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Summary 
This paper presents an alternative approach to the measurement of segregation that uses Bayesian 

statistics to combine information on residents’ perceptions (PGIS) and behaviour (GPS tracking) in 
order to generate probabilistic surfaces of ‘community belonging’ for each of the main communities 
in the study area. Because these surfaces are based upon both perception and behaviour, they are not 

limited to either residential or activity-space segregation and they also avoid several problems 
associated with traditional, census based analyses such as homogeneity within areal units and the 

modifiable areal unit problem. These surfaces are then assessed for segregation and scale sensitivity 
using a modified version of the lacunarity metric for spatial heterogeneity, in order to demonstrate 

how this approach has the potential to give new insights into the use and segregation of space, which 
is illustrated using a case study in North Belfast, Northern Ireland. 
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1. Introduction  
 
1.1. Segregation in Belfast 
 
Segregation is a feature of most cities (Boal, 1978), and is typically described as the spatial separation 
of the residences, activities or both between groups that are distinguished by religion, ethnicity, socio-
economic status, or other such attributes. It is well known that segregation and sectarianism are 
everyday realities for many residents of Northern Ireland, which govern many basic daily routines 
and practices (Roulston and Young, 2013). Belfast, the capital, has experienced decades of conflict 
and violence that continues to impact upon interactions and relations between the two main 
communities in Northern Ireland: Catholics and Protestants (Merrilees et al. 2017; Roulston and 
Young, 2013). The issues surrounding both groups and the conflict that they share is, however, far 
more complex than this religious nomenclature suggests: the chief driver of the conflict is arguably 
ethno-political, with ‘Unionist’ Protestants tending to identify as British and wishing to remain part of 
the United Kingdom and ‘Nationalist’ Catholics tending to identify as Irish and wishing to unify with 
the Republic of Ireland (Merrilees et al. 2017; Roulston and Young, 2013; MacGinty, 2007). 
Communities have historically enforced these divisions using intimidation, rioting and violence, the 
erection of physical barriers, and the marking of spaces with flags and graffiti (Mitchell and Kelly, 
2010; Bryan and Stevenson, 2009; Leonard, 2007; Boal 1971).  
 
 
 
 



1.2. The Measurement of Segregation 
 
It is broadly accepted in the literature that there are two main types of segregation: residential 
segregation, referring to where people live; and activity-space segregation, referring to whether 
people interact with each other as they go about their daily lives (Boal. 1978). In Belfast, as with 
other well-studied divided cities, patterns of residential segregation tend to be relatively well 
understood. Indeed, the majority of the literature deals with residential, rather than activity-space 
segregation, largely due to the ready availability of data (e.g. from national censuses) for analysis. A 
number of different methods have been used to measure segregation, outputs from which frequently 
lead to incongruent and conflicting conclusions arising from different research undertaken in the same 
city (Wu and Sui, 2001). Though a detailed overview of segregation measures is beyond the scope of 
this paper, they can broadly be defined as aspatial global (those which produce a single numeric 
value for a study area and consider the boundaries of administrative areas to be impermeable), spatial 
global (those which produce a single numeric value for a study area, but permit interactions across 
boundaries), and local measures (those which produce mappable results and account for local patterns 
across a study area) (Catney, 2018). 
 
The vast majority of approaches in all three of these classes, however, rely upon census data that is 
aggregated into administrative boundaries, and so are only capable of accounting for residential 
segregation. Furthermore, data aggregated into arbitrary administrative boundaries are not easily 
transferrable to activity-space applications, as the precise and often artificial boundaries of 
administrative areas do not reflect the way in which people experience space. Wider recognition that 
the experience of space is not confined to the somewhat arbitrary administrative boundaries has 
caused a notable shift towards the use of more individualistic approaches in the literature. Kwan 
(2009), for example, contextualised the problem of administrative boundaries with the Modifiable 
Areal Unit Problem (MAUP; Openshaw, 1986), and suggested that individualised measures would let 
values vary for individuals who would otherwise be homogenised as members of the same zone. 
Though some authors have tried to process the data into smooth surfaces to overcome these problems 
(e.g. Reardon and O’Sullivan, 2004), few other alternatives have been explored in the literature, and 
none have been widely adopted. In addition to the problem of boundaries in the measurement of 
segregation, the spatial lens through which we measure segregation has a profound effect upon how 
we report it, with poor correlation often found at the same location for segregation at different scales 
(Catney, 2018).  
 
In order to address the problems identified above (segregation measures that only account for 
residential patterns, fall foul of the MAUP and are dependent upon the scale of analysis), this work 
seeks to present a new model of segregation that is not reliant upon census data or administrative 
boundaries whatsoever. Rather, we will focus upon the beliefs and behaviours of local residents in 
order to create a probabilistic understanding of ‘community belonging’, before analysing this using 
scale independent spatial global and local segregation measures. 
 
2. Method 
 
Two datasets were collected in support of this research: a PGIS dataset relating to perceived 
‘community belonging’ and a GPS dataset tracking the movements of local residents. 
 
2.1  PGIS 
 
The PGIS data was collected using the freely available Map-Me PGIS platform (http://map-me.org; 
Huck et al., 2014), which uses an airbrush-style interface that permits indeterminate regions to be 
captured effectively. Each participant used the system to answer three simple questions: 
 

1. Please spray the areas you would consider to be Catholic 
2. Please spray the areas you would consider to be Protestant 
3. Please spray the areas you would consider to be Mixed 



 
In all, 33 participants completed the survey were recruited by door-to-door survey from a number of 
areas within North Belfast representing well-established working-class communities of Catholics and 
Protestants. Of the 33 participants, 14 declared as Catholic, 17 as Protestant and 2 as ‘Other’. The 
resulting dataset is illustrated in Figure 1. 
 
1.3. GPS Tracking 
         
GPS traces have been collected for a period of up to 14 days from 196 participants who self-identified 
as ‘Catholic’ ‘Protestant’ or ‘Other’. The participants collected data using a bespoke Android mobile 
application (available open source at https://github.com/jonnyhuck/bmp-pathways-app), which 
recorded GPS traces every 4 seconds, even if the app was closed or the device restarted. Data were 
cleaned and anonymised as per Davies et al. (2017), and a breakdown of participant community 
affiliation and journey time from the cleaned dataset is given in Table 1. The resulting dataset is 
illustrated in Figure 1. 
 
 
Table 1: Summary of Journey details for the GPS tracking volunteers 

Community Number of Participants Total journey time 
(hours) 

Mean journey time 
per person (hours) 

Catholic 93 (50 Female, 43 Male) 446:10:11 04:47:51 

Protestant 92 (63 Female, 29 Male) 435:11:41 04:43:49 

Other 12 (5 Female, 7 Male) 54:42:07 04:33:30 
 

 

   
 

Figure 1. Maps illustrating the PGIS (A) and GPS (B) datasets. Road data © 2018 OpenStreetMap 
Contributors. Interactive versions of these maps are available at: http://belfastmobilityprojet.org/maps.html. 
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2.2  Bayesian Probability 
 
The first goal of this research is to combine the above datasets relating to community beliefs (PGIS) 
and behaviours (GPS tracks) in order to produce a probabilistic surface of ‘community belonging’, 
after which the resulting surface may be analysed for segregation. Because the above datasets 
incorporate both the residences and activities of the communities, this approach is not limited to 
either residential or activity-space segregation. For simplicity, only two classes will be used in this 
illustrative example (Protestant and Catholic), and the ‘Mixed’/‘Other’ class in each dataset will be 
omitted. 
 
The datasets will be combined into probabilistic surfaces of community belonging using the Bayesian 
interpretation of probability, which can be seen as an extension of propositional logic, in which 
reasoning may be undertaken by assigning probabilities to hypotheses (in this case, the contradictory 
hypotheses that a location ‘belongs’ to the Catholic or Protestant community). This approach is an 
example of evidential probability, whereby a prior probability is specified (often based upon belief or 
some other evidence), and is then continually updated to a posterior probability as more evidence 
(data) becomes available. The calculation of posterior probability from the prior given the new 
evidence is according to Equation 1: 
 
 

𝑃(𝜃|𝑋) =  
𝑃(𝑋|𝜃)  𝑃(𝜃)

𝑃(𝑋)
 

where: 
 

𝑃 𝑋 =  𝑃 𝑋 𝜃  × 𝑃(𝜃)
!

 

and: 
• 𝑃(𝜃|𝑋)  = Posterior Probability 
• 𝑃(𝑋|𝜃)  = Likelihood of new evidence 
• 𝑃(𝜃)    = Prior Probability 

 
Equation 1. Bayes’ Theorem  

 
In the parlance of the above description, the two datasets presented in this paper may be characterised 
as belief (PGIS) and evidence (GPS tracks). The PGIS dataset therefore provides the basis for a prior 
probability for each of the two hypotheses, after which the evidence contained in the GPS data will be 
used in order to validate and update those values into a posterior probability (according to Equation 
1). The prior probability is calculated using a simple, Inverse Distance Weighted (IDW) approach 
within a radius of any given location. Each data point from the Spraycan was weighted according to 
the zoom level of the map onto which it was sprayed, which acts as a proxy for ‘mapping effort’ (as 
described in Huck et al., 2018). Once the prior probability has been calculated for a given location, it 
is then iteratively adjusted based upon the number of Catholic and Protestant individuals who were 
recorded within the same radius in the GPS dataset.  
 
For the purposes of this paper, posterior probabilities have been calculated for two hypotheses, which 
apply to any given point in space: 
 

1. This location ‘belongs’ to the Catholic community 
2. This location ‘belongs’ to the Protestant community 

 
Lacunarity 
 
Following the generation of probabilistic surfaces for ‘community belonging’, a relative (spatial 
global) measure of segregation is calculated for the study area using a modified version of the 



lacunarity method proposed by Sui and Wu (2006). For each community, the sum of the probabilities 
calculated within a given radius of any point in the map is calculated using a radius set to 2× the 
resolution (i.e. 2 × 50 = 100m for the example dataset presented here), and is then repeated with a 
radius of double the previous size up to a limit of half of the shorter dimension (width or height) of 
the study region. The resulting value is referred to as the mass of each cell, and is used to calculate 
the lacunarity of the whole dataset as: 
 

𝑙𝑎𝑐𝑢𝑛𝑎𝑟𝑖𝑡𝑦 = 1 +  
𝑣𝑎𝑟(𝑚𝑎𝑠𝑠)!

𝑚𝑒𝑎𝑛(𝑚𝑎𝑠𝑠)!
 

 
Equation 2. Lacunarity 

 
At each analytical scale (radius), a greater lacunarity value indicates a greater level of segregation. 
The lacunarity value at each scale can then be plotted onto a log-log curve, permitting the evaluation 
of how the level of segregation varies across different scales.  
 
3. Preliminary Results 
 
The results of the Bayesian probabilistic surfaces for ‘community belonging’ have been calculated as 
surfaces at 50m resolution and are presented in Figure 2. As would be expected in this study area, the 
areas for which there is a very high probability that the respective hypothesis can be supported align 
well with the traditional Catholic and Protestant community locations, though more nuanced patterns 
are also found (such as the sharing of main and rural roads). Following the calculation of the 
probabilistic surfaces in Figure 2, the level of segregation at a multitude of scales can be calculated 
and plotted onto a chart (Figure 3) in order to assess the variation in calculated segregation with scale. 
As can be seen in Figure 3, the curve for each community is very similar, and both show a rapid drop 
in reported level of segregation with decreased geographical scale (increased size of search radius). 
This is as would be expected, as indices computed for smaller areal units tend to present higher values 
than indices computed for larger areal units. This occurs because smaller areal units usually present a 
more homogeneous distribution, which has been empirically observed in several studies (Feitosa et al. 
2017). 
 

  
 

Figure 2: Bayesian Probabilistic surfaces for Catholic (left) and Protestant (right) ‘community 
belonging’ in North Belfast (50m resolution). 

 



 

 
 

Figure 3. Lacunarity curves for Catholic and Protestant participants in North Belfast. 
 
 
4. Conclusion 
 
 
Though the preliminary results presented in this abstract have been calculated at a relatively low 
resolution (50m), the method can be used to calculate the Bayesian probability of ‘community 
belonging’ for any location within the study area, and the lacunarity curve describes the level of 
segregation and the manner in which this is affected by scale. Further work will include the 
identification or development of a suitable local measure of segregation (e.g. Feitosa et al., 2017), so 
that the results can be mapped and variations in patterns of segregation across the study area may be 
identified. The above analysis will also be completed at a much greater resolution in order to reveal 
the fine detail of patterns of segregation in a city. We believe that these techniques will give an 
unprecedented level of insight into segregation between communities, and that the open source tools 
provided alongside it will enable others to benefit from these developments. 
 
The method described above has been implemented in Python, and is available Open Source at 
https://github.com/jonnyhuck/bayesian-segregation. 
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