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1. Purpose
To explore the impact of interactions between individual characteristics, the social environment and
the urban environment on children’s daily physical activity (PA); and to evaluate the potential impact
of interventions in the following domains: outdoor play, physical education in school, active travel
and their combination.
2. Entities, state variables and scales
There are two types of entities in the model: The agents and the environment. The agents represent
children and the environment represents the geographical urban landscape where agents preform
daily activities.
2.1 The environment
The environment provides the physical space within which agents act. It consists of spatially
referenced vector layers of land-use, houses, schools, shops, leisure centres and a road network
(Figure 1a). Land-use are characterised by type k (e.g. park, playing field, garden) and an attribute
PMVPA that represents the degree to which agents are physically active when engaged in an activity
located on land-use type k. PMVPA,k denotes the average probability of agents to preform
moderate-to-vigorous physical activity (MVPA) per unit of time spent on land-use type k.
Roads are used by agents to travel between activities and the distance between sites is based on the
road network distance. The environment is divided into zones; these are small geographical areas
used in the collection and reporting of administrative and census data in Scotland. The data zones
include demographic statistics; the level of deprivation (SIMD) of the area, divided into 5 levels
based on quintileand; a street walkability index divided into 5 levels.
2.2 Agents
Agents represents 9-11-year-old children; they are dynamic entities that are mobile and implment a
daily schedule of activities during which they engage in PA. Agents are assigned a home and a school
in the city. They are characterised by socio-economic status (SES), gender, number of cars in the
household and number of weekly formal sport activities (FSA). Agents are also characterised by
attributes reflecting their tendency to be active (A) and preference to play outdoors (O). These
attributes reflect heterogeneity within the population and since the exact distribution is unknown to
us, we simply assume a normal distribution with mean 1 and a variance of 0.32. A and O are
randomly assigned to agents and determine how the agent “behave” compared to others in the
population.
While preforming an activity or travelling between locations, the agent may perform MVPA. A state
parameter counts minutes of MVPA performed by the agent during the day. Agents sense their
environment; they have knowledge about availability of land-use and facilities in the vicinity of their
home and school and can estimate distance. They are also socially aware and can sense the presence
of other agents in their vicinity. They use this knowledge for selecting a site for their activities.
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2.3 Representation of space
Space is explicitly represented using geo-referenced vector layers that form the environments (e.g.
land-use, houses and roads) (Figure 1a). Agents location in the environment is updated as they move
between activities. To select a site for activities and decide on a travel mode, agents evaluate
distance and availability of sites (facilities and land-use) in relation to their location. The road
network is used by agents to calculate the travel route between activities. The spatial distribution of
land-use and facilities in the vicinity of the agents affects their engagement in particular activities,
the distance they travel and the mode of travel they use (car vs. walk), and, in turn, it affects the
accumulation of MVPA during the day.
2.4 Temporal and spatial resolution
The model simulates agents’ activities during weekdays between the hours: 08:00 -20:00. Model
cycle represents one minute (Δt=1 minute), and each simulation runs for 30 days.
The spatial extent of the model covers 34 km2 of the city of Glasgow, (20% of the city municipal area)
with 2070 children agents (Figure 1b).

Figure 1: The environment. (a) Georefrenced vector layers of land use, buildings and road network
form the urban environment. (b) The environment covers 34 km2 of the city of Glasgow.
2.5 Process overview and scheduling
2.5.1 Daily activities
The agents follow a daily schedule of activities, progressing in a time step representing one minute
(Figure 2). Each day starts as the agents travel to school. The school day takes place between 09:0015:00 and includes school lessons, recess and physical education lessons. After school ends, the
activities of agents diverge based on pre-scheduled activities such as FSA or meeting friends, and
also according to activities that are spontaneously selected by the agent. The first activity takes place
directly after school ends, where agents may select to participate in outdoor play on the way home.
We assume that agents who are driven home or have a scheduled FSA are less likely to participate.
After arriving home, agents who have a scheduled FSA or are meeting a friend travel to the activity.
An agent who has no scheduled activity or has completed their scheduled activity, may then select
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to participate in: outdoor play or shopping. These activities are triggered by the spontaneous activity
selection procedure. This procedure is implemented 4 times per hour (every 15 min on average)
after the return from school and until the end of the day. The agent randomly selects either outdoor
play or shopping and decides whether to participate with probability based on the activity’s weekly
frequency and modified by conditions in the environment and the preference of the agent. If the
activity is not triggered the agent will stay at home. If an activity is selected by an agent, the duration
of the activity is determined by sampling from a time distribution specified for the activity. At 20:00,
the day ends and the next day begins.

Figure 2: Agent’s daily activity procedure.
2.5.2

Travel

When traveling the agent moves along the road-network from her current location to the location of
the next activity. Travel is either active (walking) or passive (using a car). Before each travel the
mode of travel is selected by the agent. The mode of travel determines the speed of movement (and
therefore the duration of travel) and the MVPA that may be accumulated during the travel. During
passive travel no MVPA is performed by the agent, while in active travel at each unit of time MVPA
may be performed with a probability as specified in Figure 3.
2.5.3

Performance of physical activity

In the model, the intensity of PA at any one time is associated with the type of activity and its site.
Sites are assigned with a parameter that determines the average fraction of time agents perform
MVPA while engaging in the activity at the site (Figure 3). The MVPA fraction for different land use
and facilities was estimated based on an analysis of GPS and accelerometer data collected from 109
children (aged 10-11 years old) living in urban environments in Scotland, as part of the SPACES
research project (McCrorie et al., 2018). Accelerometery data from the SPACES study was collected
across 7 days using ActiGraph GT3X+ devices, 10 second epoch accumulation, and the Evenson
threshold cutpoints to discern time spent in MVPA (Evenson et al., 2008). These values were used as
the probabilities of the agents to perform MVPA when engaging with activities at these sites. The
MVPA probability is further modified by the agent’s tendency to be active (A).
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3. Design concepts
3.1 Theoretical and Empirical Background
The social-ecological framework provides a theoretical background for the ABM. We assume the PA
of an individual is influenced by interrelated factors on multiple levels: individual, social
environment, environment and policy (Sallis et al., 2006). Factors related to these multiple levels
are integrated within the model affecting the agents’ decision-making, their activity schedule and
behaviour. Collectively, this simulates a complex system from which individual PA and, subsequently,
population levels of PA emerge. The influence of each level is theorised and then implemented by
drawing on empirical evidence and the literature. Below, we set out the ideas and relationships that
are simulated. Then, we show in more detail how these are implemented in the model.
At the individual level agents are characterised by socio-economic status (SES) and PA-relevant
attributes that reflect economic constrains associated with SES; these include availability of cars in
the household and participation in formal sport activities (e.g. sports clubs). Car availability affects
the travel mode selection (car vs. walking) and participation in formal sport activities affects the
activity schedule of the agent. Both, in turn, affect levels of PA.
As for the intensity level of PA, it differs by agent’s gender, as we observed in empirical data (Figure
3). Moreover, psychological theories assert that variation in PA behaviour is the outcome of a
complex interplay between psychological variables (Hagger et al., 2001; Rhodes et al., 2019).
Although our model does not explicitly represent the levels of psychological variables, we do include
an abstract variable representing a ‘tendency’ to be active that introduces variation between agents:
given the same activity, depending on their ‘tendency’, some agents are more likely to accumulate
MVPA while others are less. In addition, we assume that agents differ in their willingness to engage
in outdoor activity. This could be because of differing preferences (Cleland et al., 2010) and/or
parental influence (Remmers et al., 2014).
The influence of the social environment is based on findings suggesting that children adapt PA
behaviour in accordance with the behaviour of friends (Macdonald-Wallis et al., 2012; Maturo &
Cunningham, 2013; Stearns et al., 2019). Moreover, children may be more attracted to participate in
activities when and where other children are present (Floyd et al., 2011; Pedroni et.al., 2019). To
implement these influences, social ties are created between agents to represent a friendship
network. Agents adapt their tendencies and preferences to those of their friends when performing
activities together. In addition, agents sense the presence of other agents in their vicinity and are
more likely to participate in outdoor activity when more agents are present.
Evidence suggests that adverse social conditions in the neighbourhood may lead to concerns about
safety and discourage activity outdoors (Rees-Punia et al., 2018; Marquet et al., 2019). To reflect
this, an agent’s likelihood to participate in an outdoor activity in the neighbourhood is affected by
deprivation level. Neighbourhoods’ deprivation level in the model are based on the Scottish Index of
Multiple Deprivation (SIMD) (Scottish Government, 2020). The index is a combined measure of the
extent to which an area is deprived across seven domains: income, employment, education, health,
access to services, crime and housing.
The urban environment provides places to engage in PA behaviour. Land use types differ in the
activities they afford and facilitate and are associated with varying intensity levels of PA (Prince et
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al., 2019). To represent the impact of land use on intensity level of PA, each type of land use in the
model is assigned a parameter that controls the intensity level of PA performed by the agents when
they are located there. Land use parameters that control PA were derived from an analysis of
empirical data of children’s MVPA accumulation at different land use and facilities (Figure 3).
The configuration of the living environment may also affect accessibility to sites for engagement in
outdoor activity. Distance is a key consideration for selecting a site for recreational activities
(Koppen et al., 2014; Dunton et al., 2014; Van Hecke et al., 2016). In the model, distance to a site as
well as the social influence (presence of others at the location) and the size of the site are
considered by the agents when they select a location for outdoor activity. Distance and street
walkability are central determinants of children’s choice for mode of travel (Oliver et al., 2015;
Williams et al., 2018; Macdonald et al. 2019), thus affecting PA accumulated by active travel. In the
model, roads are explicitly represented allowing agents to evaluate walkability and distance before
every journey to decide on the preferred mode of travel. Empirical data from children’s travel diaries
are used to estimate a probability function used by the agents to decide on the mode of travel (car
vs. walk).
In this simulation, policy is represented as different intervention scenarios. In the scenarios we
manipulate parameters that control the engagement of the agents in specific activities during the
week and observe the impact on PA levels in the population. More specifically we test three
potential intervention domains in the children’s day: school, outdoor play in the neighbourhood and
active travel.
3.2 Individual decision making
Before traveling between activities agents decide on a mode of travel (active or passive). Agents first
calculate the shortest route to the destination and evaluate the distance and street walkability.
Based on these factors a probability for active travel is calculated that is used by the agent for
probabilistic choice. As distance increases the probability for active travel decreases, and as
walkability increases the probability increases.
Agent’s daily schedule includes participation in outdoor play. Agents’ decision to participate is
derived by an average frequency of the activity (times per week), the presence of other agents
outdoors in the vicinity, neighbourhood deprivation level (SIMD index), and the preference of the
agent to be outdoors (O).
When agents consider participating in outdoor play directly after school ends, the travel mode and a
planned FSA on the day also affect the decision: traveling home by car reduces the likelihood to
engage with outdoor play as well as a schhedualled FSA on the day. All the aforementioned factors
contribute to the agents’ participation probability.
Following a decision to participate in outdoor play, agents select a site for the activity. Sites that are
considered by the agent have the following land-use: gardens, spaces designated as residential
amenities, sport fields and public parks. To select a site, agents rank available sites based on
distance, no. of other agents present at the site, and size of the site. Agents consider optional sites
starting from the highest to lowest rank. The probability to select a site reflects the site’s rank
relative to the other available sites; in this way the “best” site is not always selected by the agents
and reflect aspects of bounded rationality.
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When friends are meeting, they either play indoors at the home of the host agent or play outdoors.
When playing outdoors they select a site as described above.
3.3 Individual sensing
Agents sense their environment; they have knowledge about availability of land-use and facilities in
the vicinity (800 m radius) of their home and school and can estimate distance. They are also socially
aware and can sense the presence of other agents in their vicinity (300 m radius).
3.4 Heterogeneity
Agents include heterogenous characteristics: gender, SES, no. of cars, no. of FSA, tendency to be
active (T), preference to be outdoors (O). The configuration of the urban environment (land-use,
buildings, facilties and roads) surrounding agents’ living area differ based on the home and school
location.
3.5 Interactions
Agents interact in several ways:
Agents coordinate time to meet with a friend who has no scheduled FSA and is not invited to
another friend on the day.
When friends meet, they make a joint decision whether to play outdoors based on the average
tendencies of all agents involved.
Agents’ tendency to be active is adopted to the tendency of their friends while preforming activity
together (during a meeting or at school).
Agents are aware of the presence of others in their vicinity and are more likely to participate in
outdoor activity as more agents are present.
3.6 Stochasticity
Agents’ decisions for engaging in activities and selecting the site of activity are based on probabilistic
choices and therefore include stochasticity. The duration of preforming an activity is stochastic, it is
randomly sampled from a distribution before the agent engage in the activity. Performing MVPA per
min of engaging in an activity is based on probability.
Initialisation of agents characteristic are based on a sampling procedures (section 4.1).
3.7 Emergence
The emergent property in the model is the daily minutes of MVPA for each agent and the
distribution of this property at the population. MVPA distribution can also be compared for different
groups of agents (e.g. gender, SES) and at different areas in the city.
4. Details
4.1 Initialisation
Agents are generated for each geographical zone (DataZone) and their attributes are assigned as
specified in Table 1.

6

Table 1: Initalisation process of agetns’ attributes.
Attributes
Social economic
position (SEP)
Number of cars
Gender
Home location
School

Formal sport
activities (FSA)

Preference to be
outdoors (O)
Tendency to be
active (A)
Social ties
Agent’s
neighbrhood
deprivation level

Assignment
4 levels: AB-high, C1 ,C2, DE-low
Sampled from the SEP distribution in the DataZone (2011 census)
Range (0-2) Sampled from the cars distribution in the DataZone (2011
census)
Probability of 50% (boy/girl)
Randomly selected residential buildings within the zone
Assigned based on catchment area
Number of FSA per week range (0-5), sampled from a distribution
conditioned on SES based on Scholes&Mindell, 2012.
FSA site, day and time:
Site- randomly selected from: leisure centre, sport field, school grounds,
within 1500 m' from home.
Day- one of weekdays; Hour- one of: 16:00, 17:00, 18:00.
For more than one FSA, different days are assigned
Randomly sampled: Normal (mean=1, STD=0.3)
Randomly sampled, Normal (mean=1, STD=0.3)
Range (3-12) friends.
a social network is created: agents iteratively select 3 random agents from
school, relations are reciprocal.
The data zones include the level of deprivation (SIMD) of the area, divided
into 5 levels based on quintile (Scottish Government,2020).

4.2 Sub models
4.2.1 Participation in outdoor activity on the route home
At the end of the school day agents may participate in outdoor activity on the way home. We
assume that agents who walk home are more likely to participate in outdoor activity compared to
those who travel by car and to those who have a planned FSA on the day. Let Pas,i denote the
probability of agent i to participate in outdoor activity after school:
Let Pas,i (𝑡) denote the probability of agent i to play outdoors after school at time t:
Pas,i (𝑡) = Fas × Oi × si × m(t)
Where Fas is the average frequency of playing after school; Oi - the preference of agent i to play
outdoors, si - the impact of the neighbourhood deprivation. Where m(t) =
car or if FSA is scheduled for that day, and m(t) = 1 otherwise.
s value corresponds to 5 deprivation levels (SIMD) as specified in Table 2.
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3

if the travel mode is a

Table 2: Impact of deprivation level on probability to play outdoor (s).
Deprivation level
1- Most deprived
2
3
4
5- least deprived
4.2.2

s
0.6
0.7
0.8
0.9
1
Participation in outdoors activity in the neighbourhood

The probability Pneigh,i (t) of agent i to participate in an outdoor play at time t is:
Pneigh,i (𝑡) = Fneigh × Oi × si × (1 + Na (𝑡) ∗ λ)
Where Fneigh is a frequency (times per week), Oi - preference of agent i to play outdoors, si - impact of
the neighbourhood deprivation level; Na(t) - the number of agents playing in vicinity of agent i’s
home at time t and λ is their influence (a fraction). The influence of other agents takes place only
when at least 3 agents are present, otherwise λ = 0.
The number of other children agents playing outdoors at time t is measured in a radius of 300
meters around the agent’s home.
4.2.3

Meeting a friend

Agents coordinate a meeting with a friend with frequency Ffriend. The agent selects a friend who has
no scheduled FSA and is not invited to another friend on the day; a time is assigned for the meeting.
If no friend is available, the meeting will not take place. One agent might be hosting several friends.
Before the meeting agents decide whether to stay at the home of the host or play outdoors in the
neighbourhood. Agents select to play outdoors with probability Pod:
Pod = γ × T × sh
Where γ is the proportion of meetings that takes place outdoor, T is the average tendency of the
agents to play outdoors, sh is the impact of crime levels in the neighbourhood of the hosting agent.
If the meeting takes place outdoor, the host agent selects the site of the activity as described in
section 4.3.4 . The duration of the meeting is randomly drawn from a time distribution that
characterises the activity.
4.2.4

Shopping activity

Shopping activity is selected with frequency Fshop. The agent selects one of the shops in a range of
1000 meters from home. Shops located within denser shopping areas are more likely to be selected.
The agent rank shops based on the density (radius of 100 meters); probabilistic choice is
implemented, where the probability to select a shop is proportional to the density relative to the
sum of densities of the other shops. A duration for the activity is assigned and the agent travel to the
shop location.
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4.2.5

Formal sport activity

Agents are assigned with FSA they participate during the week. On average, agents from higher SES
participate in more FSA per week compared to the ones in lower SES (Scholes&Mindell, 2012). FSA
takes place in: leisure centre, playing fields and school grounds. Each FSA is assigned to one of the
facilities that are within 1500 meters of the agent’s home together with the day and time of the
activity. The duration of FSA is one hour as specified in Table 1.
4.2.6

Selection of a site for outdoor activity

When participating in other outdoor activities, agents select a site for them. They consider the
following types of sites: gardens, sports fields, public parks and spaces designated as residential
amenities. When selecting a site for outdoor play after school, agents only include sites that do not
extend the route home by more than 500 meters (~15 minutes walking). To select, agents assign a
rank to each site based on three components and the following weights: distance (60%), the area of
the site (20%) and the number of other agents visiting the location (20%). As suggested by the
literature we assume that distance is a salient component (Koppen et al., 2014; Dunton et al., 2014;
Van Hecke et al., 2016); an increase in distance reduces the rank of a site, while increased presence
of other agents increases the rank. Sites with a large area receive a higher rank.
The rank R of site j is calculated as follows:
−1

R j = 0.6 × 𝑒 −𝑑j ×α + 0.2 × 𝑒 −vj

×β

+ 0.2 × 𝑎j

Where, dj Is the distance to site j; vj - number of other agents at site j (𝛼 𝑎𝑛𝑑 𝛽 are coefficients
controlling the impact); 𝑎𝑗 - area dependent parameter: 𝑎𝑗 = 1 𝑖𝑓𝑎𝑟𝑒𝑎 > 10,000; 𝑎𝑗 = 0 𝑖𝑓𝑎𝑟𝑒𝑎 ≤
10,000.
After establishing the ranking, the agent first considers the site with highest rank. The probability of
selecting site j, equals the rank of j relative to the rank sum of all other considered sites. If the site is
not selected the next highest rank is considered and so on, until a site is selected.
The agent’s selection procedure is as follows:
-calculate the rank for the available sites
-order the sites in a list by descending order of rank
-select the first site s in the list:
𝑖𝑓

𝑅𝑠
∑𝑛
𝑘=1 𝑅𝑘

> 𝑟𝑎𝑛𝑑𝑜𝑚 , then the current site is selected

if not, repeat the same procedure on the next site in the list
Continue the procedure until a site is selected
The duration of the activity is determined by a random draw from a time distribution that
characterise the activity.
4.2.7

Physical activity

The model simulates the day between the hours 08:00-21:00, in time cycles of one minute. At each
minute (one model cycle), MVPA may be performed by an agent with probability:
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PMVPA,i (t) = Ai × PMVPA,k
Where P(t)MVPA,i is the probability for performing MVPA at time t for agent i; Ai is the tendency of
agent i to be active, and PMVPA,k is the probability for MVPA associated with land use type k, as
specified in figure 3. The accumulation of minutes of MVPA during the day is measured for each
agent.
Walking is also regarded as an activity, and while walking the agent is assigned a probability for
MVPA as specified in Figure 3. The probability for MVPA during school time is divided into different
parts of the school day: lessons, recess and PE as specified in Figure 3.
When meeting with friends and during the school day we assume that PA is influenced by friends.
Therefore, the tendency of the agent to be active is partially adjusted to the tendencies of his
friends:
Ai = (1 − δ) × 𝐴i + δ × Af
Where 𝛿 is a proportion of the agent’s tendency that is adjusted, and 𝐴𝑓 is the average tendency of
the agent’s friends.

Figure 3: Probability of agents to preform MVPA at each time t when the activity takes place on a
specific land use type, for boys and girls. Probabilty estimates are based on analysis of 109 children
residing in four large cities in Scotland; Data from SPACES research project (McCrorie et al., 2019).
4.2.8

Travel mode choice

We use empirical data from 713 Scottish children who reported their mode of travel to school for a
period of a week-two weeks (Macdonald et al., 2019). Using an ordinal logistic regression, we
estimated the daily probability of active travel to school based on distance to school and street
walkability (see regression results in: https://github.com/Jonatanalma/ABM_Children_activity). In
model initialisation, the ordinal logistic regression is implemented to assigned for each agent the
probability of active travel to school given agent’s distance to school and street walkability in the
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area. When travelling to destinations other than school for a distance longer than 300 meters,
agents calculate a walking probability Pwalk based on distance to destination (Dis), walkability score
(Walk) and number of cars (No.Car) in the household, as follows:
𝑃𝑤𝑎𝑙𝑘 = 50% × +0.7(𝐷𝑖𝑠/300)−1 + 30% × 0.9𝑊𝑎𝑙𝑘−1 + 20% × 0.7𝑁𝑜.𝐶𝑎𝑟
4.3 Model procedure
The overall daily model’s procedure is presented in Figure 4. Each agent follows a daily schedule of
activities at different parts of the day. Agents start the day at home. School activities are attended
daily by all agents. Formal sport activities schedule and sites are assigned to agents at model
initialisation. Meeting with friends is coordinated between agents when school ends. The rest of
activities (outdoor play and shopping) are triggered with probabilistic procedures. Before travelling
between activities agents select the mode of travel.

Figure 4: Model’s daily procedures. Dashed line signify the two main domains: Home and School.
Gray squares denote engagement with an activity where MVPA can be perfomed. Thick arrows
denote travel between activities; MVPA can be performed by the agent in case of active travel.
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