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Abstract—Smart cities initiatives invariably include a quest
to improve health in the process of making cities "smarter".
The quest for health improvement is typically passively assumed
rather than actively undertaken. This leads to the question of
how to design smart cities to take into account citizen health
and well-being. We first describe the health factors associated
with health outcomes. In doing so, we emphasize the importance
of analyzing not only biological factors but the critical social
and physical environments where people live work and play
– thus highlighting the opportunity for smart cities to impact
health. Given that health factors are not expected to have a 1-
to-1 mapping with social and physical environments, this paper
develops the mapping of health factors to social and physical
environments. This is accomplished by first describing the health
factors impacting health outcomes. Next, health is modeled as
state described by discrete event dynamics using Petri-nets. This
health model incorporates health factors associated with social
and physical environments. Finally, frameworks describing social
and physical environments are introduced to develop the mapping
of health factors to the social and physical environments. If
smart cities are to truly address health, we need to understand
where new technology or networked systems affect health factors.
The mapping presented in this work explicitly describes the
social and physical environments that impact health factors. Such
work allows practitioners to account for ways that smart cities
initiatives can actively impact health rather than passively hoping
to do so.

Index Terms—health & well-being, social and physical envi-
ronments, Smart Cities

I. INTRODUCTION

Smart cities initiatives invariably include a quest to improve
health in the process of making cities "smarter" [1], [2]. The
quest for health improvement is typically passively assumed
rather than actively undertaken. If health is not specifically
designed for, then it is no surprise the results may be positive,
none at all or even negative. While we may want to believe
technology makes people healthier, several examples show that
cities can become "obesogenic" [3], [4].

Examining health and healthcare more closely we find
that classic healthcare delivery systems evolved to address
acute conditions coming through the clinic door [5]. Such
conditions typically required the skill and expertise of the
healthcare delivery system to restore an individual’s health on
the time scale of a clinical visit. A growing shift from acute to
chronic conditions addressed by healthcare delivery systems is

evidenced by the fact that 78% of total healthcare costs in the
United States are now due to chronic diseases [6].
As healthcare needs shift to address chronic conditions,

value-based models of payment have increased, driving
changes in chronic care models [7]. While acute health out-
comes are primarily influenced by healthcare services, chronic
care health outcomes research suggests that approximately
20% are accounted for by clinical care and the remaining 80%
arise from the living environment [8].
Smart cities literature has focused on improving health

through health-IT, e-health, m-health, s-health essentially by
connectivity. This is a focus on information transfer between
the clinic and the patient and typically does not change how
the living environment is affecting an individual’s health.
For example, a patient with diabetes is much more likely to
improve their health by addressing their social and physical
environment over the ability of constant glucose readings to
change their behavior and consequently change their health.
The complex interconnected living environment (physical,

social, cultural, economic and political) strongly influences our
health today [8], which suggests a significant need to design
for citizen health & well-being. This presents an opportunity
for smart cities initiatives. A great example of such synergies is
in Kansas city, Missouri. It is not only the first U.S. city to be
included as a core IEEE smart city, but it is also the recipient
of the 2015 Robert Wood Johnson Foundation Culture of
Health Prize.
Cities and communities are now actively participating in

recruiting technology to specifically address citizen health
and well-being [9]. It becomes critical for technologists to
develop technology while incorporating the systems they are
introduced into.
This paper seeks to present the health factors affecting

health outcomes in Section II in order to model individual
health in Section III. Next, social and physical environment
frameworks are developed and mapped to health factors in
Section IV. Such a mapping allows technologists to account
for technology impacts on communities and citizen health &
well-being. Finally, we conclude in Section V.



II. BACKGROUND

Individual health is classically an interest and concern of
the healthcare delivery system and public health. Our current
healthcare delivery system organically developed to meet "one-
off" acute conditions. In such acute conditions, an individual’s
health is primarily used to inform severity level. In contrast, we
are currently facing an unprecedented chronic disease burden.
Healthcare needs have significantly shifted from treating acute
conditions to treating chronic conditions. These conditions,
unlike acute conditions, are particularly complex in that they
are ongoing and tend to involve multiple factors with multiple
interactions between them [10]–[12].

Long time periods and multiple factors affecting such
conditions have led to research to understand the factors
affecting health. Here we highlight the much accepted and
used County Health Rankings Model developed by the Robert
Wood Johnson Foundation and the University of Wisconsin
Population Health Institute [8] to describe health where we
live, learn, work and play. This model describes health as
health outcomes and the factors affecting health as health
factors as shown in Figure 1.

Fig. 1. County Health Rankings identifying the health factors affecting
health outcomes.

The quantification of the relative weights of each of the
health factors is an active field of research. Research studies
have shown that as greater reliability of socioeconomic factors
have been introduced, this has led to the larger independent
association of the socioeconomic factors than the behavioral
determinants [13]–[15]. As more physical environment factors
data continue to be regularly and reliably captured, it is
likely that continued focus will be placed on enhancing not
only the socio-economic environment but also the physical
environment.

This model suggests that 80% of the factors affecting health
outcomes are outside of the healthcare delivery system leading
to significant effort to understand and change these health
factors. Therefore, in order to understand and model an indi-
vidual’s health, factors from an individual’s living community
environment need to be taken into account.

III. MODELING HEALTH

The World Health Organization (WHO) defines (human)
health as "a complete state of physical, mental and social well-
being, and not merely the absence of disease or infirmity"
[16]. Therefore, in modeling health we follow the WHO’s
description of health as a state.
Modeling an individual’s health as a state is unlike classic

modeling in healthcare. Modeling an individual in healthcare
(i.e. patient) has been primarily applied to acute care, evident
in typical emergency room and inpatient applications [17]–
[20], where an individual is modeled as a passive entity
being pushed and pulled through the system. Consequently, a
significant portion of the literature focuses on delays associated
with health services [21]–[34].
In terms of modeling each individual, one must distinguish

between the bio-physical-chemical continuous health state of
the individual often found in systems biology [35], [36] and an
individual’s clinical health state which is used to inform health
outcomes. The clinical health state is often ascertained by the
clinician through differential diagnosis [37], [38]. The process
of diagnosis generally includes a form of discrete classification
such as by: type (e.g. Type 1 diabetes vs. Type 2 diabetes [39]),
stage (e.g. Breast Cancer Stage IA vs. Stage IIIC [40]), grade
(e.g. Brain Tumor Grade II diffuse astrocytoma vs. Grade IV
glioblastoma [41]) or class (e.g. Heart Failure Functional Class
I vs. Heart Failure Functional Class IV [42]). Furthermore, the
evolution of that state happens at irregular time intervals and
often as a result of specific events be they from the healthcare
delivery system (e.g. surgery), the environment (e.g. exposure
to allergens), or new behavior (e.g. a new exercise regimen).
Therefore, it is more appropriate to use a discrete event system
model to describe the evolution of an individual’s clinical
health state described going forward as health state.
In this work we model the evolution of health state analo-

gously to the modeling of a product’s state from raw good to
finished product, described by a deterministic untimed Petri
net called a “Product Net” [43]. Similarly, a “Health Net” is
introduced, this time as a fuzzy timed Petri net, to model an
individual’s health state [47].
Definition 1. Health Net: Given an individual li, that is part
of a population L, where L = {l1, ..., l�(L)}, the evolution of
their health state can be described as a fuzzy timed Petri-net
[44]–[46]:

Nli = {Sli , Eli ,Mli ,Wli , Dli , Qli} (1)
where

∙ Nli is the health net.
∙ Sli is the set of places describing a set of health states.
∙ Eli is the set of transitions describing health events.
∙ Mli ⊆ (Sli ×Eli ) ∪ (Eli ×Sli ) is the set of arcs describing
the relations of (health states to health events) or (health
events to health states).

∙ Wli is the set of weights on the arcs describing the health
transition probabilities for the arcs.

∙ Dli is the set of transition durations.
∙ Qli is the Petri-net marking



The health net is a practical representation of an individual’s
health state evolution from a clinical practitioner’s perspective.
Health states may include specific biological health factors
(e.g. BMI level, glucose level) or may represent specific health
outcomes (e.g. pain level, cancer remission). They may also
include socioeconomic and environmental health factors (e.g.
air and water quality, community safety). The health events
allow for the progression from one health state to the next
as has been described in the scientific medical literature. The
weights Wli on the arcs Fli are no longer integers but instead
probabilities of 1.) a health state leading to a health event or
2.) a health event leading a health state. The introduction of
event timing and fuzzy state evolution are specifically included
to account for the chronic disease requirements previously
presented [47].

We now turn our attention to addressing the non-biological
health factors of health behaviors, clinical care, socioeconomic
factors and physical environment from Section II. These non-
biological health factors are modeled as both places to describe
having the health factor and transitions representing the health
factor risk actually impacting health state. Specifically, these
non-biological health factors are modeled as places similar
to biological health factors. In doing so, a marked place
represents the presence of a health factor. The presence of a
health factor alone is not sufficient to change health outcome,
it requires a transition, a health event E'li as a result of
the external factor thus causing a stochastic human process
P'. For example, the health net of an individual living in
an unsafe neighborhood is modeled with a token marking in
the community safety health factor place. This only indicates
the presence of this health factor risk and requires the firing
of a stochastic human process P' to change health state.
Specifically, a community safety health factor place marking
can for example fire: a) transition: getting shot leading to the
health outcome: dying from your injuries or b) transition: not
exercising leading to the health outcome: develop a diabetic
state).

IV. MAPPING HEALTH FACTORS TO SOCIAL & PHYSICAL
ENVIRONMENTS

Introducing non-biological health factors into the Health
net more accurately reflects the true multidimensional factors
affecting health outcomes. Since, by definition these factors are
external to an individual’s physical body, they can be mapped
to an individual’s living environment – specifically to their
social and physical environment. The term social is used here
as an umbrella term to encompass the non-physical: social,
cultural, economic and political environments.

While "health" used to be primarily the concern of the
healthcare delivery system and public health authorities there
is growing recognition that "health is everywhere" [48]–[52]
and that "health is created in the context of everyday life"
[53]. Kickbaush continues to say "We need to understand
better what this means particularly in relation to increased
choice, commercialization, and inequality. Above all we need
to understand what it means for people in the context of

their everyday life – what is gained and what is lost." [48].
Consequently, smart cities initiatives have a very direct role
to play in impacting health and in analytically informing and
clarifying how the context of where and how we live affects
health.
A. The Physical Environment
It becomes important to develop a living environment

framework composed of the physical and social environments.
A physical environment framework is adapted using concepts
from systems thinking applied to the framework developed by
Shultz and Northridge [54]. At the macro-level, the physical
environment can be first separated into the natural and built
environment. The natural environment is critical to note, as
clear links to health have been made, however, given that
minimal ability to change topology, climate and water supply
exists within this scope, it is included as a single encompassing
component. Next, Northridge et al. deconstructs the meso-
level built environment into: land use (industrial, residen-
tial, mixed use or single use), transportation services (e.g.
roads, sidewalks, electric and gas stations), services (shopping,
banking, healthcare facilities, waste transfer facilities), Public
resources (parks, museums, libraries) and buildings (e.g. hous-
ing, schools, workplaces).
Given the focus of live, learn, work and play in health and

smart cities perspectives, a functional focus is implored to
develop the physical environment framework to include: 1)
living (home), 2) education (school/university), 3) work (office
building, construction site), 4) community (parks, museums,
libraries), 5) health services (hospitals, emergency room), 6)
transportation services (buses, sidewalks), 7) other services
(banking, retail, entertainment), along with 8) natural envi-
ronment (topology, water supply) as shown in Figure 2.
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Category Name Example Environment Type

(home)
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building and land use
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building and land use
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building and land use
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Fig. 2. Physical Environment Framework

B. The Social Environment
The social environment framework can be similarly devel-

oped using concepts from systems thinking applied to the
adapted ecological framework developed by McLeroy et al.
[55], which is a variation on Broffenbrenner’s model [56]
while also borrowing from the work of Belsky [57]. In
McLeroy’s ecological framework five levels are described by:
the individual with their knowledge, attitudes and beliefs;
interpersonal groups as formal and informal social network
and social support systems including family, peers and associa-
tions; community factors as relationships among organizations,



institutions, and informal networks within defined boundaries;
institutional factors as social institutions with organizational
characteristics and formal (and informal) rules and regulations
for operation; and public policy as local, state, and national
laws and policies.

Given the functional focus of live, learn, work and play in
health and smart cities perspectives, the social environment
framework includes: 1) individual, 2) family, 3) personal
social network, 4) community, 5) educational institutions, 6)
work institutions, and 7) public policy as shown in Figure 3.
Noteworthy variations on McLeroy’s model [55] include: 1)
further separating interpersonal into family and personal social
network where factors of health insurance, home environment,
mother’s employment, parenthood that are particularly specific
in importance as it relates to health [58] and 2) education and
work institutions are separated given the distinction of these
institutions within the health factors and their different rules,
regulations and policies for smart cities initiatives.

public policy

work institutions

educational institutions

community

personal social network

family

individual

Fig. 3. Social Environment Framework

C. The Mapping
Now that the physical and social environment frameworks

have been developed, we now turn to the mapping of the
health factors presented in Section II. There is no clear 1-
to-1 mapping between the health factors in Figure 1 and
the physical and social environments in Figures 2 and 3,
respectively. As is expected, each health factor is influenced by
multiple social and physical environments as shown in Figure
4. Therefore, this section details the specific mapping of health
factors to the physical and social environments.

Health behaviors health factors are expected to be domi-
nated by social environment factors, with generally little to
no physical environment relevance. While current science
suggests this may be the case for some factors, physical
environment factors are increasingly being recognized. For
example, most research points to the effect of all levels of
the social environment on tobacco use [59], while unlike any
other factor, we find that diet and exercise is influenced in
some way by every social and physical environment [60]–
[62]. As one would suspect all levels of the social environment
play some role in impacting sexual activity [63], along with

mobility from the physical environment [64]. Similar to the
other health behaviors, alcohol and drug use is affected by all
social environment levels [3] with clearer physical environ-
ment factors of the home, community spaces, natural topology
and transportation services playing a role in distribution and
use location [3], [65], [66].
Clinical care health factors surprisingly show important

social and physical environment factors beyond the physical
healthcare delivery system described by the health services
category. Access to care is influenced by the individual and
consequently family insurance capabilities along with public
policy, social support of friends and community. For example,
the physical location of residence, transportation capabilities
and of course the physical presence of healthcare services
heavily influences access to care [67]. Quality of care is
influenced by the individual and family educational level and
public policy with a focus on the capabilities of the specific
physical health services sites [68].
Social and economic health factors are influenced by all

social environment levels, as expected. These factors are also
all impacted by an individual’s physical home and mobility.
Education factors are also influenced by the educational phys-
ical environment. Employment is affected by all the social
factors but also by all the built physical environment where
the presence of these structures corresponds to the presence
of opportunity. Income is influenced by all factors except for
the physical presence of health services and the natural system.
Family and social support and community safety are influenced
by similar factors as income [69], [70].
Physical environment health factors are surprisingly not

completely driven by the physical environment. Specifically,
air & water quality is easily understood to be a function of
the natural system along with the effect the physical buildings
place where we live, learn and work on the final water quality
we receive and consume. The incident in the city of Flint has
highlighted the social community and public policy factors
also affecting water quality [71]. Similarly, housing and transit,
seemingly driven by the physical environment are significantly
affected by all levels of the social environment [72].

V. CONCLUSION

In conclusion, this paper presents the health factors affecting
health outcomes, which in turn are included in the modeling
of individual health using Health nets. Social and physical
environment frameworks were developed and mapped to the
identified health factors. Such a mapping allows technologists
to account for technology impacts on communities and to
actively design smart cities for citizen health and wellbeing.
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