtually no agmeent on the definition of complexity. Most
agree that complexity is associated with difficuttyunderstanding, difficulty of teasing apart
the problem (or system) without destroying the eeet functionality, and difficulty of
prediction and control. Complexity is also assadatith large size, lots of parts, things that are
densely interconnected, things that have manyréffitetypes of parts. And certainly complexity



is blamed for many systems engineering and prognamagement problems; indeed, complexity
is even portrayed as the “enemy” of engineers. (8w2906; Shin and Williams 2008)

Causes and Effects of Complexity

The problem with these varying definitions, asidenf confusing the engineer, is that they are
talking about different things. “Difficult to und&and” is a different sort of attribute than
“highly interconnected.” Figure 1 sorts attributdscomplexity into two types. The attributes on
the left are attributes of the system that cause 9ystem to be considered complex. The
attributes on the left are the resulting effecfsgeroon the human mind, that cause the system’s
complexity to be considered a problem. Interesyingll types of complexity mentioned above
can be placed on either the left or the right, @fidm compound definitions of the form
<something on the right> because of <somethindeneft>.

Changing complexity. Note that changing the comipjerf the situation requires changing
something on the left, as the things on the rigat@nsequences of complexity, not its cause. If
you change the uncertainty of a situation by gatigemore data, you did not change the
situation at all, you just changed what you knowuht. Things like instability or costliness to

build are not changed by using different modelioglg¢; something fundamental about the
system has to change for the complexity to change.

| Uncertain
Many pieces
\ \ [ Difficult to understand
oniinear [ Unclear cause and effect]

Chaotic [ Adaptive ] [ Unpredictable ]

Tightl led
[ |g[ Sye::fg:ni]zed] > > [ Uncontrollable

Unrepairable, unmaintainable

[ Decentralized

o)

[— Political
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Multi-Scale J j

Figure 1. Causes and effects of complexity

In contrast the items on the left are fundamertaracteristics of the situation. If you change a
system from being decentralized to centralized) the change is so great that you are really not



talking about the same situation any more. It issgde, likely in fact, that therefore the
situation’s complexity will have changed. Simildxings can be said for whether a system is
adaptive or not, whether it is tightly coupled ot,ror self-organized, etc.
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Figure 2. Types of Complexity

Types of Complexity

Sheard and Mostashari (2010) showed six types onptexity; see Figure 2 and, for
examples,Table 1. These types were based onatliterreview of complexity within the system
sciences and in theoretical systems engineering.

Structural complexity comprises three types: Szennectivity, and Inhomogeneity (previously
called Architecture). Size refers to number of pge¢a system with more pieces is likely to be
more complex, although many authors...e.g. Renee8s, Linda Vandergriff...have noted that
size alone should be considered complicated, naptax). Connectivity refers to the average or
total number (or density) of interconnections (merfaces) among the pieces. Most people who
define complexity insist that connectivity must be least fairly high for a system to be
considered complex.

Dynamic complexity occurs over a range of time esafrom instantaneous to an evolutionary
scale. Considering the two ends of this scale bringthe two types called Dynamic Short-Term
(how quickly can things get unmanageable, on amabp@al time scale) and Dynamic Long-
Term (what will a system evolve into, on a timelscahere an entire ecosystem changes).
System behavior involves short-term dynamic compleBoth short- and long-term dynamic
behavior get more complex the more nonlinear theber is. Nonlinearity can lead to chaos,
which has an essential element of unpredictalility to measurement errors.



The sixth type is a grouping of factors called equolitical complexity. This has been best
abstracted for systems engineering by the EnterpBigstems Engineering Profiler (Stevens

2010), shown in Figure 3.

Types and Examples

1 Structural Complexity: Size

# elements, # instances, # types of elements
-of development process

2 Structural complexity:
Connectivity

# connections, types, strength of connections
-of development process

3 Structural complexity:
Architecture

boundaries

Patterns, chunkiness of connections, inhomogeneity,

4 Dynamic complexity: Short
Term

Nonlinearity, dynamic emergence, sudden rapid
change in system behavior —butterfly effect
-development system behavior

5 Dynamic complexity: Long
Term

Changes in # and types of things and relationships

6 Socio-political complexity

economics

development

Human cognitive limitations, multiple stakeholders,
global context, environmen-tal sustainability,

-“Coop-etition,” supplier chain depth, distributed

Table 1. Types of Complexity: Examples
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TYPES APPLIED TO SYSTEMS ENGINEERING

We have recently been applying these six typesy/stemis engineering. The first way to get
more specific about engineering application isddrass exactly what entity is to be evaluated as
more or less complex. Three kinds of entities thee technological System being built, the
Project doing the building, and the Environmenbimthich the system will be inserted. The
fourth, implied above, is the cognitive load on thanan involved with system development and
operational tasks, here called “Cognitive complekiEigure 4 shows the four kinds of entities
across the top.

Next, for each of these entities, what attributas be measured to represent the six types of
complexity? A project decomposes into a numberasks (SS), for example, which are
connected by dependencies (SC), and some tasksgger than others or grouped separately
(SI). The tasks change rapidly (DS) and over titme project can evolve into something
completely different (DL). A project has many swgolitical spects as well. (SP). In similar
ways the system, environment, and cognitive coniyi@an be viewed in terms of the six types
of complexity.

Looking at the second column (System), we seeybiEm has been implicitly decomposed into
elements and the “size” has been counted in tefmsmber of elements. There are many other

ways to look at a system than just an element view.

L . Environment includes Human mind is taxed by
Project is constructed of System is constructed .
SS by many elements in many elements and many
many tasks and teams of many elements
many structures problems
Project outcomes System behavior Environmental Human mind has difficulty
SC emerge from connected emerges from behavior results from predicting emergence from
Project has diverse and System structure has Environmental Mental and other models are
Sl inhomogeneous tasks diversity and structures are diverse simpler without diversity and
and teams inhomogeneity and inhomogeneous inhomogeneity
K . ) Environmental Human mind has difficult
Project behavior can System behavior can . L . ¥
DS ey ey behavior can change predicting nonlinear and
rapidly rapid change
Project and its behavior System and its Environment and its Human mind has difficulty
DL can evolve significantly behavior can evolve behavior evolve envisioning evolution to
over time significantly over time significantly over time different formsand systems
Sp . I:Iroject(ijssreatly SyEic ETENE Ep\:(ilronmegtbis hea.vily Engineers with system
influence: socio- f - influence: socio- ibili
" v socio-political factors " Y responsibility may not be
political factors political factors strong in sociopolitical arenas

Figure 4. Complexity Types Applied to Project, Syst
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For example, there is a requirements viéw.or! Reference source not found. shows, next to
the second column, a nearly duplicative set of bdkat look at requirements, for example. The
system has many requirements; the requirementsaatiethe applicability and difficulty of
meeting the requirments vary; the requirementsigpdgnamic behavior, the requirements will
change and evolve, and many of the requiremendseréd sociopolitical factors (implictly or
explicitly). Similar additional columns could be deafor test paths, for example, or maturing
technologies.
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Figure 5. Two examples for System (by elements and by requirements)

ONGOING AND FUTURE WORK

Another paper is in work that shows how a systeat i being built is intended to cure some
problem in the environment, also called The Waynghi Are. Stakeholders wanting the cure
fund a project to create a [solution] system. Altleese (Environment, project, and system) also
have aspects of cognitive complexity and infornratid/hen this standard systems engineering
sequence is broken out into tasks and attributes, all 33 definitions of complexity in (Young
et al. 2010) can be mapped onto this chart. Sucicaomplishment should help to clarify what



is being talked about regarding complexity, and hlogvvarying definitions relate.

As mentioned earlier, ongoing work includes cotieameasurement of complexity to program
success or failure. This will be published as th® Bissertation of the first author.

Future work should also determine what about measent of complexity is due to the
representation of the situation (the model, of ¢én@ironment, the system, the project, or all
three, and modeling assumptions), and in contvelsat is due to something inherent about the
situation. This could help give heuristics for whammodel of a complex system is detailed
enough.

It would also be useful to identify which of theryimg columns mentioned in Figure 5 are useful
for specific programs, and derive generalizationsua what about the system or the program
should be measured when the question of complenégsurement is asked.

If complexity is the enemy, then clearly a mostfukseesearch thrust would be to identify
specific ways to reduce complexity, based on thetmredictive measures, and identify whether
changing the program so that the complexity measw@@uce actually helps a program manager
obtain better predictability and control of the gram. Breaking up “what complexity is” into
types and views helps understand how that reduatiast occur.

Of course, complexity is not really the enemy, éomplexity also allows capability. It is not
possible to do a spell checker in hardware; st#,need spell-checkers. More complexity means
both more capability and more trouble, both beseditd drawbacks, so a tradeoff has to be made
between the known benefits and the risks. Futurgkwsbould help with the cost and benefits
tradeoffs of additional complexity.

Also, future work should look at the change in ppton of complexity over time. Whereas the
first spell checker was unimaginably complex whenas being developed, now it is considered
not complex, and instead we are focusing on mapritend many other capabilities that involve
far more elements, far more computing time, propdhl more lines of code if that is at all
meaningful any more, and certainly far more devetsjpo make or change the code. What about
time inherently reduces the perception of compyéxiCan this process be speeded up in some
manner?

CONCLUSION

The problem with complexity is that, not being sieygt is not easy to pin down. Rather than
artificially simplifying complexity by establishingan isolated definition of something
manageable, we have attempted to understand whatatiious aspects of complexity are and
how they relate. First we presented a distinchetween what is inherent about a situation that
causes complexity, and what are the often cogniggalts of that complexity. Then we brought
in the previously published six types and applieent to four types of systems engineering
entities. Using figures 4 and 5 we can locate derity to an entity and a type, and then
establish means of measuring that type of complekiis conceivable that a rolled-up measure
of complexity can be determined, but more likelgittthe various parts of complexity will need
to be looked at individually.
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