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INTRODUCTION

Complex, large-scale, integrated, open systems (CL1OS) are a class of systems of special
interest in the Engineering Systems Division (Sussman, 1999). While the CL1OS concept was
originally developed in the context of transportation systems, the framework can be usefully
extended to other systems where addressing problems requires multiple perspectives regarding
the technologies, institutions, and the systems involved.

We start by defining the primary characteristics of CLIOS. First, a system is complex
when it is composed of a group of interrelated units (subsystems), for which the degree and
nature of the relationships isimperfectly known — with varying directionality, magnitude and
time-scales of interactions among the various subsystems. Second, CL10OS have impacts that are
large in magnitude, and often long-lived and of |arge-scale geographical extent. Third,
subsystems within CL1OS are integrated, closely coupled through feedback loops. Finaly, by
“open” we mean that CLIOS explicitly include social, political and economic aspects (Sussman,
2000a).

This paper defines the concept of a“CLIOS Analysis’ drawing from the Mexico City
Metropolitan Area (MCMA) transportation/environmental/land-use system to illustrate the
various steps in the CLIOS Analysis.

KEY CONCEPTS SUPPORTING A CLIOS ANALYSIS

A CLIOS REPRESENTATION

Because of the many sub-systems, the inherent uncertainty in the behavior and interaction
of the subsystems, and the degree of human agency involved, the emergent behavior of CLIOS s
difficult to predict and often counterintuitive, even when subsystem behavior is readily
predictable. At the least, developing models that will predict the performance of the entire
CLIOS can be very difficult to do. We further argue that modeling the system from a single
disciplinary perspective can provide only a partia picture of the system and its behavior.

Therefore, we recommend a framework for “representing” a system as a CLIOS, both
diagrammatically and with text. Rather than suggesting the CLIOS representation as a means for
modeling a system quantitatively, we suggest that a CL1OS representation can be a useful
organizing mechanism for understanding a system’s underlying structure and behavior, and
identifying options and strategies for improving the system’s performance. The steps outlined
below for developing a CLIOS representation are intended to assist one in capturing the key
characteristics of a system in an organized and systematic manner, and therefore avoiding the
omission of salient factorsin both its physical and organizational/institutional manifestations.

Developing a CLIOS representation is largely a conceptual process. Rather than
expecting quantitative results from the CLIOS representation, the purpose to develop insight into
the emergent behavior of the CLIOS and possible strategies to enhance its performance. This
does not mean, however, that quantitative analysisis neither possible nor useful for other aspects
of the CLIOS analysis, such as the identification of performance measures and evaluation of
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options for performance improvements.
NESTED COMPLEXITY

A key motivation for a CLIOS representation is the idea of “nested complexity.” This
concept suggests that there is a physical system, the behavior of which, while complex, follows
more quantitative principles that can be approximated by engineering and economic models.
However, the physical system, represented by the inner planein Figure 1, is embedded within a
much “messier” sphere representing the policy system. This sphere represents the organizational
and institutional framework of policymakers, firms, stakeholders, non-governmental
organizations, and others that together comprise the broad policy system.! Analyzing this outer
sphere of organizations and institutions requires different methodol ogies — usualy qualitative in
nature and often more participatory, such as stakeholder evaluation and organizationa anaysis.

Figurel: Nested Complexity

Policy System

We therefore have “nested complexity” when the physical CLIOS is being managed by a
complex organizational and policymaking system, which itself isa CLIOS. However, while we
make an explicit distinction between the physical system and policy system — which captures the
primary stakeholders as well as the policymaking and other decision-making ingtitutions —we
also need to explicitly represent the connections between the physical and policy systems.
Indeed, an important step in the CLIOS representation process isto identify and characterize
these policy-physical system links. Understanding nested complexity is a necessary step in
moving towards better integrating institutional and policy design with physical system design.

TYPESOF COMPLEXITY

Another function of the CLIOS representation is to explore the nature and primary
sources of the complexity of the system. While thereisalong and growing list of the different

! We redlize that representing the physical and policy systemsin this manner — more structured and quantifiable physical systems,
compared to messier, more chagtic, and more complex, human-based policy systems — runs the risk of overstating the dichotomy
between systems composed of “things’ and systems composed of “people.” This discussion has been taken up by researchers
from many disciplines, we would refer the reader to Almond and Genco, 1977 and Flood and Carson, 1993 (in particular, pages
251-2).
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types of complexity that characterize systems, here we find it useful to think of complexity along
the three dimensions of internal (structure of the system), behavioral (highly dynamic and
emergent behavior), and evaluative (different stakeholders with different perspectives)
complexity.?

Because we envision CLIOS analyses as atool in identifying policy or management
interventions to improve the system, understanding the source of the complexity of the system
becomes crucial. The answer to policy problems will be quite different depending upon whether
the complexity isinternal complexity (i.e. the number of components in the system and the
network of interconnections between them), behavioral complexity (i.e. the type of behavior that
emerges due to the manner in which sets of components interact), or evaluative complexity (i.e.
the competing actions of decision makersin the system who have alternate views of “good”
system performance). Understanding the internal and behavioral complexity — basically, how the
system works — enables the analyst to identify changes to the system to achieve more desirable
outcomes. Once those changes are identified, however, the evaluative complexity will determine
the feasibility of actually implementing those options, by highlighting areas where barriers to
implementation might exist.

METHODOLOGY

A CLIOS analysis, outlined below, essentially involves three phases. During the first
phase, the CL1OS representation is created and analyzed with reference to both its “ structure”
and “behavior.” Then, in the evaluation and implementation phases, we then build upon the
insights drawn from the CL10S representation, utilizing it to measure the systems performance
along its various dimensions and to identify strategies for system improvements. Each of the
phases will address a different set of questions about the system:

(1) REPRESENTATION
Structure
=  What are the technical, economic, socia, political and other subsystems?
= How arethe physical subsystems embedded in a political and ingtitutional
structure?
= |nthe physical system, can we break out several relatively independent types of
physical systemsthat are “layered” upon one another?
Behavior
=  What is the degree and nature of the interaction between subsystems?
= Arethe connections weak or strong?
= Arethere important feedback loops between subsystems?
= What insights can we gain into emergent behavior?

(2) EVALUATION
=  How is performance measured for the entire CL1OS as well as the subsystems?
= How do key stakeholders and decisionmakers measures or rank different types of

2 For a broad range of definitions and characterizations of complexity, as espoused by different authors, we refer the reader to
another paper submitted to the ESD Internal Symposium, Sussman, “ Collected Views on Complexity in Systems.”
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performance?
=  What are the tradeoffs among the various dimensions of performance?
=  How could performance be improved?

(3) IMPLEMENTATION
=  How do these performance improvements actually get done, if at all?
= What actors on the policy sphere have an influence on the parts of the system
targeted for intervention?
=  How might interventions reinforce or counter each other on the policy sphere?

While the first two phases are used to understand behavioral, internal and evaluative
complexity, the final phase brings together these insightsin order to form a strategy for
implementing changes to the system.

The following discussion will outline the structure of a CLIOS analysis, asillustrated in
Figure 2. Asinany system approach, it iscrucia to be “disciplined”’ in one's diagrammatic
notation (Flood and Carson, 1993). Therefore, in our description of the structure and notation,
we will be very explicit about the steps involved in the methodology. Furthermore, for
concreteness, we will focus on the case of Mexico City, one of the world' s largest megacities,
which is attempting to improve its air quality under the pressures of a growing population and
economy, and the concomitant expansion of demand for goods and services, housing,
transportation, and energy.’

3 While more simplified examples will be used here for illustration of the methodology, the full Mexico City CLIOS will be
developed in greater detail in a subsequent paper.
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REPRESENTATION
Structure

During the first stage in developing the CL1OS representation, the structure of the system
and its subsystems is captured in adiagram. This requires not only looking at the system at
various scales, but also structuring the system according to both its policy and physical systems
(the source of nested complexity) and separating the physical system into severa of its core
physica subsystems that are essentially “layered” upon each other.

Sep 1. Description and bounding

The first step in developing the CLIOS representation is to provide an overarching
description of the CLIOS, identifying the major characteristics and issues. This step can be
samply alist or an in-depth description, but should address the questions posed by Puccia and
Levins (1985), “What is it about the system that makes it interesting?’ They suggest drawing
upon not only reportsin the literature, but also previous experience with this or other related
systems More specifically, we can ask of each CLIOS:

What is the tempora and geographic scale of the system?

What are the core technologies and systems?

What are the natural physical conditions that impact or are impacted by the system?

What are the key economic and market issues?

Are there any important social or political issues or controversies that relate to this

system?

While thisis essentially an overview or scan of the overall system, embedded in this
overarching description of the CLIOS is a problem definition. Because representing a system as
aCLIOS isaprocessintended to enable better management of the system, one has to inquire,
“What are the policy questions that need to be addressed?’ By highlighting the main issues and
some of the posited contributory factors to those problems, we are implicitly identifying
important problems and their possible causes. Thisinitia description of the system, which can
be highly detailed or smply alist of points, serves as a valuable checklist for the rest of the
analysis. In particular, asthe CLIOS representation is devel oped, one can return to this checklist
to identify any magjor issues that have been omitted from the representation.

Thisfirst step aso supports a preliminary “bounding” of the system. For example, given
that CL1OS are large-scale systems, we need to ask what is the actual scale of the system (spatia
and temporal) that we hope to investigate, and what is the magnitude and scope of its impacts —
physicaly, economically, political and socially? Thiswill not only determine where the system
boundaries are drawn, but aso which subsystems and components will be included, and what the
important links are. But it allows one to begin to lay out full range of the system, without having
to exclude variables that might not necessarily be seen as a centra part of the system itself, but
that can create important perturbations in the system (thus recognizing the openness of CL10S).
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A BRIEF INTRODUCTION TO THE MEXICO CITY CLIOS

In developing a CLIOS representation for the Mexico City Metropolitan Area (MCMA),
we must turn first to the policy issues that motivate the analysis. The intention is to examine
opportunities for air pollution emissions reductions, in order to mitigate future damage to the
public health. The CLIOS representation is also intended to promote an understanding of how
these issuesfit in the larger context of economic development and quality of life in Mexico City.

The combination of topography and meteorological conditions, together with the
pressures of industrial growth and increased auto ownership, has produced an air quality problem
of the first magnitude. While air quality is recognized as an important policy objective,
economic and industrial growth have historically been the overriding policy concerns for
Mexican politicians. Although in recent years there have been tendencies toward demographic,
economic and political decentralization, Mexico remains highly centralized system due to the
historical concentration of investment and growth in the core of Mexico City, the Federal
District.

While the capital city has been the focus of many regiona and national development
goals, as with many developing countries there is a tremendous range in wealth among its
citizens. Thisinequality influences everything from the use of the transportation system,
particularly the relative split of private to public transport, to the patterns of residential
development. In the past few decades, the city has experienced an increasingly sprawling land
use pattern fueled by both illegal settlements on the fringes and “ suburbanization” by its
wealthier citizens, and the resistance of “delegaciones’ to densification.

Urban sprawl, while leading to other important environmental issues related to
deforestation, soil erosion, and overexploitation of local and regional water supplies (Molinaand
Molina, 2001), is aso tightly interconnected with air quality through operation of the surface
transportation system. Asland use patterns become less dense and poorly planned, the efficacy
of public transit systems deteriorates and the costs of service provision escalate. Asone of the
major contributors of emissions, the transportation system is also subject to substantial
congestion, which not only exacerbates the air quality issues in the MCMA, but also impacts the
quality of life of residents through lost travel time, and poses a constraint to the efficient
operation of industries transporting their goods in and out of the metropolitan area.

While we must draw certain system boundaries to focus the analysis and understand the
CLIOS internal structure and behavior, the “openness’ of the system must also be recognized.
For the MCMA, while the state of the national economy and trends in internal migration and
natural population growth might not be a factor that is included within the CL10S, the impact of
crucia links to the outside need to be recognized, such as fluctuations in the economic health of
other countries such asthe US. Aswe will see |ater, these “external” factors pose important
uncertainties, and should be considered in the devel opment of policy strategies.
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A BRIEF INTRODUCTION TO THE MEXICO CITY CLIOS (CONTINUED)

In order to provide a checklist for the CLIOS analysis, we can extract some of the most
salient issues that come to bear upon the issue of air quality and transportation in Mexico City.

“Megacity” close to 20 million people in Mexico City Metropolitan Area (MCMA).

Combination of topography and meteorological conditions, together with increased auto
ownership, produces an air quality problem of the first magnitude.

As with many developing countries, a tremendous range in wealth among its citizens.

A sprawling land use pattern fueled by both illegal settlements on the fringes and
“suburbanization” and the resistance of “delegaciones’ to densification.

The surface transportation is subject to substantial congestion — throughout the day in some
parts of the city, exacerbating the air quality issuesin the MCMA.

The MCMA isinstitutionally complex, considering its relation to the federal government and
relationship between the Distrito Federal (DF) and the Estado de Mexico (EM).

The economic engine of Mexico, but dependent on the economic health of its neighbor to the
north.

Economic growth isadriving policy.

A potentially extraordinary political shift for Mexico with the election of President Fox in
2000.

We emphasize that thisis an iterative process. At later stages, one may redlize that the
system has not been framed correctly, or that some important parts of the CLIOS have been left
out or only partially represented. In this case the analyst might even return to the first step, and
redefine the frame of reference. Additionally, having a checklist of key issues can be valuable at
later stepsin the process. In Step 1, some preliminary performance measures will be identified
as the overarching description of the CLIOS is developed. However, these performance
measures will be revisited in greater depth and refined in Step 6: 1dentify and Refine
Performance Measures, after the CL1OS representation has been developed in more detail.

Sep 2: Identify Major Subsystems

The next step is then to determine which major subsystems — technical, natural,
economic, social, and political — compose the CL10S and how they relate to one another on a
macro-level, in order to outline the genera structure of the CLIOS. One way to identify these
subsystems is by grouping the phenomena and issues identified in the first step. In the case of a
Mexico City CLIOS, by grouping the issues highlighted above, the mgor physical subsystems
would include the environment, land use, transportation, and industry.

Since many CLIOS will encompass severa types of technological or physical systems,
the subsystems can often be organized according to their common technological characteristics
or their functions. Thiswill depend on the questions that need to be addressed for the analysis.
For example, the transportation system as a whole can be considered as one subsystem, or one
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could separate the transportation system into freight and passenger transportation, which have
similar technological bases but different functions and operations. This would also ater how the
decisionmakers and stakeholders on the outer policy sphere are arranged with respect to these
subsystems. The major subsystems may be grouped according to specific policy or disciplinary
domains, while bearing in mind that a disciplinary or policy bias can aso be too constraining and
leave out important parts of subsystems or connections between them.

Step 3: Develop the CLIOS Diagram: Nesting, Layering, and Expanding

In this step, an initial CLIOS diagram is created by breaking out each system — such as
passenger transportation or land use — in greater detail, and identifying the major componentsin
each subsystem. The system is mapped with the individual subsystems (transportation, land use,
etc.) of primary importance represented by a system diagram that shows its major components
(identified as circlesin Figure 3) and links indicating influence of one box upon the other. This
type of basic system diagram is common in systems sciences, “ defined as having elements and
relations that may be represented (at least in principle) as a network-type diagram with nodes
representing elements® and lines the relationships’ (Flood and Carson, 1993).

Figure 3: Basic Subsystem Diagram

} Component
Subsystem

While thisinitial systems diagram helps to map out the system, the use of this type of
diagram on its own quickly reachesitslimits. Thereisa cognitive upper bound to the number of
subsystems or “boxes’ that can be represented within such a diagram, while still providing an
opportunity for insight to a user of the diagram.” However, remaining within this cognitive
limit will necessitate oversimplifying the system, leaving many of its technological, economic,
socia and political subsystems poorly represented. In order to expand the system diagram into a
fuller representation of the system, we will develop three mechanisms for expanding the system
without overwhelming the user (or the creator) of the diagram: expanding, nesting and layering.

Before turning to the issues of expanding, nesting and layering, it may be helpful to
examine an actual example of adiagram for a key subsystem in the Mexico City case: the
passenger transportation system. While Figure 4 will be developed here in its smplified form,
after further discussion of the CLIOS representation, we will return to the same diagram,
representing it in its more complex form.

* We use the term “components” to mean the same as “elements” in Flood and Carson (1993).
® From the authors’ experience, a single subsystem diagram should contain approximately 20 boxes, although that number may
be substantially more or less depending upon the personal preferences and abilities of the analyst.
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Figure 4. Passenger Transportation Subsystem for Mexico City
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The diagram shown for the Mexico City passenger transportation system provides a
comprehensive overview of the critical components in the passenger transportation system in the
context of air quality. Two aspects of this diagram should be noted. First, while this represents
one subsystem described in detail, many of the other subsystems — such as land use,
environment, and electric power — appear in the diagram as single components. Clearly, we
cannot expand each of these components fully within the same diagram without the diagram
becoming overwhelmingly complicated. Second, while some of the components such as
“Iinvestment” and “policy” and highly policy-related components, none of the components of the
policy system are shown. This physical subsystem is embedded within a policy system, and that
this subsystem represents one layer in a multi-layered physical system.

Nesting

First, by nesting the systems (as shown in Figure 1) the basic system diagram is separated
into the inner physical system and outer policy sphere. Because many CLIOS are Engineering
Systems,® amajor part of the physical sphere may be oriented around a system of technologies
(e.g. trangportation, IT, energy) but can also represent a natural system (e.g. climate, ecosystem).
While the policy sphere will include the usua actors — policymakers and decisionmakers who
most visibly influence the system — it may aso include other actors whose decisions impact the
system in a subtler manner. In some cases, it may be difficult to discern whether a given actor
belongs on the policy sphere, as a decisionmaker whose actions can significantly impact the
subsystems, or whether those actors are more reactive agents within the physical system, whose
behavior follows more regular “rules.” Asagenera rule, the difference will be a matter of
collective rather than individual decisionmaking.

For the CLIOS representation shown above for passenger transportation, nesting would
be accomplished by linking the policy boxes of “investment” and “policy” decisions to policy-
and decision-makers on the policy sphere. Therefore, the policy sphere would need to include
actors such as the Secretaries of Transportation for the Federal District and State of Mexico,
financia institutions, private sector firms, and public transit operators.

Layering

Asthe CLIOS is expanded into the policy and physical systems, another organizing tool
isthe layering of physical systems into several separate but interrelated subsystems of a similar
scale. The layering format serves two main purposes. First, it permits the further expansion of
the subsystems, without resulting in a two-dimensional subsystems diagram containing an
incomprehensible number of boxes, such that gaining insight isimpossible. Second, it forces the
analyst to identify both where subsystems are separable and distinct physical systems, aswell as
where they are interlinked, either because of common components, which may even be
exogenous to the systems, or because of direct links where a component in one layer influences a
component in another layer. The layering of the systems can be determined according to the
predominant technologies involved or the functions of those subsystems.

% An Engineering System is a CLIOS with an important technical component. However, there may be CLIOS that do not include
an important technical or engineering component, and are therefore not an Engineering System.
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Figure5: Layered Subsystemswith Common Drivers

-
-
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For definitional clarity, there is one physical “system,” which isthen layered into severa
physical “subsystems.” There may be some CL10OS for which the physical system cannot be
divided into distinct subsystems, in which the system would resemble Figure 1, in which asingle
system layer is embedded in the policy sphere.

In the case of Mexico City, the common drivers across the subsystem layers of passenger
transportation, freight transportation, industry, land use, would include population growth,
regiona production, income levels and inequality, and employment. Asis suggested in Figure 5,
ageneric depiction of layered subsystems, the common drivers does not necessarily have to go
through all of the layers. For example, income levels would be an important driver for passenger
transportation and land use, while regional production would be relevant common drivers for
freight transportation, industry, and land use.

Although we decoupl e the subsystems into layers, not only do we have to look for
connections between the subsystems, but also for these common drivers. While we know that
population and economic growth drive the entire Mexico City CLIOS, by looking at its
differential impact on individua subsystems, we can begin to unravel the more subtle ways that
these drivers influence the overal system.
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AN EXAMPLE: INFORMAL SETTLEMENTSAND PUBLIC TRANSPORTATION

Asacritical “common driver” of the system, poverty is one of the contributing factors to
illegal land invasions that are leading to the unplanned and sprawling residential devel opments
that are emerging along the fringe of the urban area, particularly in the State of Mexico. At the
same time, the poor represent the income bracket most likely to use the public transportation
systems, the so-called “captive riders’ of public transit. Therefore, by looking at the competing
influence of this driver on two different layers — passenger transportation and land use — we can
begin to ask questions such as: “How do we dea with this disparity between the growth in the
potential demand for public transportation, and the inefficient urbanization patterns which make
it more difficult to provide public transportation services to these particular groups?’

By identifying the tension between these layers, which are interconnected by their
common drivers, we can the CLIOS diagram to identify sources of potential problems. In fact,
one of the consequences of this tension between the supply and demand for public transportation
services has been the explosion of a paratransit services known as colectivos or collective taxis.
These low to medium capacity vehicles have filled an important gap in transportation supply that
could not be met by traditional bus services or private autos. Y et, despite their important rolein
providing mobility, they are viewed negatively by the Mexico City authorities, due to their
perceived impacts on congestion and air quality, and their operational practices.”

Bringing together the ideas of nested complexity and layering, as seen in Figure 6, these
two concepts can help to convey a more intuitive sense of the interaction between the outer
policy sphere, which houses the ingtitutional, organizational, political and socia actors, and the
physical layers which represent technological, natura as well as economic subsystems. Aswill
be discussed later, given the potential audiences for the methodology behind the CLIOS
representation, this visualization element of the CL1OS diagram can be very important, since
insights will be drawn more through this more qualitative and diagrammatic representation,
rather than a quantitative analysis.

" This phenomenon is currently being studied more systematically by Martha Schteingart and other researchers at the Colegio de
México.
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Figure 6: Nested Complexity and Layers of Physical Systems

This separation into the policy and physical aso requires the analyst clarify the set of
actual decisionmakers that influence the development of the system. For example, one could
have colectivo owner-operators as actors within the physical system, with afocus on their
individual economic decisions. However, if the colectivo operators, perhaps organized in route
associations, were considered as relevant actors in policy decisions, then they would be
represented on the policy sphere.  As policy actors, their decisions and input could alter several
components in the physical system, such as colectivo fleet size and turnover, or they could have
an impact on investment decisions, for example, in intermodal facilities to alow for transfers
from colectivos to the Metro system.

Expanding

Findly, there is the method of expanding. This represents an alternative technique to
nesting or layering for exploring certain aspects of the system in more detail. If one of the
components in a subsystem, congestion for example, seems to be an important component of the
system, by opening the “black box,” we can look more closely at the internal dynamics. Rather
than creating an entire additional subsystem, which we might do for other boxes such as land use
or the environment, the component of interest isssmply “pulled out” of the system, in order to
perform amini-analysis of that specific component. After that component is analyzed, we can
“reinsert” the box into the system diagram, although with a much clearer idea of what drives the
dynamics and the variation in that box.

Behavior

Having developed the general structure of the CLIOS, the next steps (4A, 4B, 5) areto
characterize the behavior of the system, first in terms of itsindividual components and links, and
in terms of its emergent behavior. While much of thisis shown diagrammatically, to some
extent the representation of the behavior will also need to be done with supporting text.
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Attempting to have enough different symbols for boxes and arrows to reflect all of their relevant
characteristics would probably be more confusing than illuminating.

Sep 4A: Describe Individual “ Boxes”

While to this point, the boxes have been considered as generic elements in the
subsystems, in this step we more carefully characterize the nature of the individual boxes.
Within the physical system, there are three types of boxes, asillustrated below:

These elements can be expressed in different forms, qualitative or quantitative,
nominal, ordinal or interval. They can refer to Ssimple concepts, or can contain
complex subsystems.®

Q Components are the basic elements of the CLIOS diagram within the physical system.

Policy Levers are the elements within the physical system that are most directly
controlled or influenced by decisions by the institutions and organizations of the outer

policy sphere.

Common Drivers are elements that are shared across multiple and possibly all layers
<> of the physical system. These elements may aso be influenced by macro-level factors
outside of the boundaries of the CL10S.

While most of the e ements within the system will be described smply as components,
the other two box types are derived from the earlier process of nesting and layering. Most
relevant to the process of nested complexity, the policy levers are the elements that directly link
the policy system to changes in the physical system. The common drivers, on the other hand,
emerge from the process of layering the systems.

The common drivers are important from both for understanding the behavior of the
system as well asfor later stages of implementing changes to the system. First, they may be
exogenous to the physical system. Second, they may constitute major sources of uncertainty,
since they impact the physical system at severa different layers. The uncertainty of the common
drivers, such as population and economic growth, will have to be taken into account in any
evaluation of options for system improvement.

In addition to the three types of boxes that are characterized in the diagram, the
supporting text for the CLIOS representation should provide more detail on the behavior of the
individual boxes. One important attribute to be considered is described by Magee and de Weck
(2002) as “variation.” Intheir classification of system attributes, they describe variation as the
“stochastic variability of the static and dynamic variablesis difficult, but probably very
important for achieving a useful classification framework. E.g. assessrate of change or
substitution of system elements’

8 Whether those subsystems are broken out within the diagram depends on the focus and intent of the CL10OS representation, and
the analytic insights that can be gained by expanding a particular component.
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DESCRIBING CHANGE IN INDIVIDUAL BOXES

In the Mexico City application of CLIOS, from a policy standpoint, we are quite
interested in the rate at which technologies “change’ or are “substituted” since many (if not
most) policy options dealing with transportation and environmental issues will call upon a
technological solution. For example, we could ook at afleet of vehicles for private autos, buses,
or heavy freight trucks. While the vehicle fleet may be represented as a single component within
the diagram, there are still complex dynamics within thisbox. The “rate of change” could be the
growth in absolute number of vehicles or the “rate of change” of the average fuel efficiency and
emissions performance of the fleet. In terms of the “substitution” we think of the turnover of
vehicles, and policy options that affect the rate at which new elements come in (incentives for
buying new vehicles) or old elements go out (inspection and maintenance and scrappage
programs). In comparison, thereis the variation of the road infrastructure, another “component”
which is much dower to change. Also, infrastructure investment is “lumpy” because one can
either build a bridge or not.

Another motivation for understanding internal variation in the individual boxes is that
thislinks to the issue of the time scale on which the systems are operating. It isimportant to
know both how fast and how strong the links are between boxes (as will be described in the next
step), but also the internal changes within the boxes themselves. While some of the more
important or complex boxes may undergo “expansion” in the diagram, therefore transforming
internal variation into more visible linkages, variation can be used to indicate that the boxes are
not static elements.

In describing the individual boxes, one may aso realize that further expansion of boxesis
needed to better characterize the system. This expansion can occur through layering, when
expansion requires a new layer to represent a different physical subsystem, or it can occur
through nesting, when the policy components are extracted from the physical sphere, and placed
on the policy sphere in reference to other policy actors. In this sense, as shown by the feedback
arrows in Figure 2, these steps are iterative. By characterizing the individua boxes, one may
gain further insight about the way the subsystems function and should be organized conceptually.

Sep 4B: Describe Individual Links

Similarly, as the boxes were characterized and divided into different types, we aso need
to characterize the nature of the links. As stated earlier, one key perspective is the need to be
“disciplined” in one’'s diagrammatic notation. Links and arrows need to be consistent, and if
they mean different things, one will have to use different diagrammatic elements (Carson and
Flood, 1993). In the diagrams used in the CLIOS representation, these links will be largely
qualitative. However, while hesitating to suggest a highly detailed notation that would work for
al CLIOS, at the least, the links must indicate:

Directionality of influence and feedback |oops’

Magnitude of influence (big/important or small/margina impacts on the next box)

9 Feedback |oops in which one box has a feedback loop directly back onto itself would ideally not be used in a CLIOS
representation. Instead, the intervening boxes need to be identified, to provide insight into the chain of causality that creates this
feedback.

ESD Internal Symposium 17




The Concept of a CLIOS Analysis Sussman and Dodder

Other possible characteristics to include in the notation for the links include:
- Timeframe of influence (short-, medium-, or long-term lags)
Functional form of the influence (linear/non-linear functions of various forms or
threshold effects, step functions)
Continuous or discontinuous (under what conditions the link is active or inactive)
Uncertainty in the effect of one component upon another (including uncertainty in all of
the above characteristics).

LINKS: TRANSPORTATION, ENVIRONMENT, AND LAND USE

While directionality and magnitude of influence are straightforward characteristics that
would be included in any CLIOS diagram, the other possible characteristics that need to be
captured will probably vary for different CLIOS. Within the Mexico City CLIOS, thereisa
range of characteristics across links. The land use subsystem has long-term lags on the order of
years, for example, the growth of informal squatter settlements and the provision of
infrastructure. Alternatively, the influence of links in the environmental subsystem can manifest
themselves in hours, as emissions are transformed into concentrations of pollutants such as
ozone. Interms of the functional form, another highly important link is that of GDP per capita
and motorization. There appears to be a threshold effect in Mexico City and other developing
country cities; therefore, when incomes reach a certain level, auto ownership increases
dramatically (and eventually saturates as is the case in many devel oped countries).

In thinking about the linkages, one of the key componentsin the CLIOS representation
will be to develop aframework for thinking about and describing the links in the system. By
drawing upon the idea of nested complexity, we can identify three classes of links:

@ Between components within the physical system
2 Between the policy and physical systems.
3 Between components within the policy system

For each of these classes of links, there are different approaches that are more and less
appropriate to each. Generaly the links within the physical system (Class 1) can be analyzed
using engineering- and microeconomics-based methods, and will usually be quantifiable,
(athough thisis by no means afixed rule). Regarding the links from the policy sphere to the
physical layers (Class 2), quantitative analysisis less useful, since human agency and
organizational interests come into play as they attempt to induce changes in the physical system.
Finally, there are the interactions that take place within the policy system itself (Class 3).
Understanding this class of links requires methods drawing upon organizational theory, and
ingtitutional and policy analyses.

While the interactions within the physical system and within the policy systems more
readily fall under the domain of more traditional disciplinary perspectives, we would argue that
the interactions between the policy and physical systems are of the most interest to the
Engineering Systems Division as an evolving discipline. As phrased by Karl Popper (1972)
“obvioudly what we want is to understand how such non-physical things as purposes,
deliberations, plans, decisions, theories, intentions and values, can play a part in bringing about
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physical changesin the physical world” (cited in Almond and Genco (1977), emphasisin
original).

Sep 5: Seek Insight about Emergent System Behavior

Once the general structure of the CL10S has been established, and the behavior of
individua boxes and links has been relatively well characterized, the next critical stageisto use
this information to gain a better understanding of the overall system behavior, particularly
emergent behavior. This step entails essentially tracing through the system at its different levels
—the physical layers and policy sphere.

By tracing through the pathways in the system, there are several sources of important
emergent behavior that can be identified by asking the following types of questions of the
system.

First, with respect to the physical layers (Class 1):
Are there strong interactions within or between subsystems?
Are there chains of links with fast-moving, high-influence interactions?
Are some of the paths of links non-linear and/or irreversible in their impact?
Can strong positive feedback |oops be identified?

Second, looking at the links between the policy and the physical sphere (Class 2):
What is the network of influence?
Can one identify components within the physical systems that are impacted by many
different actorsin the policy sphere (*A” in Figure 7)?
If so, istheir influence of a similar magnitude, or is there competition in the direction of
influence?
Alternatively, are there actors in the policy sphere that have an influence on many
components within the physical system (“B” in Figure 7)?

Projection

In investigating the linkages between the policy sphere and the physical layers, one
conceptual way to approach thisis by “projecting” the policy sphere onto each subsystem layer

(illustrated in Figure 7), in order to see which parts of the physical system are impacted by one or

more policy actors.
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Figure 7: Projecting the Policy Sphereto the Physical Layers

Third, within the policy system itself (Class 3):

- Arethere any high-influence interactions, or particularly strong components
organizations, institutions, or policymakers that have direct impacts on many other actors
within the policy sphere?

What is the hierarchical structure of the policy system, and are there strong command and
control relations among the organizations and institutions?

What is the nature of interaction between organizations and institutions that both tend to
highly impact the same subsystems within the physical system (“A” in Figure 7)?

In this stage, rather than attempting to quantify the relationships, the focus should be
more on simply “getting the sign right” (Marks, 2002) or understanding the direction of change
through a series of complex and uncertain chains of links. Furthermore, in this stage, we may
also begin to develop a catalogue of potential issues and solutionsin CLIOS. Theideaisthat in
a CLIOS representation, certain type of links —fast, large magnitude, irreversible, etc — should
raise awarning flag that there could be a potential problem or issue arising from this link or
sequence of links. For example, certain boxes may be pulled in two directions simultaneously by
two different loops. These loops can be purely within the physical system, but are dso likely to
arise when different actors on the policy sphere have an influence on the same components
within the physical system (asidentified in Figure 7 as“A”).
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EVALUATION
Sep 6: Identify and Refine Performance Measures

In order to study the performance of the systems, those elements within the systems that
constitute important parameters for evaluating the performance of a subsystem, need to be
identified and given units for measurement. Diagrammatically, this can be represented for any of
the system elements — components, common drivers, or policy levers— by adouble line for the
border.

Figure 8: Performance Measures

Policy Levers  Components Common Drivers

OO <

For example, referring to the system diagram of the Passenger Transportation Subsystem,
certain common drivers such as economic development or GDP per capita, are important
performance measures for many stakeholders. Not only do these measures reflect the economic
health of the city, but because economic growth depends in part upon the efficacy of the
transportation system to bring goods to customers, customers to stores, and employees to work,
then economic health can indirectly reflect a well-functioning transportation system. Policy
levers can also be performance measures in themselves. For example, the level of investment in
transportation can be viewed as a performance measure, athough it actually measures the
financial inputs to the system, and not necessarily the output of that investment (better roads,
cleaner busfleets). Finally, basic components such as congestion or human health can be key
performance measures.

Performance measures for CLIOS are often difficult to define, and it is not uncommon
that consensus fails to be reached on how to measure or prioritize different performance
measures. In this sense, we are confronted with the evaluative complexity inherent in CLIOS.
“Performance” will depend heavily upon the viewpoint of the anaysts, decisionmakers, and
stakeholders. However, it is aso important that each of these actorsinvolved in the CLIOS
understand other actors' measures of performance. One may even find that difficultiesin
defining performance measures that capture al of the phenomena of interest, lead one back to the
first step, to challenge the initia description and bounding of the system. Thisraises akey issue,
that this processis highly iterative, since the following step, identifying options for system
performance improvements, will provide important feedback regarding how to measure
performance.

Now that the notation for the CLIOS representation has been fully developed, we return
briefly to the origina diagram (Figure 4) of the passenger transportation subsystem.
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Figure 9: Modified Representation of the
Passenger Transportation Subsystem for Mexico City Using CL1OS Notation
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Figure 9 represents the same system as in Figure 4 after incorporating the notation for
different elements — components, common drivers, and policy levers — some of which are
performance measures as well. In addition, we have identified components that can be layered
into separate subsystems (although we have not included these diagrams in this paper), and these
are identified by dashed lines for their boundaries. A complete discussion of the Mexico City
CLIOS will be developed in a subsequent paper, but in the quest for brevity, we have decided to
omit the full Mexico City CLIOS from this paper.

Sep 7: ldentify Options for System Performance | mprovements

As the performance measures for the system and subsystems are established, it will
naturally lead to questions about how the system’ s performance can be improved. Indeed,
performance improvements can by identified using the CLIOS representation in two
“directions.” In terms of the diagram of nested complexity, we can think through options from
the “outside in” or from the “inside out.”

One manner for thinking through system performance is from the “inside out” (from the
inner physical layers to the outer policy sphere). Thisisamore bottom-up engineering
approach, in which we look first at the physical system, and ask how the subsystemsin the
physical system, through changes to the boxes or perhaps, in some cases, changes to the links
between them, can lead to better performance. This approach leads to more technology-driven
policy options such as technology mandates and standards, since there are clear specifications
about the performance goals that need to be reached. Once the improvements “inside”’ the
physica system are identified, one then looks “out” at the policy systems, to highlight the
interventions that need to be made by the policy system to accomplish those changes to the
physica system.

The alternative method is to look at the impact of policy options from the “outside in.”
This approach to identifying system improvements is common when speaking of policy
measures that rely on incentives or disincentives such as taxes, subsidies, voluntary agreements,
and restrictions on certain behaviors. Implicit in these types of optionsis usually an assumption
about how that policy change, beginning on the policy sphere, will cascade through the physica
system, and what target for the performance measure will be reached. Following this process
can also reveal where policy options lead to sub-optimization or even diminish the performance
in other parts of the system.

An example that differentiates between these two approaches is emissions from private
automobiles. The “inside out” approach is exemplified by technology mandates such as CAFE
standards, in which a performance measure for a part of the physical system — average emissions
by the fleet of vehicles — was targeted directly for improvement, with the final performance
target explicitly set. The other approach, from the “outside in” would be the different types of
behavioral change policies that have intended to reduce the aggregate number of vehicle
kilometerstraveled. These are policies such as car sharing or congestion pricing, in which the
policies are generally conceived first on the outer policy sphere, with aless precise idea how it
will work through the physical system.
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Regardless of the approach taken, the insights from Step 6, in which we identified areas
of high-impact emergent behavior, will be extremely important. Even for policiesthat are
narrowly targeted on specific subsystems or components, the systemic impacts of al policies
need to be considered.

Sep 8: Flag Important Areas of Uncertainty

A paralle activity to the identification of options for system performance improvements
isto look for the uncertainty in the performance of the system, both at the subsystem and system-
wide level. Inidentifying the important uncertainties, one must rely on the insights gained in
Step 5, in which we looked for signals of high impact or emergent behavior. For example, such
signalsincluded individual links or loops that had large magnitude, fast-moving, non-linear or
irreversible influences on other components within the system.

Moreover, while uncertainties in any of the individual components can generate large
uncertainties in the overall system, special attention should be given to uncertainties in the
common drivers, since these factors can smultaneoudly influence multiple subsystemsin very
different ways, and therefore the overall impacts of the uncertainty in these common drivers can
be difficult to ascertain without systematically tracing the uncertainties through the system.
Indeed, one of the core benefits of the layering approach is to focus on the common drivers and
their role in creating uncertainty in the system. Finadly, in flagging important areas of
uncertainty, we should also highlight the “ openness’ of the system, and analyze the impact of
these external factors, such a macroeconomic growth or international fuel prices, that link the
CLI10OS to amuch broader system.

From a qualitative standpoint, a powerful tool for “thinking through” the systemic impact
of uncertaintiesin common drivers such as economic growth, population shifts, and rates of
technological change, is the application of scenario planning approaches. While we will not
discuss the use of scenario planning with CLIOS in this paper, stated briefly, scenarios represent
different combinations of trends in the common drivers, to encompass a range of possible
outcomes for those common drivers which are most uncertain.*°

Sep 9: Evaluate Options and Select those that Perform * Best” Across Uncertainties

When evaluating options, robustness comes from the ability of an option to perform
reasonably well under different “scenarios’ of the future™ This represents a different approach
than that of identifying an optimal strategy, which may only perform optimally under a
constrained set of conditions. In fact, we would argue that achieving “optimal performance” is
nearly impossiblein aCLIOS. Given the range of performance measures involved and trade-
offs needed to obtain the necessary support to begin implementing an option, simply finding an
option that “works” may be the best expectation.

1% The concepts of scenario planning that are applied to Mexico City, have been developed by authors such as Schwartz (1996)
and Wack (1985), and further extended in the context of regional transportation planning by Gakenheimer et al (1999).

™ This section draws heavily upon the work done for the Integrated Program on Urban, Regional and Global Air Pollution: The
Mexico City Case Study. In particular, part of this work has been to incorporate different scenarios of the future of the MCMA,
for factors ranging from trade integration with the US to income inequality and urban migration. For more detail on this
approach, see Connors et a (2001).
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One manner of representing robustness is with a matrix, where the columns are different
scenarios (which may be combination of common drivers that tell a“story” about the economic,
demographic, politica future of Mexico City) and the policy strategies that combine options are
rows, then we can see how the strategies perform compared across a range of futures.

Scenario 1 Scenario 2 Scenario 3
Option 1 + - +
Option 2 + + +
Option 3 0 0 +

In the case where you have a positive value in each of the scenarios (Option 2, for
example) then the strategy is robust, and will perform well across adl futures. In this case, the
choiceis straightforward. However, if choosing between Option 1 and 3, this would depend
upon the desire to avoid negative outcomes, in which case Option 3 would be preferable, even
though Option 1 performs well in two out of the three scenarios. In further developing and
refining strategies, the focus should be upon combining options that can make strategies more
robust across the entire set of possible futures.

Implicit in this discussion, is that the formulation of performance measures and the
evaluation of policy options will require some modeling and quantitative analysis. Most of the
guantitative modeling will focus on specific parts of the system; for example, policies to change
passenger transportation mode share in Mexico City. However, while afocused quantitative
analysis may be necessary for better characterizing certain options, understanding how those
options impact the rest of the system, in a qualitative manner, is an essential part of the
evauation of options.

Therefore, an evaluation of an option might be presented in two parts, the first of which
might be an engineering-based or cost-benefit analysis. While the other part outlines the impacts
on (1) other aspects of the same subsystem layer, (2) other subsystems, and (3) the actors on the
policy sphere. Thislast step will also set the stage for the implementation phase of the CLIOS
analysis, as outlined below.

IMPLEMENTATION
Sep 10: Srategy for Implementation

Once a set of “promising” policy options are identified, the next crucia (but often
overlooked) step in the analysisis to develop a strategy for implementation. Many policy
analyses cometo an end at Step 9, with a set of recommendations, with little guidance as to what
obstacles might arise in the implementation of these recommendations. Inthe CLIOS analysis,
identifying a strategy for implementation requires taking the set of “best performing” option and
identifying combinations (a portfolio) of policy options that fit together in a comprehensive
strategy. By strategically combining options, one can accomplish two primary goals:

Mitigate/compensate for negative impacts. Given the interconnectedness of the system,
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improvements along one dimension of performance may degrade performance in other
areas of the system. Therefore, one should look for options that can either attenuate those
negative impacts, or compensate those actors on the policy sphere that are negatively
impacted, by including policy options that address their needs (even though these options
might not have made the initia “cut” in Step 9).

Increase the robustness of the options. Given the uncertainties in the individual options,
finding certain combinations of options can provide “insurance’ against extreme changes
or shocks to the systems. In particular, combinations of options can insulate the strategy
from magor shiftsin the common drivers. For example, a certain option aimed at private
automobiles may be highly sengitive to changes in household income levels, and might
perform poorly in periods of extremely high or low economic growth. However, if we
find that investments in public transportation seem to be less sensitive to economic
growth, it may be that this option, in conjunction with the option aimed at private autos,
provides a more dependable, if not necessarily an optimal outcome.

In working toward both of these goals, it isimportant to focus on most if not all of the
performance measures. Neglecting certain performance measures, especialy those measures
which are highly valued by certain actors on the policy sphere, can make the strategy vulnerable
to strong resistance from groups that feel that their interests are threatened by these options. This
highlights another key task in developing a strategy for implementation, which is the use of the
CLIOS representation to identify who is going to implement and enforce what option, as well as
who has the potential to impede itsimplementation. By looking along the policy sphere, to
assess how each option impacts their interests, one can look for both the “winners’ and “losers”
from certain actions. Then, returning to the issue of mitigation or compensation, one can begin
to build coalitions by creating more winners than losers.

Sep 11: Identify Opportunities for Institutional Changes and Architecture Devel opment

The structure of the policy system may make certain policies intended to bring about a
change in the physical system either more or less feasible. For this reason, we consider Step 11
to be aparald activity to Step 10, with institutional changes being an important part of the
overarching strategy for implementation.

Furthermore, the physical system itself needs to be well understood, possibly using other
system approaches will probably be more useful to understand the links between componentsin
that system, to know if the emergent behavior of the system will lead to the desired results of
intervention (the policy sphere acting upon the physical sphere). The direction of interaction can
be from the physical system to the policy system aswell. For example, changes (especialy rapid
changes) in the physical-technological systems can generate calls for policy intervention and
induce mgjor shiftsin the policy and organizationa structure.
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MANAGING A COMPLEX METROPOLITAN SYSTEM

Mexico City provides a clear example of how changes in the physical system can impact
the types of policy-institutional structures that are needed to manage certain issues. To begin,
the physical expansion of the urbanized area has progressed beyond the Federal District across
state boundaries to the State of Mexico, and more recently, to the State of Hidalgo. This has
forced policymakersto forge closer linkages in order to coordinate across a plethora of
municipalities and multiple states. In this manner, the physical system changes generated a
tension across the policy sphere, which necessitated new ingtitutions at the metropolitan-level for
environmental, transportation, human settlement and other metropolitan-wide planning.

Y et, reorganization along the policy sphere has been spurred not only by the expansion of
the urban area, but also by the linkages between the many layers of the physical system —
passenger transportation, freight, land use, industrial production, services, informal commerce
and production, residential energy consumption, and the environment. With rapidly increasing
demand for transportation, this sector increasingly dominates the share of total emissions,
therefore intensifying the transportation-environment link.

Sep 12: Post-1mplementation Evaluation and Modification

Once the policies have been implemented, the following step is to monitor and observe
whether the intended improvement in system performance actually occurred. However, the
capability to monitor the success of policy optionsis by no means guaranteed, and therefore one
may include monitoring systems as part of the strategy for implementation.
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MONITORING CHANGESIN AIR QUALITY

For example, in the case of Mexico City, the improved system performance would entail
a decline in heath impacts due to reductions in emissions and concentrations. The most
frequently cited statistics to reflect these improvements are daily concentrations of the main
pollutants — ozone (Os), carbon monoxide (CO), nitrogen dioxide (NO,), sulfur dioxide (SO,),
coarse particulate matter (PM10) and total suspended particulates (TSP). Y et, assessing the real
performance of these measures involves three different types of performance measures.

(1) avoided health costs in terms of decreased mortality and morbidity, fewer reduced
activity days (school absences, due to illness,

(2) lower emissions from those sources that were actually targeted for emissions
reductions, to see of the policy interventions did in fact contribute to the observed declinesin
concentrations.

To take an example, measuring only decreases in 0zone obscures much of the interesting
dynamics. To look more deeply, we need to identify the health benefits of that reduction, such as
declinesin ozone-related mortality and minor restricted activity days. Furthermore, to identify
the cause of reductions in ozone concentrations, a secondary pollutant, we need to look at the
relative changes in NOy and hydrocarbons (HC) that contribute to ozone formation. Without this
information, it is difficult to assess whether improvement in ozone were the result of lower NOx
emissions from sources such as private automobiles or lower HC emissions from activities such
as dry cleaning or solvent use.

This leads back to the issue of the complexity and uncertainty in the CLIOS. Because
cause and effect are not straightforward in a CLIOS, in order to monitor and evauate the
effectiveness of individual policy options, one needs to measure changes in performance across
multiple dimensions. In this manner, we can increase our confidence that the changesin
performance outcomes were due to the policy options, rather than to undetected changes in other
parts of the systems, or even the results of natural “noise” of the system, such as natural
variability in the local meteorology. In fact, improvement of the ability to monitor and evaluate
the impacts of policy measures on air quality may be a policy option in itself (Molina and
Molina, 2002).

If the policy failed to achieve improved system performance, one should return to the
CLIOS representation to assess where and in what manner the failure actually occurred. One
should also be careful to identify any unintended degradation in the performance of a one
subsystem, at the expense of atargeted subsystem. Looking first at the physical system, one
could ask if there was any unanticipated emergent behavior that atered the performance of the
system either quantitatively or quaitatively. Alternatively, were any of the links along the
pathway for achieving improvements in the system performance misrepresented or functioning
differently than expected? On the other hand, was the lack of performance improvement a
failure of the policy system? Are policy actors working in conjunction or competition with one
another (asidentified in Step 5) or were there disagreements on the performance measures, and
therefore the type of performance that was desirable (Step 6)?
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CLIOS ANALYSISWITHIN THE CONTEXT OF SYSTEMS APPROACHES

Analysts and Audiences

In thinking about the “market” for the CL10S representation as a framework for
approaching engineering systems, we are more inclined to focus on more qualitatively-oriented
analysts, who must grapple with highly complex systems with high degrees of complexity in
both the physical systems and policy systems. In this sense, the organizing framework of the
CLIOS representation provides an approach, which encompasses the physical and policy
systems, while also focusing qualitatively on the links between the two and the emergent
behavior that arises as aresult. While certain subsystems (alayer in the physical system) may be
extracted for more detailed quantitative analysis, the overarching CLIOS representation should
remain primarily qualitative.

Because they tend to think more broadly in their approach to issues, CLIOS may prove to
be better at alowing for the broad scope of analysis undertaken by student such asthosein
MIT’s Technology and Policy Program or Center for Transportation Studies or Urban Planning.
CLIOS representations, by recognizing that these are “open” systems, can be used to include a
broader range of elements and phenomena that might be difficult to characterize using a
guantitative system analysis that requires a more “closed” system.

We can think both about the analysts and the policymakers/stakehol ders for whom the
analyss isbeing developed. Therefore, we can ask whether the CLIOS representation:

Communicates the dynamics of the system and the tradeoffs among different

performance measures to decision makers and stakeholders.

Supports dialogue between decision makers, each of whom may have jurisdiction over

certain parts of the system, to understand where they interact, and where their actions

may be in conflict or could possibly work in the same direction.

Building on this last step, assist in the development of a policy/institutional architecture

that is better able to manage the system.*?

Emphasizing the point raised earlier in the description of Figure 6 — Nested Compl exity
and Layers of Physical Subsystems — the visualization element of the CL10OS diagram can be
very important. Part of the value of the CLI1OS representation could be that of a common
organizing framework that all of the various decisionmakers and policymakers (those located on
the outside policy sphere) can use to locate their particular role relative to that of other
organizations and institutions. In the context of the unsustainable patterns of metropolitan
development that has taken place in California, Innes (1997) notes that “efforts to intervene have
been made by one or another set of interests, each grasping the elephant by only one of its parts
and misunderstanding the whole.” Thisis not uncommon in the policy world as a multitude of
agents have an influence on a complex and integrated system. Perhaps clearer frameworks for
understanding such complex systems could enable decisionmakers to see their function as “part

12 These questions parallel many of the issues that arise in performing Integrated Assessments, which are intended to support
more policy-defined scientific and technical assessments of complex issues (Dodder et al, 2000).
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of acomplex system of linked factors in the physical environmenta and the governmental
context.”

Comparison with other Systems Approaches

Having outlined the steps in a CLIOS analysis, it is useful to step back from the process
and look at CL10OS in the context of other systems approaches, in order to identify its
advantages, limitations, and scope of applicability relative to traditional system approaches.™

In terms of its advantages, we suggest that the CL1OS analysis provides a new systems
approach that represents the entire system asis relevant to the problem definition or multiple
problem definitions that motivate the analysis. 1n representing the system in its more
comprehensive form, we explicitly include the policy world as a part of the system, recognizing
that changes to existing policy structures are not only an option, but are often necessary in order
to implement options to improve the system’ s performance.

The incorporation of the policy sphere, while alowing for a broader scope of anaysis,
necessitates that qualitative as well as quantitative factors are included in the analysis. While
this differs sharply from many other systems approaches, learning to incorporate factors that
cannot be quantified is a necessary step if systems thinking isto be applied to social and political
systems. One could hypothetically argue that all socia and political factors can be quantified in
some manner. Without entering into that debate, our view is that in many cases quantifying
socia and political factors, particularly metrics for evaluation, athough possible, may frame the
anadysisin terms that no longer have any useful meaning for decisionmakers and policymakers.
In addition, the CLIOS representation, by essentially abandoning the often ineffectual search for
a system optimum, focuses instead on the tradeoffs and uncertainties that are more characteristic
of the political process.

The anayst is given substantia flexibility in deciding the amount of detail in which
certain aspects of the system are described. This creates both benefits and potentia problems.
On the one hand, this flexibility allows the analyst to tailor the CLIOS analysis to address the
issues that provide the foundation for the analysis. For example, whether a component is
depicted as a component, developed into a separate subsystem, or expanded, is driven by
whether understanding the inner dynamics of that component is essentia for identifying options
for policy intervention. On the other hand, this tailoring of the CL10OS representation can make
the analysis highly dependent upon the values and perspective of the analyst. Inthe CLIOS
analysis, our intent is to emphasize identifying system performance metrics that are relevant to
the actors on the policy sphere. This, we hope, would constrain the extent to which the analyst’s
own bias enters into the representation of the system. Furthermore, by forcing the analyst to
explicitly represent their characterization of the system diagrammatically, the process provides a
transparency allows potential users of the analysis to challenge any apparent biases. By
providing a structured (literally step-by-step) process for undertaking the analysis, it not only
avoids the omission of salient factors, but also injects greater rigor and validity to the analysis.

3 The authors would like to thank Brian Zuckerman his valuable feedback on earlier drafts of this paper and overall contribution
to the development of the methodology. His comments and criticisms appear frequently in this section.
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Another challenge isin finding a balance between the capturing the detail and complexity
of the CLIOS, and exceeding the cognitive limits of the analyst. These diagrams can become
extremely complicated, making analysis of feedbacks and tracing the linkages within and
between systems intractable. We have introduced layering, nesting and expanding as possible
tools to contain the complexity of an individua system diagram (such asin Figure 3), by
enabling the analysts to look at a specific “dlice” of the system (asingle layer, a policy sphere, or
an “expanded” box). But, we recognize the analyst much bring a systems mindset and a
discerning eye to identify important loops and interactions, even though freed from the need for
guantification at this stage of the analysis.

While the CLIOS analysis has evolved significantly from a conceptual framework to a
new system approach, this methodology continues to develop through application to various
CLI10OS examples. Given the continuing maturation of Engineering Systems as an emerging
discipline, we propose that by clearly defining concepts, explicitly outlining analytical
procedures, and applying these concepts and procedures to actual systems, the faculty,
researchers and students in ESD can explicate existing debates and identify new topics for
investigation. In this context, we hope that further application of the CLIOS analysis can serve
to provide new perspectives and insights on Engineering Systems problems, and that through this
process, we can further refine the procedures contained in the CLIOS analysis.
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