Annex: ODD Protocol: Linking urban sprawl and income segregation– findings from a stylized agent-based model
1. Purpose: 
[bookmark: _GoBack]Urban sprawl and income segregation are two undesired urban patterns that occur during urban development. Empirical studies show that income level and inequality are positively correlated with urban sprawl and income segregation, respectively. However, the relationship between urban sprawl and income segregation is not only rarely investigated but also has yielded ambiguous empirical results. In this study, we built a stylized agent-based model with individual behaviours based on Alonso’s bid rent theory and ran simulations with different combinations of income level and income inequality. We used the two proven patterns to validate the model: 1, average income is positively correlated with urban sprawl; 2, income inequality is positively correlated with economic segregation. We aim to answer the question: what is the relationship between urban sprawl and income segregation?
2. Entities, state variables and scales
The model includes 3 types of entities, households, urban patches and CBD. The variable names refer to the variables implemented in Netlogo
Households
Households are residents in the city. By default, there are 500 residents in the city. 
	State variable
	Description
	Scale

	Income
	Income of households follows a beta distribution. By changing the mean and standard deviation of the income over the total population, different income levels and inequality can be generated.
	By default, the mean income in this study ranges from 700-1700. At the individual level, 300 is the lower boundary of the income and 20000 is the upper boundary.
Monetary unit

	Attribute
	
	

	current-utility
	Calculated by the function “utility”, which considers the households’ living areas and composite goods
	No unit

	current-surface
	Current living area
	Area unit

	current-transport-cost
	Household’s travel expense
	Monetary unit

	current-good
	Composite good, which is the money that the individual has after rent and transportation cost
	Monetary unit

	current-rent
	Rent cost, calculated by the rent per living unit times the current-surface
	Monetary unit

	travel-dist
	Distance between location of the individual to the city centre
	distance unit (the width/height of a grid cell) 

	option-table
	A table with 11 options, which is generated by the function “sense-and-evaluate”. The 11 entries include 10 random options and the current location
Each entry has location, utility, taken-surface, composite goods (money left)
	Table

	homeless-time
	The ticker is used for record the continuous steps that the households do not find a suitable location
	Time unit

	new-patch-pcode
	Store the location of the patch that the household is going to move 
	


 
Landscape
The landscape presents the urban physical structure. It is a 25*25 grid with the CBD in the centre. The landscape is divided into 25 small districts with each district have 25 patches. Patches are homogeneous. 
	State variable
	Description
	Scale

	Rent
	Rent per living unit
	Monetary unit

	Surface-amount
	Place for households to take
	Living unit

	Attribute

	Available-surface
	Available living area in the model
	Living unit

	numIhn
	Number of households locating in this patch
	

	Pcode
	Location code
	

	Dist
	Distance to city centre
	Distance unit


CBD
The CBD is an agent without any real behaviour, located in the middle of the landscape. 

Global variables
	Variable
	Description
	Scale

	Number-of-household
	Total population in the model
	Unit: person. 

	incomeList
	List of income for the whole population in the model
	

	avg-good
	Average composite goods in the model
	At the initial stage of the model, before households found their location, this value cannot be calculated. It is set to 400 at the initial stage.

	uiratio
	Overall satisfaction level, which severs as a reference point. Households with less satisfaction level than overall one will start to search for new places
	No unit

	alpha
	The preference parameter for disposable income in Cobb-Douglas production function. The preference parameter for amount of living area is 1-α.
	The number is between 0 to 1

	t-per-unit
	Transport cost per unit
	Monetary unit. The default value sets to 10. The range of value is from 1 to 50.

	Inequality-level
	It only matters when the model open directly with Netlogo. Users will choose one of the predefined income distributions according to the inequality level. 
	3 options: high, medium, low

	Stress?
	If this switch is on, only households feeling stress will start to search for new places. Otherwise, all households will search for new places regardless their current state
	Binary switch

	sense-radius?
	If this switch is on, the sensing radius of households will be set proportionally to their income. The minimum radius will be 2 distant units.  
	Binary switch

	moving-discount
	Moving can cause extra cost for households. In the model, we use a simple discount-rate for utilities in the new places to mimic this negative effect of moving. 
	The default value sets to 0.9. The range of value is from 0.1 to 1. 


3. Process overview and scheduling
Time is modelled as discrete steps. The model is not calibrated by any real data, so the time step does not have a real meaning. Within each step, the following procedure will happen:
1. Update the household utility and calculate the satisfaction level.
2. In the order of income (from rich to poor), households with stress (low satisfaction level) start to randomly search and evaluate 10 potential locations. When new candidate locations offer better utility, households will move to the patch that offers the highest utility.
3. After all agents finish their move, the rent for each patch is updated accordingly.
4. Design concept
1) Basic principle:
The concept of Alonso’s bid rent theory is applied to the utility calculation. We used the Cobb-Douglas production function to calculate the utility of the households. The two-step approach of moving behaviour (Brown and Moore, 1970) is included as well. If the stress sub model is on, the households with a lower satisfaction level than the overall satisfaction level will have stress looking for new place to live. The rent development sub model applies simple rules that reflect the demand and supply relationship in certain extent. 
2) Emergence. A pattern of population distribution emerged in the model. The pattern includes the physical location of households, which can be measured by residential area and density gradient and also segregation factors, which can be measured by the Centile Gap Index (CGI) and the Neighbourhood Sorting Index (NSI).
3) Adaptation. No.
4) Objective. Households try to find the location that will maximize their utilities. The disposable income should be higher than 20% of the average disposable income, otherwise the location is not chosen. This setting reflects that households need a certain amount of money for things besides housing and transportation to survive.
5) Learning. No.
6) Prediction. No.
7) Sensing. Households with stress (low satisfaction level) look for new place. They sense 10 other random patches. There are two options in the sensing radius: either the entire city or the sensing radius positively correlated with the income of the households. 
8) Interaction. There is no direct interaction. The agents compete for living area indirectly. Moreover, they interact via their effect on rent.
9) Stochasticity. Agents sense 10 random patches. The income of the whole population is generated randomly according to specific mean and standard deviation at the beginning of each simulation.
10) Collectives. No.
11) Observation. To measure urban sprawl, we use the total residential area and density gradient as our indicator. To measure income segregation, we applied the Centile Gap Index (CGI) and the Neighbourhood Sorting Index (NSI).
5. Initialization
Many global variables’ values are fixed at the initialization stage. The preference parameter α is set to 0.5 and the starting-rent (also the minimum rent) is 10 monetary units per living unit. The transport cost t-per-unit set as 10 monetary units per distance unit. The stress option is on by default, which means only the households that feel stress will start the searching procedure. Variations of these values can influence the model output. However, we focused on the effect of income distribution. Therefore, we keep these values constant in this study.
The model is coded in NeLogo. In order to better control the income distribution of household as input of the model as well as easier analyse outputs from the model, the NetLogo model can be called from R. If the simulation is started by R, the user has to define the number of households, the mean and standard deviation of income distribution. The program will generate a list according to these parameters, which will be randomly assigned to households. If the GUI is on, users can see households in three colours, which roughly present the income of the households (poor blue, middle withe and rich yellow). Residents are randomly distributed within the city without taking any real area from the patch. If the simulation is directly started from NetLogo, the user has to choose an inequality level of high, medium and low. A pre-defined income list will be read in at the initialization step.
6. Input data
No input data are read in the model.
7. Sub models
Utility calculation
Utility is the basis of the household’s moving decisions. The utility function applies Alonso’s bid-rent theory and is based on a Cobb-Douglas function. Households spend all of their income each time step and face a trade-off between living area, location and composite goods.


The utility calculation sub-model is utilized in two circumstances. First, at the beginning of every step, the households update their utility according to the new patch attributes. Second, when households evaluate new candidate locations, they will calculate their utilities in the candidate patches and move to the one where they can have highest utility.  
Stress 
The individual satisfaction level is a ratio between utility and income. Households compare their individual satisfaction level with the overall satisfaction level. A household’s individual level lower than average indicates that the household does not optimally use its income. Therefore, the household is under stress and starts searching to maximize its satisfaction level. 

Agents sense and evaluate patches
Agents will take 10 candidate patches (in certain radius as an opinion) together with the current patch into account. For potential patches, the agent will calculate the optimal living area (OLA) using the following formula for each patch; if a patch does not have enough living area left for the OLA, the households will take all the available living area (ALA). At the same time, the composite goods should be higher than 20% of the average to survive. Households will calculate the potential utilities in each patch. Households will move to the patch where they can have the highest utility.


Rent development
The rent calculation for patch development uses some simple rules to reflect the demand and supply principle in microeconomic. The rules take the density of the patch and its Moore neighbourhood into account. The logic behind the rule is that the more people live in a patch and its surrounding area, the more popular this patch is. We calculate the rent index using the following formula:

When the rent index is larger than 0.9, the rent of the patch will increase by 10%. When the rent index smaller than 0.5, the rent will decrease by 10%. However, the rent will not be lower than the rent at the initialization stage, which is by default 10 per unit.


