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Abstract: A city, as a complex adaptive system, evolves. As a non-equilibrium system, its 

components rely on exchanges of energy and wastes with its environment to sustain its inhabitants 
and systems. As a system of systems, its agents must work through conflicts among its systems, 

resolutions to which affect its evolution. Integrating these systems perspectives, the authors propose a 

framework on the evolution of cities and a methodology to study urban resilience. 
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1   Introduction 

Cities are home to most people, and are projected to house nearly 75% of the global population by 2050 

(UN, 2011); they use most of the energy and drive most of the global greenhouse gas emissions (Ash et 

al., 2008). A myriad of energy and environmental issues, including transportation congestion, degrading 

water supply infrastructure (Asnaashari et al., 2013) and air pollution (Mage et al., 1996), are born in 

cities. Simultaneously, however, cities are locations that breed great innovators and problem solvers. For 

example, cities have been among the leaders in making progress towards climate change mitigation, as 

exemplified by the worldwide Cities for Climate Protection network involving over 1,000 communities 

voluntarily acting to address climate change (FCM, 2013; ICLEI, 2012). Hence, sustainable 

developments of cities are of global concern in terms of global environmental impacts and as locales for 

both technological and social innovations. Understanding how cities evolve, the goals of cities, and 

mechanisms of achieving its goals is important for steering change along desirable pathways.  

 A city can be conceptualized simultaneously as a complex adaptive system and a non-equilibrium 

open system, as well as a system of systems. As a complex adaptive system, a city’s evolution follows, at 

least partially, an undirected trajectory with inherent unpredictability in its exact future states, though it 

would be expected to invoke an adaptive cycle (Gunderson and Holling, 2001; Holling, 1973). As a 

complex adaptive system follows its adaptive cycle, its resilience changes heuristically. How its resilience 

changes, however, depends on the variables of interest mapped onto the phases of the adaptive cycle. For 

example, a regional economy’s adaptive cycle demonstrates high resilience during reorganization and 

exploitation phases and low resilience during conservation and release phases based on connectedness 

(Simmie and Martin, 2010). In another example, the resilient regime of an urban center is during phase 

transitions from exploitation to conservation and from release to reorganization based on agency of social 

capital and social structure/institutional forms (Pelling and Manuel-Navarrete, 2011). Hence, it is possible 

to invoke the adaptive cycle with different variables to infer heuristics about urban resilience and its many 

dimensions.  

 Knowing where a city is in its adaptive cycle and to which phase it will transition requires 

information about the city’s dynamics and structure. More specifically, external interactions between the 

city and its environment can be understood via non-equilibrium open systems, and internal interactions 

among its systems and agents can be examined via system of systems thinking methodologies. While 

strides have been made in recent years in understanding the general properties of cities (Batty, 2012, 

2008; Bettencourt et al., 2007), the suite of details that define the courses followed by cities remains 
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uncertain and unknown though it would be useful in order to make timely course corrections (Bettencourt 

and West, 2010). Determining the evolutionary trajectory of a city requires an understanding of the type 

of thing that a city is. Jacobs (1961) defined cities as a thing of organized complexity, whereby a large 

number of factors are integrated, necessitating in-situ consideration of the parts relative to the whole. 

Furthermore, a city can be thought of as a socio-ecological system (Moffatt and Kohler, 2008) that exists 

in non-equilibrium and open to exchanges with its environment (Bristow and Kennedy, 2013a; Rees, 

2012). Moreover, a city can be modeled as a system of systems in which there are multiple participants 

with multiple objectives, complex interactions and risk management needs (Hipel and Fang, 2005; Hipel 

et al., 2010).  

 The overall research objective is to merge these systems lenses and to obtain a rigorous, operational 

and dynamic model of urban resilience that deals with both endogenous factors (such as internal decision 

making and internal structure) and exogenous factors (such as resource availability and climate 

variations). In Section 2, the authors propose a framework that integrates literatures on complex adaptive 

systems, non-equilibrium open systems and system of systems thinking to study the evolution of a city 

and its resulting urban resilience in its many dimensions. Finally, Section 3 concludes this paper with 

future work on connecting adaptive cycles with conflict models through a real-world urban study. 

2   Framework Overview 

Understanding the evolution of a city requires a socio-ecological perspective that is inherently systems 

based (Coelho and Ruth, 2006): Ecologically, a city 1) must take from and emit to its surroundings 

resource inputs and waste outputs, respectively, which involves interdependence with ecosystems and the 

environment, and 2) forms higher level patterns, such as adaptability, from interactions at the lower level. 

The first point captures the qualities of the city that drive and maintain it far from equilibrium while the 

second represents the complex adaptive nature of the city. Societally, the organizational and strategic 

relationships at various levels in the city are represented well from a system of systems perspective (Hipel 

et al., 2008). Cities are inhabited by a variety of people, organizations, and institutions that have multiple 

and possibly conflicting objectives. These inhabitants are often operationally and managerially 

independent systems (transportation modes, water supply, food distribution, waste management, etc.). As 

a system of systems, agents in a city work through conflicts among individual objectives to achieve 

system goals. These complementary views of cities are presented in Table 1. 

Table 1.  Characteristics of cities as complex adaptive systems, open non-equilibrium systems, and as systems of 

systems. 

Complex Adaptive System 
(Coelho and Ruth, 2006; Pelling 

and Manuel-Navarrete, 2011) 

Open Non-Equilibrium System, 
(Bristow and Kennedy, 2013a; Rees, 2012) 

System of Systems 
(Bristow et al., 2012a; Hipel et al., 

2008; Maier, 1998; Sage and Biemer, 

2007; Sage and Cuppan, 2001) 

• Emergent higher level 

patterns from lower level 

activity 

• Large number of interacting 

elements 

• Adaptation 

• Self-organizes  

• Open to exchanges of matter, energy, 

and information with the environment 

• Driven to dissipate high quality 

resources and produce entropy 

• Pursues structuration as a means to 

dissipation 

• Self-organizes 

• Operational independence 

• Managerial independence 

• Unexpected emergent behavior 

• Self-organization 

• Adaptation 

 

 By integrating these systems perspectives, we propose a socio-ecological system framework for 

studying the evolution of cities and urban resilience, shown in Fig. 1. It entails four stages. The first stage 

involves careful selection of variables that demonstrate the adaptive cycles of a city. Potential variables 

are the connectedness of infrastructure networks and the exergy stored in the city1.  The second stage 

requires hard thinking on the formulation of resiliency definitions for regions of the adaptive cycles. We 

say “hard thinking” because these definitions must rigorously delineate who is resilient to what, and 

                                                           
1 Exergy is defined as the work potential, or useful component, of energy in a defined process (Bejan, 2006). 
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where quantifiable, by how much. As there may be many different adaptive cycles within a city, there 

may also be multiple dimensions of urban resilience. In the third stage, empirical investigations are 

needed to assess where in the adaptive cycles the city is located, and thus measures of resilience are 

obtained. Finally, in the fourth stage, conflict models are employed to determine evolutionary trajectories 

wherein the evolution of the conflict model states are mapped to the dynamics of selected variables of 

interest. The goal of this work is to look at strategic interactions between the elements of the city to see 

whether overall the city can and will evolve to more resilient regions in its adaptive cycles. 

 

Fig. 1. Socio-ecological system framework for studying the evolution of cities and their resilience.  

3   Connecting Adaptive Cycles with Conflict Models: The Case of Urban Energy 

Systems 

Testing and implementation of the proposed conceptual framework can build on existing work through 

case study applications in the area of urban energy use. Bristow and Kennedy (2013b) illustrate how the 

energy use of cities follows a sigmoid trajectory characteristic of systems undergoing an adaptive cycle 

(Fath et al., 2004). Furthermore, Bristow and Kennedy (2013a) provide a methodology for assessing the 

network structure of urban energy flows and transformations, which allows for assessment of the 

connectedness of the energy system. The nodes within this network include the various industries, and 

infrastructure systems that comprise a city. Together, these two works represent the necessary foundations 

for the first three stages of the proposed conceptual framework above. 

 The fourth stage is established by extending the network model into a system of systems conflict 

model. Operationally and managerially, many of the nodes of the network are independent of the others 

(such as unrelated industries), while other nodes are only managerially independent (e.g., industries and 

the electrical system). The decision makers (DMs) are the agents managing and operating the nodes. Each 

DM has its own set of objectives that often varies from those of other DMs. The Graph Model for 

Conflict Resolution (GMCR) is a powerful tool suitable for analyzing this conflict. It is useful for 1) 

predicting evolution of conflicts (Xu et al., 2010); and 2) steering negotiations to desirable outcomes 

(Fang et al., 1993); and 3) in its expanded form within an agent-based modelling and simulation platform 

can determine attractor states of dynamic non-equilibrium systems with heterogeneous agents (Bristow et 

al., 2012b). 

 The next stage of the research program is a synthesis of the first stages to develop a rigorous urban 

resiliency definition, which will build on Bristow and Kennedy (2012) and lead into a formal definition 

and analysis of dynamic conflict models of agents within a city with respect to energy. 
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