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ABSTRACT: 
 

Modern spatial data acquisition technologies like airborne laser scanning and satellite images can be used to automatically map land 

cover classes. The layers representing spatial extent of various terrain objects are very valuable, especially when the 3D geometrical 

information stored in the ALS point clouds is taken into consideration. The paper describes a research aimed to develop a way to 
characterize the urban areas concerning the amount of vegetation and the relation between the vegetated areas and buildings. This 

relation can be used to characterize the living quality. Two proposed 3D spatial indices describe the relationship between the volume 

of the high vegetation and volume of buildings (VV2BV) or a relationship between the volume and area of vegetated and built-up 

areas (UVI). These indices can be calculated for a grid of user-defined cell size or for each building separately. In the second case, a 
user-defined buffer zone around each building is created to specify the calculation area. The fact that the indices are based on the 3D 

information, introduces a new method of mapping the urban green space and is suitable for characterizing the living conditions. 

 

1. INTRODUCTION 

The concentration of people in cities brings risks associated 

with the deterioration of environmental conditions. The growth 

of cities causes loss of land covered with vegetation, which 

causes a major threat. It may emerge with water drainage 
problems, local landslides, or changes of microclimate 

(temperature rise, humidity decrease). Moreover, concentration 

of emission sources affects life quality as well. In terms of these 

threats the role of urban green areas is extremely important. 
Green contributes to increase the water retention, reduce noise 

and is a natural pollutants filter. Trees are also playing 

important role for a man in terms of landscape beauty. Their 

presence in the cities is therefore needed and the accurate 
information about their location and spatial attributes is 

valuable. 

 

Modern geoinformation technologies such as airborne and 
terrestrial laser scanning (LiDAR) or satellite imagery (VHRS) 

can now be successfully used for mapping of land cover in 

urban areas (Höfle and Hollaus, 2010; Rutzinger et al., 2007) 

and characterizing the vertical structure of vegetation (Ewijk et 
al., 2009; Hashimoto et al., 2004; Lefsky et al., 2002; Mücke et 

al., 2010; Wężyk et al., 2008). This information can be then 

used to evaluate the living conditions of residents in various city 

districts, or to compare cities to each other. Spatial indices used 
today are usually based on the area percentage of land cover 

classes and do not include 3D information such as their vertical 

dimension (height) or volume. The use of ALS point clouds 

allows the calculation of additional spatial attributes such as: the 
volume of high vegetation or single buildings (Hecht et al., 

2006; Meinel and Hecht, 2005), in order to define new indices 

describing the quality of life on given parts of the city. 

 
The aim of presented study was to propose new spatial indices 

based on 3D data acquired with LiDAR that would be suitable 

for characterizing urban areas, especially for the assessment of 

the relation between built-up and green areas. 
 

2. METHODS 

The study was conducted on the test area (3.5×5.0km) located 

in Krakow (South-East of Poland, population approx.  900 000; 

area 330 sq km). The area was chosen to represent all land 

cover classes, including: tall buildings, houses, shopping 
centers, post- and industrial areas, parks and other green areas.  

 

 

Figure 1. Localization of study site. Left top: border of Poland, 

Left bottom: City of Krakow borders, right: GeoEye satellite 

image (bands: 321) of the study area. 

The dataset consisted of very dense ALS point cloud (approx. 

22 pts/m2) and a GeoEye-1 VHRS image (RGB+NIR). The 

ALS point cloud was a subject of pre-processing in order to 
deliver raster layers required for further analysis steps. After the 

classification of the “ground” and point cloud normalization, 

layers representing: the maximum height of point (nDSM), 

minimum height of point (nMin) and NoData were generated.  
 

Object Based Image Analysis (OBIA) was used to extract single 

buildings and homogenous areas of low and high vegetation. 

The areas with vegetation were classified using NDVI and then 
splited into “low” and “high” vegetation using geometrical 

(vertical) information stored in nDSM layer. The building 

footprints were classified mainly using the nMin layer 

(normalized minimum height). 
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The integration of the geometrical (ALS) and radiometrical 

(VHRS) information made it possible to achieve high 
classification accuracy (0.86, Figure 2) and generate segments 

of vegetation with a similar: height and spectral response. The 

OBIA processing was performed in eCognition Developer 8.7 

(Trimble Geospatial) and created rule-set was very universal 
and not dependant on any samples. The details of the 

classification were a subject of different paper (Tompalski and 

Wężyk, 2011).  

 
The result of the OBIA processing, stored as a vector layer 

(Shapefile) containing: buildings, low and high vegetation 

polygons, was subsequently used for batch processing of the  

ALS point cloud inside each segment. The process was 
facilitated and automated with the use of LAStools (LAStools, 

2011) and FUSION USDA Forest Service software 

(McGaughey, 2010). Finally, a script written in R software 

(statistical package) was applied to convert ALS point clouds 
into voxels (3D matrix) and to calculate all the attributes needed 

for computing 3D spatial indices. 

 

The volume of each building was calculated as the 
multiplication of building footprint area and its height. The 

volume of each homogenous high vegetation class segment was 

determined using voxels.  

 

 

Figure 2. OBIA classification result – vector layer representing 
land cover classes as a base for calculating the spatial indices. 

It has to be pointed out, that the above presented method of 
extracting building, high and low vegetation areas, is probably 

one of many possibilities of achieving the result. The essential 

subject of presented paper is not the method of classifying 

mentioned land cover classes, nor the accuracy of determining 
the volume of elevated vegetation, but the spatial indices that 

rely on them. The input vector data can originate from any GIS 

source, however it has to have the crucial attributes – cubic 

volume of the high vegetation areas and buildings. 
 

3. 3D SPATIAL INDICES 

The general idea of the 3D spatial indices is to present diversity 

of different city regions concerning the relation between 
vegetation and buildings.  

 

Two main 3D spatial indices are proposed:  

 
1. Vegetation Volume to Built-up Volume (VV2BV), 

and  

2. Urban Vegetation Index (UVI). 

 
The VV2BV is a ratio of the vegetation cubic volume to the 

built-up volume and takes into account only the high vegetation 

class. It can be described with the formula: 

 

          
   

  
 (1)  

where VHV is the total cubic volume of high vegetation and VB is 
the total cubature of built-up class. This index can be also 

calculated as the percentage of high vegetation in the total 

volume of built-up and high vegetation. In this case the formula 

is slightly modified: 
 

 
       

   

      
     

 

(2)  

The UVI index characterizes not only the high vegetation class 

and built-up cubature, but also the area of low vegetation. It is 

calculated as a weighted sum of two ratios: high vegetation 
volume (VHV) to built-up (VB) volume ratio and vegetation area 

to built-up area ratio. The relative area of height vegetation and 

buildings is used as the weight (w, Formula 4): 

 

         
   

  
       

  

  
 (3)  

 

  
      

     
 (4)  

 
where AV is the total area of all vegetated surfaces (low and high 

vegetation), AHV is the total area of high vegetation only and AB 

is the total area of built-up. As in the case of previous index, 

UVI can be as well calculated in relative values: 
 

       
   

      

           
  

     

     (5)  

 

The use of relative area of elevated surface (high vegetation and 

buildings) is used to split the formula into two parts. The first 

part is in fact the VV2BV index (Formula 1) and is calculated to 
express the relation between volume of high vegetation and 

buildings. The second part is meant to reflect the ratio between 

the areas that are covered by all vegetation classes (low and 

high) to the area of buildings.  
 

The proposed 3D spatial indices, in both cases have two types, 

depending on the object they are calculated for. The first type 
(VV2BVCELL or UVICELL) is calculated for each grid cell of the 

study area. The user can specify the cell size (e.g. 100×100m, 

1km×1km). In the second type of the index (VV2BVBUILDING or 

UVIBUILDING) calculated value is assigned to each building 
polygon and is based on the GIS spatial analysis performed 

within a certain distance (buffer area) around each building (e.g. 

100m, 1km).  
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Figure 3. 3D spatial indices calculated for the test area. Top images: VV2BV and UVI indices calculated for 100x100m cell grid, all 

test area is presented. Bottom images: VV2BV and UVI indices calculated for each building with buffer zone of 100m. Only a subset 
of sample area is presented to preserve the details. 

 

In total, each of the two presented indices has four variants, 
depending on the object they are calculated for (cell/building) 

and whether they have an absolute or relative value. 

 

The method used to calculate each index can be explained on an 
example for single cell of 100×100m, where buildings, low and 

high vegetation cover given area. The simplest example worth 

considering is when all classes cover 1/3 of the cell area, and 

buildings and trees have both the same cubic volume. In this 
case the indices would have values equal to: UVICELL(abs)=1.33, 

VV2BVCELL(abs)=1, UVICELL(%)=55.56%, VV2BVCELL(%)=50%.  

 

Together with the increase of the building area or volume, the 
indices values would decrease. Since the volume is taken into 

consideration, similar index value can be achieved for a cell 

with many small buildings or with single high building. 

 

4. RESULTS AND DISCUSSION 

In order to calculate the indices for the sample area, an ArcGIS 

(Esri) model builder was used to automate the process. The 

processing steps differ depending on the index form (whether 
the index is calculated for a cell or for a building) but in both 

cases require the same input data – vector layer containing three 

land cover classes (mentioned before) with the volume attribute 

stored in the database. 

The basic statistics describing the calculated indices for the 
sample area are presented below. Table 1 contains values for 

VV2BV and UVI calculated for grid with cell size of 

100×100m. Table 2 on the other hand, contains average and 

standard deviation values for indices calculated in the ‘building’ 
variant, with a buffer distance of 100m.   

 

 
VV2BVCELL UVICELL 

 
abs. % abs. % 

mean 4.9 47.3 11.1 61.7 

std. dev. 20.8 29.2 31.6 25.5 

Table 1. Mean and standard deviation values for VV2BV and 
UVI indices in ‘cell’ variant. Cell size equal to 100m. 

 
VV2BVBUILDING UVIBUILDING 

 
abs. % abs. % 

mean 1.8 32.3 3.6 38.0 

std. dev. 11.7 31.5 16.7 34.5 

Table 2. Mean and standard deviation values for VV2BV and 

UVI indices in ‘building’ variant. Buffer distance equal to 
100m. 
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The mean value of VV2BVCELL(abs) index equal to 4.9 means, 

that on average, for each 1m3 of built-up there are almost 5m3 of 
high vegetation on the analyzed sample area. The relation 

between vegetation and built-up is even higher for the 

UVICELL(abs) index, which is caused by the additional parameter 

of vegetation area included in the formula. The absolute values 
of mentioned indices calculated in ‘building’ variant, have 

lower values (VV2BVBUILDING, UVIBUILDING), which can be 

explained with the fact that buildings are usually located next to 

each other. Thus the buffer zone created around each building 
will contain usually more buildings than a cell size of a grid 

overlaid on the test area. 

 

The purpose of the indices is to point out areas where the 
amount of urban green is too low and therefore the living 

quality for residents is worsened. The presented layers (Figure 

Figure 3) clearly show, where the amount of urban green is low, 

comparing to the volume of buildings. On the other hand also 
areas, where the values of the indices are high, are shown and 

they can be treated as a direct indication of a proper balance 

between man-made features and valuable vegetated areas.  

 
For the analyzed area, the lowest values for VV2BV and UVI 

indices occur for the typical areas of tall, 10 storey residential 

buildings (located on the east part of the study area) and a large 

shopping centers (middle of the study area). It can be observed, 
that the VV2BV index has smaller values for areas of high 

residential buildings than the UVI index, while their values are 

more similar for the large shopping centers. It can be therefore 

concluded that the residential area consists of relatively large 
areas of low vegetation that have an effect of increasing the 

UVI index value. 

 

 

5. CONCLUSIONS 

In conclusion, presented 3D spatial indices are designed to 

describe the relations between urban green and built-up areas in 

cities. The indices express the proportion between the volume of 
high vegetation (trees) and buildings (VV2BV) and additionally 

take into account the city areas with low vegetation (UVI) like 

lawns. In authors opinion the indices are suitable for the 

assessment of urban green status (value) and can be used to 
point out areas where the amount of specified type of high 

vegetation is too low. What has to be emphasized is that the 

indices include the volume (VV2BV) or the volume and area 

(UVI), not only the area of the vegetation or buildings. The 
basic idea of presented indices is similar to the one described by 

Schöpfer et al. (2005), however using the ALS point cloud data 

as the input data, made it possible to use the accurate cubic 

volume in the calculation, not only the building or vegetation 
category. 

 

The living conditions of city residents, understood as the 

amount and vicinity of green areas, are regulated by law in most 
countries and are also a subject of scientific research (e.g. Urban 

Audit, 2011). The application of presented 3D spatial indices 

that allow characterizing the city in terms of the amount of 

green areas, can be used not only to point out city regions where 
the mentioned amount is too low, but also to compare cities 

between each other. These indices can be also applied to 

characterize the structure of cities and assist planners and 

developers in making decisions related to new investments, 
especially in the context of increasing popularity of LiDAR 

technology (e.g. 100 Polish cities scanned until 2013). 
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