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Abstract: The study proposes a framework to model the three-dimensional relationship among
density, land use, and accessibility in urban areas constructively contributing to overcome the
limitations noted in the domains of urban planning and transport planning. First, most of the existing
studies have focused on the topological characteristics in capturing the accessibility, but a limited
attention has been given on measuring the accessibility by considering both topological and roadway
characteristics. Second, the existing research studies have acknowledged the relationship among
density, land use, and accessibility while a limited attention has been given to develop a modeling
framework to capture the three-dimensional relationship. The modelling framework was tested in
three urban areas in Sri Lanka. The research first analyzed the three-dimensional relationship among
density, land use, and accessibility in the case studies. Then, the study developed a set of regression
models to capture the density from the land use and accesability. The proposed model recorded
a satisfactory level of accuracy (i.e., R%Z > 0.70) on a par with internationally accepted standards.
ﬁr;)edcal:(tf:; The relationship was further elaborated through a decision tree analysis and 4D plot diagrams.
Findings of the study can be utilized to model the density of a given land use and the correspondent
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1. Introduction

The link among density and accessibility is one of the critical factors in urban planning
and transport planning [1]. Many contemporary researchers have acknowledged the
relationship between density, accessibility, and land use [2]. In addition, density, land use,
and accessibility factors have been identified as main characteristics of the urban form
of the city [3]. Therefore, urban planners and transport planers should have a profound
understanding about the dynamic interactions between the characteristics of the urban
form of the city. This is because the change of one component can influence the change of
another. According to Hellervik, Nilsson, and Andersson, planners need to integrate land
use and transport plans [3]. Without a proper understanding about the static and dynamic
relationships, planners cannot make a strategic intervention to achieve the envisaged urban
form [4]. Currently, planners mostly opt for the strategic planning approach which makes
conditions of the Creative Commons _ Strategic interventions for planning issues. Nevertheless, most of the planning interventions
Attribution (CC BY) license (https://  fail to achieve the envisaged urban form of the plan. One of the main reasons is the lack
creativecommons.org/licenses /by / of comprehension on the dynamic relationships between the major components of the
40/). urban form, particularly density, land use, and accessibility. When decision-makers are
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not clever enough to grasp the natural dynamic relationships of the urban form, the vision
tends to be overlooked by these dynamics and turns towards an unforeseen direction.
Nonetheless, the dynamics of the urban form will be continued reacting to the real ground
situations. For instance, Windle [5] mentioned that in Mumbai, India, the population
density is 3230 per hectare whereas the maximum floor area ratio is 1:1.33. That numeral
does not suit the existing and future population attractions to the city. Such population
attractions have been driven by the accessibility and land use. Such problems could not
have been occurred if the relationship among accessibility, land use, and population density
had been modelled. That is the point where the derived urban form is going to be differed
with the planners’ vision [4,6]. Hence, a peculiar awareness of the urban form and its
dynamic relationships is required for a desirable planning practices in the real ground
applications. Most planners are aware of this relationship and its impact theoretically, but
the models are not developed to capture that scenario numerically [4,6]. Hence, most of the
literature has explained the need for a quantitative framework to model the relationships
among the aspects of the urban form [4,7]. Identification of the relationship among the
elements of the urban form is a valuable insight for decision-makers such as urban planners,
transport planners, and engineers to make cities more sustainable. Accordingly, various
empirical studies have been carried out to identify the relationship between elements of the
urban form. Hillier and his team have developed the “space syntax” theory and technique
to analyze these relationships between the aspects of the urban form. Recent empirical
studies have been found that there is a robust association of the configuration of the urban
form (accessibility) with factors such as employment [8,9], density [10,11], the distribution
of land use [6,12], and the distribution of activities in urban areas [13,14]. However, in those
studies, accessibility measurement was mainly considered the cognitive behavior of human
movements, which is computed based on the topological-shortest-path, but the influence of
the travel speed and roadway characteristics have not been considered [12,15]. Jayasinghe
et al. [12] and Paul’s [15] works have emphasized the importance of the impedance factor
for account the travel speed and roadway characteristics. Furthermore, space syntax-
based studies have mostly considered the two-dimensional connection among density and
accessibility or land use and accessibility respectively [6,16,17]. Recently, researchers have
introduced new analysis tools such as “space matrix” and “mixed-use index,” to analyze
the relationship between land use and density [18]. Those studies have utilized the space
syntax to compute the configuration (accessibility) of the street network; space matrix
method to compute the degrees of building density; and mixed-use index to compute the
degree of land use diversity [8,19]. However, those studies have made limited attempts to
model the three-dimensional relationship among density, land use, and accessibility (i.e.,
density <+ land use, density <+ accessibility, and accessibility <+ land use).

In such a context, this paper attempts to make a significant contribution to overcome
the limitations noted in the emerging researches in the domains related to urban planning
and transport engineering, through a novel modeling framework to capture and analyze
the three-dimensional relationship among density, land use, and accessibility in urban
areas, taking into account both topological and roadway characteristics.

The proposed framework is introduced in the next section. The materials and method
are presented in the third section. Analysis and results are presented in the fourth section.
This includes a relationship analysis among accessibility, land use, and densities in case
study areas and model formulation. The conclusion and recommendations are presented
in the last section.

2. Proposed Framework
2.1. Conceptual Framework

The objective of the research is to build a framework to model the three-dimensional
relationship among density, land use, and accessibility in urban areas. The framework
developed is based on the movement economics theory. The movement economics theory
proposes that urban places “first generate the distribution pattern of movement flows,
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then it influences land-use selections, and these generate effects on movement with further
feed-back on land-use selections and street-network as it leads to more rigorous urban
expansion” [20]. Therefore, the theory cited the reciprocal effects of spatial structure
(i.e., road network) (S), and movements of people (i.e., level of accessibility) (A), and the
multiplier impacts on both (refer Figure 1 and Equation (1)). Additionally, it has indicated
that there is a multiplicity of interconnections among urban structure (S), density (D),
and land use (LU) (refer Equation (2)).

S~A 1
S~LU,S~D, LU ~S. )
[ Urban Function Movement Flow ]

Feedback T D
Unilaterality Effect f Unilaterality
Influence Influence
[ Spatial Configuration ]

Figure 1. Relationship among movement, function, and configuration [18].

As per the movement economics theory, land use (LU) and density (D) is occured as

a function of movements (i.e., accessibility potential) (A) as indicated in Equations (3) and

(4) [19]. Further, a series of empirical research studies have discovered that there is a strong

relationship between the accessibility and the two variables i.e., land use [6,12,20,21] and

density [8-10] respectively. Those studies further support the relationship indicated in
Equations (3) and (4).

D = f(4) ©)

LU = f(A). )

Nes et al. [13] have explained that the density can be occurred as a function of acces-
sibility. However, the density can be changed with the respective land use. Accordingly,
this research hypothesizes that there is a three-dimensional relationship among density,
accessibility, and land use in urban areas as depicted in Figure 2.

Land Use
(LU)
Accessibility Density
(A) ) (D)

Figure 2. Three-dimensional relationship among density, accessibility, and land use.

Therefore, the study suggests that street accessibility, land-use diversity, and building
density are not independent variables, and density of a given area can be changed as
a function of the changes in accessibility and land use (refer Equation (5)). Accordingly,
the study focuses on validating this relationship by using a real ground data set in selected
case study areas.

D = f(A) = (LU). ®)

2.2. Quantifying Variable: Density, Accessibility, and Land Use

The study utilized the land-use mix index, which was introduced by Frank et al. [22],
to quantify the land use variable (refer Equation (6)). Land use mix computes the degree of
land-use diversity within a particular area.
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P; represents the ratio of the total sum of land area of the jth land-use type found in the
analysis zone being analyzed and j is the number of land use types found in the zone.
Accessibility can be computed, based on the mobility and topological characters.
The study utilized the closeness-centrality (CC) parameter to compute the accessibility
in terms of topological characteristics. CC computes the accessibility by measuring how
close a road-segment is to all other road-segments along the shortest-path [23]. Recent
studies on space syntax have found a direct link between the accessibility (CC) and the
land use [20,21,23]. The study utilized the formula introduced by Freeman [24] to measure

CC of the road network. .

CCi = ZjeN, J£i ,,Tl] @)

u 217

CC; represents CC values of the ith road-segment. d;; is the distance between “i” and
“j” road-segments along the shortest-path. N is the sum of road-segments in a given
road network. Additionally, the study utilized the road width to capture the mobility
characteristics of accessibility [25].

Density of the urban form can be captured based on the plot coverage (GSI), floor area
ratio (FAR) and building height (L). Both vertical and horizontal density is represented
by these three dimensions. Nes et al. [13] have utilized the following equations (refer

Equations (8) and (9)) to measure GSI and FAR of the urban form.

n
i

GSI = 1

®)

B; represents the gross floor area (m?) of the ith building and A is the area of the urban
block under computation.
Bi * Fi

n
_ L=
FSI = X o)

B; represents the gross floor area (m?) of the building i, F; represents the number of floors
of the ith building, and A represents the area of the zone under computation. Space matrix
is a method to measure and present comprehensive ideas of the urban form density [26].
Space matrix utilizes 9 density categories based on the GSI, FAR, and L (refer Figure 3).
The physical nature of these 9 categories is presented by google images on the right side of
the Figure 3.

G: high-rise point type

H: high-rise strip type I: high-rise block type

D: mid-rise point type E: mid-rise strip type F: mid-rise block type
A: low-rise point type B: low-rise strip type C: low-rise block type

Figure 3. Space matrix to categorize urban density.
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3. Materials and Methods
3.1. Case Study Areas

The proposed formwork was tested in three urban areas in Sri Lanka, namely, Colombo,
Kurunegala, and Mawanella. These case studies areas manifest a distinctive urban form,
which enables the investigation of the applicability of the proposed method in different
areas. Table 1 provides a brief explanation of these areas.

Table 1. Attribute comparison three cities.

Case Study Areas

Attributes Data Source
Colombo Kurunegala Mawanella
Type of urban form Polycentric Monocentric Linear city Compiled by authors
Settlement hierarchy First order Second order Third order National Physical Plan, Sri Lanka, 2010
Building density index 0.73 0.53 0.35 Compiled by authors
Population density 115 (p/ha) 53 (p/ha) 30 (p/ha) Department of Census and Statistics, Sri Lanka, 2012
3.2. Data and Preparation
Table 2 provides a brief explanation of the data types and methods of data collection.
The study utilized analysis zones—Colombo, Kurunegala, and Mawanella, which have
750, 147, and 68 zones respectively, to capture land use and density data.
Table 2. Summary of the acquired data.
Data Source
Variable Index
Colombo Kurunegala Mawanella
Land use Land use Mix
) Floor area ratio UDA, Colombo, 2014 UDA Bus terminal development
Density Plot coverage Kuruneeala. 2017 project—Mawanella, UDA,
Building height gala, Kegalle, 2018
Accessibilit Centrality of road network JICA, 2015
y Road width UDA, Colombo, 2017

The preparation of analysis zones was the first step of the data preparation process of
the study. Lu et al. [7] have utilized natural road blocks to develop analysis zones. The same
method has been followed in this study, where polyline road network of major roads (A and
B classes) was utilized for this purpose. The key steps are indicated in Figure 4. The first
step of the figure depicts the condition of the main road network. Natural zones in the
study area were demarcated based on the road segments. As the second step, the polyline
road segments were converted to polygons by utilizing the tool (feature to polygon) in the
geographic information system (GIS) environment. Output of the tool provides natural
road block polygons (zones) layer created by joining the corresponding segments of the
natural road blocks. Density, land use, and accessibility data preparation was based on the
demarcated zones.

Polyline road Convert polyline to Zone
network polygon
3 — ™
L\ polyline polygon

1> ‘\i\‘;@
:

Figure 4. The process of analysis zone preparation.

o
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In the land-use data preparation, a polygon-based land-use data set was utilized
to compute the mixed-use index for the respective zones. Hence, the study joined the
land-use layer with the zone-layer, which was developed in the above-mentioned step
(refer Figure 4). Then, the study computed the mixed-use index for each zone, based on
the index introduced by Frank et al. [22] (refer Equation (6)). Figure 5 indicates the process
of preparing the land use mix.

Land use

Categorize

Spatial join { Land
use + Zoning layer)

LAY Computation of
-~ — Extract excel Mixed use index
> (Refer section
2.2.1)

Spatial Join (Analysis)
tool (Arc GIS)

Zoning layer

Figure 5. The process of Land-use mix data preparation.

The land use is comprised of 15 land-use classes, which have been coded as follows,
Land-use Categories—A: Amenities, C: Commercial, R: Residential, W: working, RW: Residential
+ Working, AW: Amenities + Working, AR: Amenities + Residential, CR: Commercial + Residential,
AC: Amenities + Commercial, CW: Commercial + Working, ARW: Amenities + Residential
+ Working, ACR: Amenities + Commercial + Residential, CRW: Commercial + Residential
+ Working, ACW: Amenities + Commercial + Working, ACRW: Amenities + Commercial +
Residential + Working.

This study followed the space matrix method (refer Figure 3) to prepare the density
data set. First, spatially joined the zone-layer and building layer. Then, computed the
plot coverage and floor area ratio of the respective zones, utilizing the Equations (8) and
(9), respectively. Next, categorized the zones as per the 9 density categories (refer Table 3)
introduced in space matrix. Those categories have been coded as follows. Figure 6 indicates
the process of preparing the density data set.

[Building Iayer] [Zoning Iayer]

| |
\ 4
Spatial join ( Building
tool {Arc Gis) + Zoning layer)
1
¥ Yy
/ Building height / / Calculate FAR L /Calculate plot Coverage/

' MS Excel
Space Matrix
preparation

Categorize
under 9 Density
categories

Figure 6. The process of density data preparation.
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Table 3. Density categories.

No Density Category Density Code
01 Low-rise point LRP
02 Mid-rise point MRP
03 High-rise point HRP
04 Low-rise strip LRS
05 Mid-rise strip MRS
06 High-rise strip HRS
07 Low-rise block LRB
08 Mid-rise block MRB
09 High-rise block HRB

Both mobility and topological characters were computed during the accessibility
data preparation. The study computed the CC of each road-segment, utilizing the SDNA
tool [12] in QGIS environment. The study utilized “road centerlines”, i.e., the center of the
right-of-way on the given road segment, for preparing the road-segments graph. In the
road-segments graph, segments represent the locations of trip productions. Then, the study
joined the CC road segments with analyzed zones and the prepared data set including
the average CC of each zone. Road width represents mobility character of accessibility.
The study computed and prepared a data set, which included the average road width of
each zone. Figure 7 depicts the process of preparing the accessibility data set.

Road network * Closeness centrality
Calculate closeness }
- centrality (refer 2.2.2) ~ A
Categorized Road width
Road network
\ 1 T
——) \ ‘

Figure 7. Accessibility data preparation process.

4. Results and Discussion

The study first analyzed the three-dimensional relationship among density, accessibil-
ity, and land use in case studies, utilizing the 4D plot diagram in “MATLAB” environment,
and decision tree analysis in “Waikato Environment for Knowledge Analysis” (WEKA)
environment. Then, the study developed a set of regression models to capture the density.
Figure 8 indicates the process of analysis. For the purpose of analysis, the study stored
the land-use values, density values, closeness centrality values, and road width in the GIS
database (refer Figure 9). Then, the study extracted the spatial data from the GIS database
and prepared a 4D diagram and decision tree.
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4D Plot graph
e % nnaIYSis
Model
Out Put
Closeness Database -
centrality
Spatial Regression
Road analysis
width

Figure 8. The process of Analysis.
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Figure 9. Conversion of different spatial components comparable units.

4.1. Relationship among Accessibility, Land Use, and Density
4.1.1. Result of the 4D Plot Diagram Analysis

The study utilized the 4D plot graphs to represent the 4-dimensional relationship
among density, land use, closeness centrality, and road width. Following figures display
the 4D plot graphs of the three case study areas (Figure 10a—c). The results clearly depict
the relationship between density and accessibility. As an example, in the Colombo case
study (refer Figure 10a), high-density areas (i.e., block type density categories such as
HRB, MRB, and LRB) recorded a high level of accessibility in terms of closeness centrality
values (i.e., CC > 6) and road width (i.e., width > 10 m). Further, low-density zones
(i.e., LRP, MRP, and HRP) recorded a low closeness centrality (i.e., CC < 3) and narrow
road width (i.e., width < 5 m). The result indicates that high accessibility in terms of
topological and roadway characteristics has a strong relationship with high-density zones.
Furthermore, high-density zones (i.e., block type density categories such as HRB, MRB and
LRB) predominately recorded in highly mixed land-use environments (i.e., ACRW, ARW,
CRW, ACR, and ARW), while low-density zones (i.e., LRP, MRP, and HRP) predominately
recorded in less mixed land-use zones (i.e., R, C, A, and W) and a low level of accessibility.
Similar patterns can be observed in both Kurunegala and Mawanella case study areas.
Therefore, these results confirm the argument made by the study—that is density, land use,
and accessibility variables have a three-dimensional relationship. Furthermore, the results
indicate that density of a given area is dependent on land use and accessibility as indicated
in Equation (5) (i.e., (D =f(A4) * (LU)).
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Figure 10. The relationship among road width, closeness centrality, land use, and density: (a) study
area Colombo (b) study area Kurunegala, and (c) study area Mawanella (note: Land use axis A =
Amenities, C = Commercial, R = Residential, W = working, ACRW = Amenities + Commercial +
Residential + Working, Density axis: LRP = low rise point, MRP = mid-rise point, HRP = high rise
point, LRS = low rise strip, MRS = mid-rise strip, HRS = high rise strip, LRB = low rise block, MRB =
mid-rise block, HRB = high rise block).
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4.1.2. Result of the Decision Tree Analysis

The study utilized the decision tree analysis to read patterns of a given data set.
The output of the analysis generates a tree type flow diagram to explain the patterns of
the data set and Figure 11 depicts the summary of the decision tree analysis results in
the three urban areas. The results of the decision tree produce a logical explanation as to
how density categories are materialized under different land use and accessibility levels in
the selected case study areas. All three case study areas recorded a high level of decision
tree model accuracy (i.e., accuracy ~ 80%) (refer Table 4). The results indicate that the
decision about the density is first made based on closeness centrality, then followed by
land-use mix and road width. Accordingly, it indicates that high-density zones with a high
level of accessibility (both in terms of topological and roadway characteristics) have a high
land-use mix. These results further confirm the argument put forwarded by the study. First,
the influence of accessibility in terms of both topological and roadway characteristics must
be considered. Secondly, the density of a given area depends on land use and accessibility
as indicated in Equation (5) (i.e., (D = f(A) * (LU)).

Legend
Density Closeness centrality (CC) Road Width (RW) Land Use Mix (LUM)
Category Tem Tem Category Fange Category | Range (m) Category Range (Index)

LEP Low Rise Point Low Rise Block Very Low 13= Very Low i= Very Low 0.13<
MRP Mid Rise Point | Mid Rise Block Low 13-26 Low 3-6 Low 0.13 -0.26
HEP High RizePont High Rize Block Moderate 26-39 Moderate 6-9 Moderate 026 -039
LRS Low Rise Strip High 30-52 High 9-12 High 0.39-0.52
MRS Mid Rise Strip Very High j2> Very High 12> Very High 052>
HRS High Rise Strip

Figure 11. Summary of decision tree analysis in all three study areas.

Table 4. Summary of decision tree model accuracy.

Parameters Colombo Kurunegala Mawanella
Correctly classified instances 79.2% 83.41 79.104%
Incorrectly classified instances 20.8% 16.56 20.89%
Kappa statistic 0.71 0.73 0.705
Mean absolute error 0.101 0.099 0.114

Relative absolute error 29.28% 25.78% 39.21%
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4.1.3. Regression Analysis

Step by step multiple regression analysis was employed to measure the density in
a given zone, (i.e., D) utilizing the accessibility and land-use mix values (i.e., D = f(A) * (LU).
Accessibility (i.e., A) was measured in terms of topological characteristics and roadway
characteristics, utilizing the CC values and road width (i.e., RW) values, respectively.
Therefore, the model explaining the density in a given zone (i.e., D) takes the following
form (refer Equation (14)).

D =f(A)* (LU) (10)
A=f(CC)*(RW) (11)

So, D = f(CC) * (RW) * (LU)) (12)

D =a [CCP * RW® * LUY] (13)

nD =a + b*InCC + ¢*InRW + d*InLU. (14)

The research utilized Ordinary Least Squares Regression for model formulation
purposes.

The study checks the multicollinearity among variables and utilized R? and mean
absolute percent error (MAPE) to assess the goodness-of-fit when choosing the most
appropriate model. Tables 5 and 6 depict the statistics and specifications of the best model
to estimate the density (D) for each case study. Models of all three case study areas
recorded satisfactory level accuracy (i.e., R > 0.70) which is an acceptable level of accuracy.
Therefore, the study proposes that the developed models are suitable to model density in
a given area based on land use and accessibility.

Table 5. Model summary.

Change Statistics
Study Area Model R Square Adjusted Stdf flfmr S °
ode of the R r
RS quare
quare . ate Change F Change  dfl df2  FChange

1 0.667 2 0.667 1.25885 0.667 1499.642 1 748 0.000
Colombo 2 0.746 P 0.746 1.09988 0.079 232.833 1 747 0.000
3 0.766 ¢ 0.765 1.05732 0.020 62.348 1 746 0.000
1 0.606 2 0.603 1.14860 0.606 224 444 1 146 0.000
Kurunegala 2 0.687 P 0.682 1.02790 0.081 37.303 1 145 0.000
3 0.726 ¢ 0.720 0.96460 0.039 20.654 1 144 0.000
. I 1 0.703 2 0.699 0.65784 0.703 153.941 1 65 0.000
awanetia 2 0.762° 0.755 0.59365 0.059 15.817 1 64 0.000

a Predictors: (constant), closeness. P Predictors: (constant), closeness, LU. ¢ Predictors: (constant), closeness, LU, Road Width. ¢ Dependent

variable: density.

Table 6. Coefficients.

Unstandardized Standardized Collinearity
SI:“dY Model Variables 2 Coefficients Coefficients t Partial Part Significance Statistics
rea —

B Beta Beta VIF
1 (Constant)  —0.532  0.120 —4.447 0.000

Closeness 1.168  0.030 0.817 38.725 0.817  0.817 0.000 1.000
(Constant) 1.679 0.129 —13.045 0.000

2 Closeness 0.927  0.031 0.648 30.138 0.741  0.555 0.000 1.361

Colombo LU 5391  0.353 0.328 15.259 0.487  0.281 0.000 1.361
(Constant)  1.581  0.124 —12.719 0.000

3 Closeness 0.802  0.034 0.561 23912 0.659  0.429 0.000 1.751

LU 4.001  0.383 0.243 10.460 0.358  0.185 0.000 1.726

Roa Width ~ 0.166  0.021 0.205 7.896 0.278  0.140 0.000 2.144
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Table 6. Cont.
Unstandardized Standardized Collinearity
S[:udy Model Variables 2 Coefficients Coefficients t Partial Part Significance Statistics
rea —

B Beta Beta VIF
1 (Constant)  —2.435 0.390 —6.241 0.000

Closeness 1.355 0.090 0.778 14.981 0.778  0.778 0.000 1.000
(Constant)  —2.340  0.350 —6.694 0.000

2 Closeness 0.943 0.105 0.542 8.963 0.597 0417 0.000 1.692

Kurunegala LU 4698  0.769 0.369 6.108 0.452 0284 0.000 1.692
(Constant)  —3.099 0.368 —8.419 0.000

3 Closeness 0.849 0.101 0.488 8.414 0.574  0.367 0.000 1.767

LU 3.814 0.748 0.300 5.103 0.391 0.223 0.000 1.815

Roa Width 0.308 0.068 0.228 4.545 0.354  0.198 0.000 1.319
1 (Constant)  —0.242 0.313 —0.775 0.441

Closeness 7.069 0.570 0.839 12.407 0.839  0.839 0.000 1.000
Mawanella (Constant) 0.153 0.299 0.512 0.610

2 Closeness 4.846 0.759 0.575 6.381 0.624  0.389 0.000 2.182

LU 1.858 0.467 0.358 3.977 0.445 0.243 0.000 2.182

2. Dependent variable: density.

Colombo case study area recorded an accuracy of 76% (i.e., R? > 0.76) and out of the
750 zones, more than 78% recorded a very low level of error (low error = 10% difference).
Figure 12a depicts the spatial distribution of actual density, modeled density, and error,
and Figure 12b depicts the relationship between actual values and modeled values in
a line plot.

The proposed model has recorded an accuracy of 72% (i.e., R? > 0.72) in the Kurunegala
case study area, and out of 148 zones, more than 81% recorded a very low level of error
(Low error = 10% difference). Figure 13a depicts the spatial distribution of actual density,
modeled density, and error, and Figure 13b depicts the relationship between actual values
and modeled values in a line plot.

The proposed model achieved around 77% (i.e., R? > 0.77) accuracy in the Mawanella
case study area and out of 148 zones, more than 80% recorded a very low level of error
(low error = 10% difference). Figure 14a depicts the spatial distribution of actual density,
modeled density, and error, and Figure 14b depicts the relationship between actual values
and modeled values in a line plot.
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Figure 12. Density regression model result in Colombo: (a) spatial distribution of model and actual density categories and
(b) relationship between actual values and model values.
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Figure 13. Density regression model result in Kurunegala: (a) spatial distribution of model and actual density categories
and (b) relationship between actual values and model values.
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Figure 14. Density regression model result in Mawanella: (a) spatial distribution of model and actual density categories and

(b) relationship between actual values and model values.
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Part and Partial correlation statistics were utilized in verifying the importance of
predictors, land-use mix (LU), closeness centrality (CC), and road width (RW). Table 7
depicts the summary results of the part and partial correlation analysis. The results
indicated that CC is the most influential factor. However, land-use mix (LU) and road
width (RW) also have considerable influence on density (D).

Table 7. Summary results of part and partial correlation analysis model accuracy.

Case Study Area Colombo Kurunegala Mawanella

R? 0.76 0.72 0.77
Land-use mix 0.35 0.35 0.27

Partial Closeness centrality 0.59 0.56 0.67
Road width 0.35 0.38 0.32
Land-use mix 0.185 0.223 0.141
Part Closeness centrality 0.424 0.367 0.312
Road width 0.140 0.198 0.089

Land-use mix 12% 12% 7%

(Partial"2)% Closeness centrality 35% 31% 45%
Road width 12% 14% 10%

Land-use mix 34 49 1.9

(Part™2)% Closeness centrality 17.9 134 9.7
Road width 1.9 39 0.79

5. Conclusions and Recommendation

The study proposed a framework to model the three-dimensional relationship among
density, land use, and accessibility in urban areas constructively contributing to overcome
the limitations noted in the domains of urban planning and transport planning. First,
most of the existing studies have focused on the topological characteristics in capturing
the accessibility, but a limited attention has been given on measuring the accessibility by
considering both topological and roadway characteristics. Second, the existing research
studies have acknowledged the relationship among density, land use, and accessibility
while a limited attention has been given to develop a modeling framework to capture the
three-dimensional relationship. The study utilized spatial analysis tools such as network
centrality, space matrix, and mixed-use index to measure accessibility, density, and land use
respectively. The proposed method was tested in three case study areas in Sri Lanka, namely,
Colombo, Kurunegala, and Mawanella. These case study areas manifest a unique urban
form and road structure, which enable the investigation of the applicability of the proposed
method in different geographical areas. The study first analyzed the three-dimensional
relationship among accessibility, land use, and densities in case study areas utilizing the 4D
plot diagram in MATLAB environment and decision tree analysis in Waikato Environment
for Knowledge analysis environment. Then, the study developed a set of regression models
to capture the density.

Results revealed from this study can be summarized into four points as follows: The
first finding indicated that high accessibility zones in terms of topological and roadway
characteristics have recorded a high density whereas low accessibility zones have recorded
a low density. Further, high-density zones were predominately located in highly mixed
land-use environments. Second, the decision about the density was first made based on
the closeness centrality, followed by the land-use mix and the road width. Accordingly,
it indicated that high-density zones have high level of accessibility and high land-use
mix. Third, the results indicated that the closeness centrality (i.e., topological accessibility)
is the most influential factor of density. Nevertheless, land-use mix and road width
also have a considerable influence on the density. Fourth, the proposed model, which
simulates the density in a given zone based on the accessibility and the land-use mix,
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recorded a satisfactory level of accuracy (i.e., R> > 0.70) on a par with internationally
accepted standards.

As discussed repeatedly in this paper, the quantification of the relationship among
accessibility, land use, and density provide a significant benefit to planners in the prepara-
tion of urban plans and zoning regulations. Accordingly, planners can model the suitable
accessibility level to achieve the desirable density in a given urban area. Further, planners
can develop a set of regulations related to the accessibility and the land use to promote
and control the densities in urban zones. Furthermore, the method can be utilized to
develop land use and planning regulations effectively. A better understanding of the
relationship among the accessibility, land use, and densities in cities allows urban planners
and transport planners to create the spatial conditions for urban diversity supporting
the envisaged sustainability. In addition, it provides a pathway to the maintenance and
management of the existing areas in which the density is needed to be managed, as the
city evolves. The findings of the study indicated that the accessibility of a street network
and the land use mix influence the degree of density. This finding seems to be contradicted
with the popular urban planning ideologies and practices, whereby road networks are
planned according to the required functions. Accordingly, the flexible planning and zoning
regulations are required to encourage the natural process rather than controlling the urban
form artificially.

Decision-makers can utilize the findings of the study to make strategic interventions
for achieving the envisaged urban form. On one hand, the findings of this study can be
utilized to model the density as per a given land use and accessibility scenario. On the
other hand, this study can be directly applied for transport planning interventions. That is
to identify the impact of the changes in accessibility on the density. Therefore, the study
concludes that this will be an effective tool for decision-makers in the fields of land-use
planning and transport planning aiming at the overarching sustainability of future cities.
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