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Abstract 

This paper evaluates indicators to analyse mixed activities, representing a combination of 

various facilities and services, in urban areas.  Although mixed activities play an important 

role in urban planning projects, measuring themhas been problematic due to the lack of 

appropriate data and measurement approaches. In ecology, there are dozens of potential 

diversity indices, which have been deployed in recent land use studies to measure mixed 

activities. However, ecologists have highlighted that these indices are not always expressed 

inintuitive units. Recognizing the limitation of commonly used diversity indices, Hill numbers, 

which represent a mathematically unified family of diversity indices, are used. Taking 

advantage of new data sources such as Points of Interest (POIs) from OpenStreetMap, this 

study applied Hill numbers on POIs to measure mixed activities at a quarter level in Frankfurt. 

Results showed that Hill1 (exponential of Shannon) is an appropriate quantitative measure to 

describe the diversity of facilities and services by a single numerical value. However, it is 

difficult to explain which factor, namely evenness or richness,has a stronger impact on the 

index. To gain a more comprehensive picture of mixed activities we suggest to considering 

further indicators such as evenness and richness.  
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1 Introduction  

The development of pedestrian-friendly city with a variety of services such as eating, education, 
healthcare, shopping ,and personal services has become an important goal for urban planning, 
local authorities, families, and economic groups (Manaugh & Kreider, 2013). There is an 
increasing demand from different parties to estimate the heterogeneity of facilities and services, 
also known as mixed activities, using an overall diversity indicator (Grant, 2002). Such an 
indicator could then be used to compare different city quarters, cities, or even different regions.  

The measurement and assessment of biological diversity has a long history in ecology (Hill, 
1973; Whitaker, 1965). Urban land-use studies have taken advantage of these biological 
indicators to analyse mixed activities. Two commonly used biodiversity indices that have been 
used in the context of land-use diversity is the Shannon index which quantifies the degree of 
mixture among different species (Frank, 1994; Manaugh & Kreider, 2013) and the Simpson’s 
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Index (Ritsema van Eck & Koomen, 2008; Berger et al., 2004). Another promising indicator 
are Hill numbers,which integrate species richness, Shannon, and Simpson Index into a further 
class of diversity measures. 

In this study, we explore the suitability of Hill numbers to assess the diversity of mixed 
activities based on Points of Interest (POIs) from OpenStreetMap (OSM). We will examine, 
how accurately mixed activities at a city quarter level can be measured, using the northern 
quarters of Frankfurt in Germany as a case study.  

2 Study area: Data Source and Data Type 

To measure mixed activities in urban areas we use Points of Interest (POI) from 
OpenStreetMap. OpenStreetMap (OSM) has the objective to create an open, free, digital map 
of the world through the efforts of volunteers (Goodchild, 2007). In OSM,POIs characterize 
important locations on a map represented by nodes, ways, or relations.  

We obtained POI data for five city quarters in Frankfurt am Main via the Openpoiservice, 
which is a Web Service within the Openrouteservice infrastructure (Neis & Zipf, 2008). In 
total 55 categories of facilities were selected including eating, education, healthcare, shopping, 
and personal services. Indicators were calculated based on the POIs for each of the five city 
quarters separately.  

For the study area, we selected the northern part of Frankfurt am Main due to its heterogeneity 
regarding mixed activities between the city quarters. Frankfurt am Main is the fifth biggest city 
in Germany with a population of 747.000 inhabitants (Stadt Frankfurt am Main, 2017).  The 
quarters Eschersheim and Heddernheim comprise of various facilities and services due to their 
relative proximity to the city Center, whereas Praunheim and Niederursel are quieter quarters. 
Niederursel contains some of the scientific institutes of the Goethe-University Frankfurt. In 
Kalbach-Riedberg, one of the largest town-planning projects “Am Riedberg” was build, 
including residential areas, parks, green spaces, schools, healthcare services, and sports areas 
(Stadtplanungsamt Frankfurt am Main, 2021). 

3 Methodology 

Figure 1 provides an overview of the overall methodology. Facilities belong to different 
categories, which defines the level at which diversity indices are calculated. Since we had to 
assume that POIs from OSM are not complete and the proposed indices are sample size 
dependent, standardization was necessary to compare unequally large samples. We used the 
coverage estimator introduced by Good (1953). It is a measure of sample completeness, giving, 
in our context, the proportion of the total number of POIs in a quarter that belong to the 
categories represented in the sample (Chao & Jost, 2006). It describes the sum of the 
frequencies of the categories sampled, which is 100%  when all categories are known (Chao, 
2014). To estimate uncertainties, we used a bootstrap method, in which we calculated the Hill 
number and the coverage for each of the 100 bootstrap samples. Table 1 provides the average 
coverage of each city quarter and the respective reference sample size. 
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Table 1: Average coverage of quarters for reference sample n 

City quarter coverage sample size n 

Eschersheim 0.94 69 

Heddernheim 0.96 125 

Kalbach-Riedberg 0.94 70 

Niederursel 0.98 89 

Praunheim 0.95 51 

 

Figure 1: Workflow to calculate POI category diversity. For each city quarter Hill number and coverage 

were calculated. Uncertainty was estimated by a bootstrap approach. 

While ecologists commonly refer to the terms species and individuals (Chao, 2014), in an urban 
context, we can consider categories as species and POIs as individuals. A city quarter is equal 
to an assemblage consisting of N total POIs, where each POI belongs to one of the C 
categories. Since we assume that the completeness of POIs in OSM vary from region to region, 
we consider a reference sample of n POIs from each city quarter from an underlying true 
assemblage that is unknown. The total number of categories observed in the reference sample 
is Cobs. Xi is the number of POIs of the ith category that is observed in the sample, i = 1, 2, 
…, C. Thus pi = Xi/n is the relative abundance of each observed category in the sample. 
Furthermore, fk is the number of categories represented by exactly k POIs, k = 0, 1, …, n. 
From the definitions above it follows: 
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Species richness represents(in our case POI category richness)the simplest and yet most 
popular measure of diversity, describing the number of categories in a given area. However, 
one main limitation is that the observed categories are highly sensitive to the sample size. 
Furthermore, species or POI category richness does not take does not consider  any 
information about the relative abundance of categories (Chao et al., 2014). Addressing the 
abundance problem, the Shannon and Simpson indices combine species richness and the 
relative abundance of each category into a single metrics. While the Shannon Index weighs 
each category exactly by their frequency, the Simpson Index is a dominance index that gives 
more weight to common or dominant categories (Ricotta, 2002; Jiang et al., 2017). However, 
the diversity indices are based on percentage composition, thus, they approach a constant value 
if sample size increases (Loya, 1972). Jost (2006) emphasises that the Shannon and Simpson 
are not necessarily themselves “diversity” indices; the Shannon index in particular represents 
an entropy reflecting the uncertainty in the outcome (Jost, 2006). 

Hill numbers (Hill 1973) integrate species richness, Shannon, and Simpson index into a class 
of diversity measures. Thus, all measures include the following single expression for diversity:  

 𝐷𝑞 = (∑ 𝑝𝑖
𝑞𝐶

𝑖=1 )
1 (1−𝑞)⁄

                                                        (2) 

in which C is the number of categories in the assemblages, and the ith category has relative 
abundance pi.The exponent q is also called the order of the diversity,thus,q determines the 
sensitivity to common or rare categories. The diversity of order 0 is completely insensitive to 
the relative frequencies of the categories,and is known as species richness (H0) in ecology. If q 
is less than unity diversities favour rare categories, while all values of q greater than unity favour 
the most common categories (see Table 2). Order 1 is the exponential of Shannon entropy, 
while order 2 describes the inverse of the Simpson concentration (Chao et al, 2012). 
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Table 2: Conversion of common indices to Hill numbers 

Index x: Diversity in 
terms of x: 

Hill numbers in terms 
of pi: 

Order: 

Species  
richness 
  

x =∑pi
0

C

i=1

 
 

x 

        ∑ pi
0C

i=1        

Hill0 

Shannon entropy  
x = −∑pi

C

i=1

⋅ ln(pi) 
 

exp(x) 
exp(−∑pi

C

i=1

⋅ ln(pi)) 

 

Hill1 

Simpson 
concentration  x =∑pi

2

C

i=1

 
 

1/x 

       1 ∑ pi
2C

i=1⁄   

Hill2 

Hill numbers offer the advantagethat they fulfil a doubling property.  Therefore,  if a city 
quarter is twice as diverse as another city quarter, the ratios of Hill numbers are always 2.00. 
Furthermore, traditional diversity indices can be converted to Hill numbers by simple algebraic 
transformation (see Table 2). Hill numbers are all expressed in units of effective number of 
categories, which are the number of equally abundant categories required to give the same 
value of diversity measure. Since Hill numbers have the same units, it is possible to graph them 
as a function of order q (see Fig. 2). The steepness of the curve reflects the evenness of a city 
quarter. Regarding Figure 2, if a city quarter has equally abundant categories,the curve is a 
constant at the level of Hill0 (species richness). The ratios of Hill numbers can be used to 
obtain the evenness value as a single measure.  

 𝐸𝑎:𝑏 = 𝐻𝑎 𝐻𝑏⁄  (3) 

Ha and Hb are diversity numbers of order a and b based on q. Since Hill0 (species richness) is 
highly dependent on sample size (see Fig. 3), we will use the ratio Hill2 and Hill1, which 
stabilizes with increasing sample size. The resulting value ranges between 0 and 1, if the quarter 
comprises of completely even distributed categories the evenness value is 1. In contrast, 0 
means one category is dominating the whole quarter.  
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Figure 2: Hill numbers as a function of q. Steepness of the curve indicates, how even/uneven the 

distribution of the categories is. The red curve represents the most even city quarter, followed by the 

green curve. The blue curve indicates the most uneven distribution. 

 

Figure 3: Hill numbers and sample size dependence. Hill0 (blue dots) is sensitive to sample size. 

Contrary, Hill1 (orange dots) and Hill2 (green dots) stabilize with increasing sample size. 

As shown in Figure 3 Hill numbers, in particularly Hill0, is sample size dependent. Rarefaction 
describes an approach used in ecology to correct for this effect (Gotelli & Colwell, 2001). 
Rarefaction uses rarefaction curves to calculate category richness for a given number of 
individual samples. These curves plot the number of species as a function of the number of 
samples. They are based on a multiple resampling of the samples, and then plot the average 
number of species found in each sample (Gotelli & Colwell, 2001). However, if samples 
standardized by size are compared with each other, they will usually have a different degree of 
completeness. Chao & Jost (2012) suggest using a  coverage-based standardization approach 
ensuring a comparison of samples of equal coverage. Based on these functional relationships 
the estimated Hill numbers are estimated. 
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4 Results 

The estimated sample coverage values for the respective quarters were almost complete (see 
Table 1). To make the diversity of the five- quarter comparable, the respective quarters were 
rarefied down to the lowest base coverage of 94% (see dotted vertical line in Fig. 4). All three 
Hill numbers are evidently different for most city quarters. However, at 94% coverage the 95% 
confidence intervals of Hill0 and Hill2 for Eschersheim and Kalbach-Riedberg overlap, 
indicating that the POI diversity of these two city quarters is not significantly different.   

 
Figure 4: Sample completeness curves  and Hill numbers (q=0, 1, 2) for the five city quarters. The grey 

areas indicate the 95% confidence bands derived from the bootstrap. 

Table 3: diversity values(q=0,1,2) based on 0.94 basecoverage  

City quarter Hill0 Hill1 Hill2 evenness Sample size 

Eschersheim 16.9 13.5 11.0 81% 69 

Heddernheim 22.5 16.5 12.9 78% 125 

Kalbach-Riedberg 17.3 11.8 8.0 68% 70 

Niederursel 8.8 4.8 3.1 66% 89 

Praunheim 11.4 9.6 8.0 83% 51 

Jost (2006) points out that Hill1 is a fair choice as a single diversity indexbecause it weighs 
categories exactly by their frequencies. Table 3 shows that Heddernheim has the highest 
diversity, followed by Eschersheim and Kalbach-Riedberg, while Niederursel has the lowest 
Hill1 value. However, since Hill1 focusses on both the richness and evenness, it is difficult to 
tell which factor contributed more simply by looking at the index. The richness (Hill0) and 
evenness indicator provide additional information. Although Praunheim consists of few 
categories (11.4), the high evenness (83%) indicates an even distribution . Niederursel showed 
the lowest richness (8.8) and the lowest evenness (66%). Heddernheim consisted of the highest 
number of categories, hence showed the highest Hill1 value.  Eschersheim and Kalbach-
Riedberg showed almost the same number of categories, but due to its lower evenness, 
Kalbach-Riedberg had a lower Hill1 value.  
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5 Discussion 

Biodiversity measures such as Species richness, Shannon’s, and Simpson’s index are 
quantitative measures reflecting the number of categories and their relative frequencies. While 
these widely used indices are non-linear and not sufficient to compare multiple areas, Hill 
numbers are more intuitive and meet a doubling property (Jost, 2006). 

To compare the diversities of multiple quarters by a single numerical value, we suggest Hill1. 
However, Hill1 and Hill2 incorporates both  richness and evenness, hence it is difficult to tell 
which factor contributed more simply by looking at the index. We recommend  calculating a 
separate evenness measure in combination with species richness (Hill0), to derive further 
characteristics of the respective quarter.  

Ecologists consider a site as diversewhen it consists of a high number of species,and if the 
species are well balanced in terms of abundance. When applying this terminology in an urban 
context, the following question arises: Are high richness and  evenness sufficient for a diverse 
area in an urban context? Thus, the degree of diversity should always be considered with other 
factors, such as the population density and the resulting demand for specific services. 

Moreover, diversity indices measure diversity quantitatively, they do not pay attention to 
qualitative aspects. For instance, a perfect mix of schools, grocery stores, and healthcare 
services scores identical to the same proportions of banks, estate agents, and companies.  

In this study, we considered OSM POIs as a reference sample of an underlying true 
assemblage. However, if POI data is complete, standardization methods are 
unnecessarybecause the absolute number of POIs are also an indicator for the diversity of an 
area. Standardization methods are only useful when an area has not reached high completeness. 
Even though OSM-based POIs for urban areas in Germany seem almost complete, this work 
provided standardization methods so that the introduced methods are also applicable to areas 
with lower coverage. Overviews on methods for estimating completeness and other data 
quality indicators in OSM are given in . Degrossi et al. (2018), Ludwig et al. (2019), Barron et 
al. (2003) and related analysis frameworks like ohsome.org (Raifer et al 2019). For how those 
methods have been adapted for biodiversity see Jacobs & Zipf (2017). 

6 Conclusion  

In conclusion, this paper has discussed the application of biodiversity indices in an urban 
context. Evidently, a high diversity of services and facilities can support economic groups, 
families, urban planners, as well as local authorities to identify attractive areas or areas that lack 
a high diversity. The proposed diversity indicator can be used in regression analyses as a proxy 
to explain socioeconomic variations. Regarding the effectiveness of the introduced 
indices,further studies might focus on revealing associations between  diversity and other 
relevant social factors. 
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