Digital twin enabled sustainable urban road planning

ABSTRACT

Sustainable urban road planning should endeavour to meet current and future traffic-related demands and
achieve financial, environmental, and social benefits, which is a complex and interdisciplinary issue that needs to
consider various factors and data. Multi-criteria decision making (MCDM) can provide reasonable solutions, and
some existing studies integrated MCDM with geographic information system (GIS) technology. This paper
presents an urban road planning approach based on digital twin (DT), MCDM, and GIS called DT-MCDM-GIS
framework. DT can digitalize the physical world to provide various data for the whole process; MCDM can provide
criteria and evaluation methods; GIS can provide an integrated environment for analysis. Building demolition and
land use, traffic congestion, driving route selection habits, air quality, and noise are all considered in the framework
for urban road planning. The proposed approach can provide a functional, economic, people-friendly, eco-friendly
urban road planning scheme considering new road construction and existing old road widening to alleviate traffic
congestion and provide an alternative route for drivers that conforms to their habits.
Keywords: Sustainable urban road planning, Digital Twin, MCDM, Alignment selection, Building demolition,
Land use, Traffic congestion, Driving route selection habits, Air quality, Noise
1 INTRODUCTION

Sustainable urban road planning strives to cope with current and future traffic-related demands and achieve
financial, environmental, and social goals (Addanki and VVenkataraman, 2017; Ma and Peng, 2021). It is a complex
and interdisciplinary issue that needs to consider many factors, including engineering, transportation, economic,
policy, environmental, and social factors (Gipps, Gu et al., 2001). However, with the progress of urbanization,
everything seems to worsen. Cities are becoming densely populated, and severe traffic congestion frequently
occurs (Pucher, Peng et al., 2007). In addition, functional urban areas such as commercial areas, residential areas,
industrial areas, green areas, etc., are set up, available urban land decreases, and the houses' price increases (Ehrlich,
Hilber et al., 2018). In the city, air quality reduces and noise increases due to the vehicles, factories, commercial
activities, etc. (Kabisch and Haase, 2013). Urban planning needs to alleviate these problems, and urban road
planning is an essential part of it.

On the one hand, urban road planning aims to meet functional requirements from the citizens. On the other

hand, urban road planning needs to consider the economic constraints, a city's limited remaining space for
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construction, and environmental requirements. Considering various demands and constraints, sustainable urban
road planning endeavours to propose functional, economical, people-friendly, eco-friendly schemes.

Multi-Criteria Decision Making (MCDM) and Geographical Information Systems (GIS) are used in some
studies to assist in urban road planning (Ouma, Yabann et al., 2014), and Analytic Hierarchy Process (AHP) is one
of the most widely used MCDM methods (Saaty, 1977). Using MCDM methods, most existing studies only
consider road planning for newly built roads. However, with the continuous development of cities, the increase in
the number of buildings, and the expansion of road networks, less and less remaining space is available for new
roads construction. Therefore, when planning roads, designers need to balance the limited space in the city and the
ever-increasing traffic demands of citizens. Furthermore, road widening and new road construction should be
considered when planning roads and designers endeavour to reduce building demolition and road land use with
high cost (Brahmantoro, Hidayat et al., 2019). Thus, environment and surroundings, existing road networks, other
existing related data play an essential role in urban road planning.

Digitalizing and interpreting the information in the physical world, including geometric and non-geometric
information, is essential for road planning. The digital twin (DT) paradigm can provide a feasible solution to this
issue. DT is a set of virtual information constructs that fully describes a potential or actual physical manufactured
product from the micro atomic level to the macro geometrical level. Any information obtained from inspecting a
physically manufactured product can be obtained from its DT at its optimum (Grieves and Vickers, 2016). Many
sectors have employed digital twin to realize many applications, especially in the manufacturing (Leng, Wang et
al., 2021) and aerospace industry (Liu, Bao et al., 2021), and DT has expanded to the construction sector, including
the design stage, construction stage, and operation and maintenance stage (Jiang, Ma et al., 2021). Digital twins of
the existing related projects, surroundings and environment, can be established to assist in decision making and
designing (e.g. digital twin city) (Shahat, Hyun et al., 2021). By collecting data from the physical world and parsing
data into understandable expressions, DT can assist in complex and sustainable urban road planning considering
various factors.

This study aims to provide planners with a sustainable urban road planning approach which focuses on
interpreting various data from multiple sources in the physical world into a digital expression called cost map based
on DT, MCDM and GIS to assist in urban road planning, considering both new road construction and existing old

road widening. In this paper, several factors are considered: building demolition and land use, traffic congestion,
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driving route selection habits, air quality, and noise.

This paper begins with a systematic review in Section Error! Reference source not found.. Next, the proposed
approach will be introduced in detail in Section 3 . Then, the proposed approach is employed in an area in London
which will be introduced in Section 4 . Finally, Section 5 is the discussion, and Section 6 is the conclusion of this
paper.

2 LITERATURE REVIEW
2.1 Urban road planning

Urban road planning aims to improve roads' accessibility, functionality, and economy according to various data
types from multiple sources. Many studies have proposed various methods for urban road planning. First, from the
macroscopical perspective of the overall economy and policy of road planning, Zhang (2016) analyzed the
development laws and characteristics of urban logistics structure from a theoretical perspective to understand the
status and role of logistics network space in urban planning. Urban road planning and design was the focus of the
research. Ng, Law et al. (2018) employed a fixed-effects panel linear regression analysis on a panel of 60 countries
from 1980 to 2010 to reveal how much investment was appropriate for various road types to facilitate urban growth
at different levels of urbanization and how the development of various road types could promote export-led urban
growth. Ma and Peng (2021) employed the with-without comparison principle and aboveground-underground
comparison principle to determine nine sustainability-oriented benefits in the operation of complex underground
roads, including intrinsic benefits and specific benefits. Second, from the perspective of the geometric information
of road networks and travelling time, Hou, Maruyama et al. (2009) proposed a road network optimization
framework directed by unblocked reliability for given network topology and inelastic demand with stochastic user
equilibrium. The proposed optimization framework could improve the road network to its highest possible
reliability level with a minimum scale of road network expansion. Wang and Chen (2016) proposed a hybrid
algorithm based on particle swarms and ant colonies to optimize travel routes in cities, improving travel efficiency
and accuracy and providing a reliable basis for optimizing urban roads and cities. Third, for urban road planning,
improving the road service capabilities is often concerned, such as reducing traffic congestion and improving
traffic-related functions. Chen, Wang et al. (2019) presented a visualization model based on graph theory's self-
organizing feature map neural network. They analyzed traffic data throughout the life cycle, sorted out the

collection, analysis, discovery, and application levels of traffic data, and employed big data technology to guide
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urban traffic planning, construction, management, operation, and decision support. Langin (2020) proposed a
spatio-temporal analysis approach of intelligent urban road planning congestion based on the spectral clustering
algorithm of big data mining, which could shorten the time gap and improve the effectiveness. Similarly,
pedestrians are also an important factor for road planning. Scoppa, Bawazir et al. (2018) analyzed the superblocks'
walkability and the role of narrow alleys between plots to provide efficient and direct pedestrian routes, where the
efficiency was quantified using pedestrian route directness and referred to a measure that captures the ability of the
layout to provide direct routes between origins and destinations. The research could contribute to policy-making
for urban design and urban design theory for street layouts with narrow alleyways between plots. Fourth, urban
road planning also considers other factors, such as points of interest (POI), pollutants, noise emissions, etc. Through
spatial modelling in urban agglomerations, Zeng, Song et al. (2019) explored the spatial spillover impact of
infrastructure networks on urbanization in the two hypotheses based on road networks and points of interest (POI),
respectively. Fernandes, Tomas et al. (2020) compared various suburban roundabouts in traffic performance,
pollutants, and noise emissions through comprehensive empirical evaluation. They proposed a method to quantify
the performance of suburban roundabout layouts. Meng and Shao (2011) proposed a multi-stage and multi-attribute
model based on Data Envelopment Analysis and TOPSIS to improve urban road planning and construction
availability. Accordingly, the sequence of urban road construction could be obtained. Khayamim, Shetab-
Boushehrib et al. (2020) proposed a method to simultaneously select and time urban traffic projects based on a
two-level mathematical programming model and a two-stage hybrid solution procedure. The proposed method
could consider a large transportation network with many candidate projects and choose and schedule projects based
on sustainable development. Moreover, some road planning considers special periods. Francini, Gaudio et al. (2020)
presented a performance-based approach to identify strategic road infrastructures at the municipal level to know
which roads remained available in case of emergency according to Risk Index integrating multi-criteria techniques,
GIS, fuzzy logic, and structural vulnerability analysis.
2.2 Road planning based on MCDM and GIS

Hybrid MCDM - GIS methods are employed to plan roads in some studies to provide optimal road alignment
according to various factors. For example, Grossardt, Bailey et al. (2001) presented using the analytical minimum
impedance surface (AMIS) method for road planning. The characteristic of AMIS is that the input of stakeholders

is structurally integrated into the GIS-based hybrid hierarchical analysis process. Beukes, Vanderschuren et al.
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(2013) proposed the COSMA method, which uses contextual information to formulate road infrastructure
recommendations to improve road design using GIS and spatial multi-criteria analysis considering land use and
socioeconomic environmental, and transportation information. Ouma, Yabann et al. (2014) modified the traditional
AHP method to fuzzy AHP to find the optimal bypass route for Eldoret, Kenya, using GIS. Yakar and Celik (2014)
proposed a three-stage model based on MCDM and GIS for highway route selection. Singh, Singh et al. (2019)
proposed a method to identify and select road schemes using GIS and fuzzy AHP. Spatial multi-criteria decision
analysis was employed to determine the best alignment considering environmental, social, economic and
technological spatial data and other criteria. Hosseini, Moghadasi et al. (2019) presented a method to design forest
roads using GIS and satellite data based on multipurpose forestry. The study employed the multi-criteria evaluation
method based on fuzzy logic to evaluate the potential of land area for a road network.
2.3 Digital twin and related applications

A digital twin consists of five parts: physical part, virtual part, connection, data, and service. The physical part
is the basis of the virtual part; the virtual part mirrors the physical part in a controlled setup; the connections enable
data transfer and control (Tao, Zhang et al., 2019). DT can be established to provide digital replicas for the
environment, surroundings, and related existing projects according to point clouds, sensor data, design documents
and other sources to assist planning and design (O'Dwyer, Pan et al., 2020; Jiang, Ma et al., 2021). Schrotter and
Hirzeler (2020) took advantage of the digital twin to assist in the decision-making and city planning of the City of
Zurich. Three-dimensional spatial data and their model transform urban entities (such as buildings, bridges,
vegetation, etc.) into a digital world and update them when necessary to create advantages in digital space. White,
Zink et al. (2021) presented a public and open digital twin of the Docklands area in Dublin, Ireland, which could
assist in urban planning of skylines and green space and allow users to interact and report feedback on planned
changes. Badawi, Laamarti et al. (2021) designed a digital twin model of urban services to reflect the actual state
of urban service development to improve citizens' quality of life. Marcucci, Gatta et al. (2020) employed digital
Twin to assist urban freight transport policy-making and planning. Schislyaeva and Kovalenko (2021) analysed
digital twins in infrastructure and urban planning at various scales, from the characteristics of the simplest digital
twin to the most complex part of the digital twin that could simulate the entire logistics terminal and the city to
assist logistics networks routine operation. In the above studies, digital twins could improve the quality and

accuracy of design significantly through data integration and high-fidelity models,



2.4 The gaps from the literature review

By considering various factors, sustainable urban road planning strives to meet current and future traffic-related
demands and achieve financial, environmental, and social goals. However, according to the literature review, some
gaps still exist as follows:

1) Digital twin has not been widely used for road planning. Though some existing research proposed hybrid
MCDM-GIS methods, they have not proposed a systematic approach to interpreting various data from the physical
world into appropriate digital expressions to assist the MCDM process.

2) There are many existing buildings in a city, and the demolition of existing buildings is a critical constraint
for urban road planning. However, no study considered the influence of building demolition costs considering
various heights, sizes, and prices of different buildings for urban road planning.

3) From the perspective of being people-friendly, no study considered people's driving route selection habits
for urban road planning.

4) In addition to newly built roads, many existing old roads in the city need to be upgraded. However, most of
the road planning approaches focused on new road construction. They did not focus on new road construction and
old road widening.

Thus, this paper proposes a novel DT-MCDM-GIS framework to interpret various data to assist urban road
planning considering various sustainable factors, including building demolition and land use, traffic congestion,
driving route selection habits, air quality, and noise. In addition, the proposed approach considers new road
construction and existing old road widening. The following sections will introduce the proposed approach in detail.
3 AN APPROACH FOR SUSTAINABLE URBAN ROAD PLANNING

The proposed approach focuses on the sustainable urban road planning for both new road construction and
existing road widening considering the constraints from building demolition and land used, air quality, and noise
to alleviate traffic congestion and provide an alternative route for drivers from a start point to an endpoint that
conforms to the driving route selection habits. Urban road planning needs to balance the economic, social, and
environmental constraints and the functional demands from citizens to provide functional, economic, people-
friendly, eco-friendly road planning schemes.

3.1 DT-MCDM-GIS framework for sustainable urban road planning

The traditional structure of AHP can be shown in Fig. 1. The weights of criteria can be estimated by the pairwise
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comparison matrix (PCM), as shown in Egs. (1), where 0<i, j<n. a;;=3,5,7,9 denote that criterion (i) is moderately
more critical, strongly more important, very strongly more important, and extremely more important than criterion
(1), respectively. 2,4,6,8 are the intermediate values. a;;=1 denotes that criterion (i) and criterion (j) are equally
important. After the PCM is determined, the maximum eigenvalue (4,,,4,) of A and its corresponding eigenvector
w should be calculated, as shown in Egs. (2). Afterwards, the consistency of the PCM should be checked according
to Egs. (3) and Egs. (4), where n denotes that A is an nxn matrix, Cl is the consistency index, CR is the consistency
ratio, and RI is the random index, as shown in Table 1. The elements of the eigenvector w can be described by Egs.

(5) and the wight of the criterion (i) can be described by Egs. (6) (Saaty, 1990).

Subcriterion 1.1

H\\\\\\_

NA

Criterion 1

Subcriterion 1.3 ‘\\‘\ Altemative Plan 1
iteri S AN

Subcriterion 2.1 ‘V R TR

Criterion 2 ) 7
A X

%

Subcriterion 2.2 4 ‘,‘“{
SN
/7 :lﬁ;"?t\g-}‘ Alternative Plan 3

Suberiterion 3.1 ﬂ'{";l)’\"::f
H £750)
Subcriterion 3.2 ZZ’,’&

Subcriterion 3.4

Find the
optimal road
plan

Criterion 3 Alternative Plan 4

- : goal layer - : criteria layer - : alternatives layer
Fig. 1 The traditional structure of AHP for road planning
a1 Ain L 11 1
A= : ,al-l-=1,aji=;,aij¢0,aij=E,§...5,or1,2,...9 (1)
an1 Ann N
Aw = g 2
Amax—n
Cl = 2maxt 3)
CI
CR = - 4)
w1
w=| Wi ()
Wn
N wi
W(i) = 2 (6)

i=1 @i

Table 1 Random index
n 1 2 3 4 5 6 7 8 9 10
Rl | 000|000 | 058|090 |112| 124|132 141|145 1.49




Generally, when using a PCM to evaluate the weights of alternatives, the alternatives in the same category in
the same layer should preferably not be too many. Otherwise, it is too difficult to compare too many alternatives

using a;;. Thus, AHP was modified and combined with DT and GIS to form the overall workflow, as shown in

Fig. 2. This research aims to find the lowest cost position in the goal layer to let the alignment pass through rather
than finding the optimal road plan. In the criteria layer, various criteria are considered. In the digital twin layers,
there are alternative layers and data layers. In the alternative layer, there is an mxn raster representing the target
area, and each raster cell is an alternative. However, too many cells are evaluated directly by a PCM. Thus, various
data are given to the raster cells to build various cost maps using DT. A cost map is a raster data, and each cell can
be described by (i, j, C), where i, j denote its position and C denotes the cost of the cell. However, C is not an actual
cost with a unit but a value ranging from 0 to 255 (including 0 and 255). The lower the C is, the more the road
alignment wants to go through the cell. In Fig. 2, RBDCM, RailwayCM, WaterCM, etc., various cost maps will
be introduced in the following sections.

Generally, the weights for various criteria are determined by PCMs, usually established by experts or
individuals by qualitative analysis, such as the PCM for building demolition and land use, traffic congestion,
driving route selection habits, air quality, and noise. However, under the shortest time, most prolonged time,
distance, and priority criteria, weighted average values should be calculated according to different specific values
of the shortest time, most prolonged time, distance, and priority of a recommended route at different times. Then
the weighted average values are given to various recommended routes to determine the PCMs by quantitative
analysis and qualitative analysis rather than determining the PCM directly by experts and individuals using
qualitative analysis, which will be introduced in Section 3.4. Next, various cost maps are established and merged
according to various PCMs to establish the overall cost map (Section 3.6). Then the road planning is conducted

according to the OverallCM.
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Fig. 2. The overall workflow for sustainable urban road planning based on the DT-MCDM-GIS framework
3.2 Building demolition and land use

To determine the building's land-use cost map, topographic maps, Digital Terrain Model (DTM) and Digital
Surface Model (DSM) data are obtained through various map databases, such as Digimap (EDINA, 2021), Google
Maps, Google Earth, OpenStreetMap, ArcGIS, etc. Points on DTM and DSM can be described by coordinates
(x,y,z), where x,y,z denotes the coordinate on the west-east horizontal axis, coordinate on the south-north
horizontal axis, and the height of the point from the horizontal plane, respectively. For every two points with the
same (X,y) coordinate on DSM and DTM, the difference between the two points' z values can be calculated. Points
with the coordinate (x,y,d) where d is the difference of z values at (x,y) can form a new digital elevation model
called Digital Difference Model (DDM), as shown in Egs. (7). In addition, the buildings' boundaries can be
obtained from topographic maps, and they can form polygons that can be regarded as the bottom of the
corresponding buildings called the building's bottom polygons. In the area inside a building's boundary and on the
boundary, z values can be obtained from DDM, and Eqgs can calculate the median value of these z values. (8),
which can be regarded as the height of the building (H). The building's bottom polygons can be extruded along the
positive direction of the z-axis by H to form simple digital twins for all buildings ((1) in Fig. 3). Afterwards, the
demolition cost of the building can be calculated by Egs. (9), where h is the average height from floor to floor of
a building, V is the volume of a building's digital twin, Sp,::om IS the area of the building's bottom polygon, p is
the average price of the building per square meter, u is the amplification coefficient, and H is the same as the H in

Egs. (8). After that, the building's bottom polygons are moved along the positive direction of the z-axis by



Caemotition t0 form MBPs (Moved Building's Polygon) ((2) in Fig. 3). The points on the MBP can be extracted.
Simultaneously, the buildings' boundaries polylines are offset by a minimal value outwards to ensure the
projections of all the extracted points of MBP on the x-y plane are enclosed by the offset polylines. Then a new
digital elevation model (DEM) can be established by the extracted points and the offset polylines, and the DEM
can be transferred into raster data called the original building demolition cost map (OBDCM) ((3) in Fig. 3).
Caemotition OF buildings can be divided into several levels and levels' weights can be determined by PCM
(RBDCM). All the positions (cells of the raster) can be given values from 0 to 255, and a new raster called
reclassified building demolition cost map (RBDCM) can be established with their new values ((4) in Fig. 3). The
values of each cell of RBDCM (raster data) in Level i can be calculated by Egs. (10), where w; denotes the value

in Egs. (5) of the PCM (RBDCM).
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Fig. 3. Establish reclassified building demolition cost map (RBDCM) using DT and AHP
In addition to the building demolition cost map, existing roads are a significant factor for road planning. In the
existing road areas, forbidden zones should be set on the OverallCM. Forbidden zones are the areas with no data

on OverallCM, and they are not involved in analysis and calculations. Thus, the new road alignment will not
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occupy the existing road. However, if the intersection areas are set as forbidden zones, it may hinder the generated
alignment from going through intersections. Thus, polygons are employed to describe the road networks, and the
boundaries of intersections are extracted and offset an appropriate value outwards. Then, inside the offset
boundaries, the polygons of roads and intersections are cut and deleted. The boundaries of the remaining road
networks (RRN) can be extracted, and in the RRN's areas, forbidden zones should be set, as shown in Fig. 4.

In addition to the RBDCM, other cost maps only consider a single factor should be established. First, existing
railways and water areas should be determined by topographic maps or digital image processing from maps or
satellite maps and expressed by polylines or polygons. Then, new raster maps describing various land-use cost
maps should be established by the polylines or polygons. For a railway land-use cost map (RailwayCM), the raster's
values of the positions in the areas of existing railways are set to 255, and values in other positions are set to 0. It
is similar to the water area cost map (WaterCM). Besides, a new raster called other land-use cost map (OtherCM)
is established. The raster values are set to 0 if the position is in the existing buildings, railways, or water areas. In
other areas, the values are set to 255.

After cost maps are determined, a PCM (land use) is established to determine their weights. The overall land-
use cost map (LandCM) can be established using RBDCM, RailwayCM, WaterCM, OtherCM and their weights,
as shown in Fig. 4. All the cost maps are mxn raster data in the same size, and the value of each cell can be

expressed by Cell; ;, where 1<i<m, 1<j<n and i, j are integers. Eqs can calculate the value of each cell of LandCM.

g
(11), where Y denotes the LandCM, X denotes RBDCM, RailwayCM, WaterCM, or OtherCM, and W (X) denotes

their weights from PCM.
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Fig. 4. Establish the overall land-use cost map (LandCM) using DT and AHP

3.3 Traffic congestion

Traffic congestion situations at various times in the target research area can be obtained from Google Maps.
Screenshots of the same size can save traffic congestion situations. In this research, typical traffic congestion in the
target research area at various times from Sunday to Saturday can be captured by screenshots of the same size (uxv
pixels). In these images from screenshots, the positions of the existing roads coloured in red, orange, and green
mean that the position has severe traffic congestion, moderate traffic congestion, and smooth traffic, respectively.
Colours on these images can be controlled by R, G, B (red, green, blue) values, and R, G, B values are 0-255
integers. Since only red, orange, yellow, green represent the severity of traffic congestion, and orange and yellow
can be obtained by combining red and green, the severity of the traffic congestion can be controlled only by R and
G values. The greener positions mean that their traffic is less congested, and the redder positions mean that their
traffic is more congested. Thus, G/R is employed to represent the severity of traffic congestion. In addition, the
blue values of the colours representing traffic congestion are very low, and the blue values of the colours in the
remaining areas are generally relatively high. Thus, a threshold (B7) is given to the B values of the colours to get
the areas representing the traffic congestion and filter the remaining areas. Hence, R, G, B values can be employed
to analyse the images.

Afterwards, appropriate weights should be given to the screenshots to form an overall traffic congestion map.

The more serious the traffic congestion is at a time, the higher weight will be given to the time for road planning.
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By digital image processing, (R,G,B) values of all the images are covered to (r,g,b) values, where r, g, b are the
numbers with 0-1 double-precision decimals. The relationships between (R,G,B) and (r,g,b) can be expressed by
Egs. (12). Similarly, a threshold called b, can be calculated by B /255. For each image, the number of pixels

whose g/r<0.4 and b< b is represented by n,..; and the number of pixels whose g/r > 0.4 and <0.8, and b< by is

represented by 1,4, 4e. There are n captured images representing the traffic congestion and the traffic congestion
index of Image k (TC(k)) can be calculated by Egs. (13). The weight given to Image k (W (k)) can be calculated
by Egs. (14). After that, a new image called Image F can be obtained by fusing all the images from screenshots
according to their weights. All the images from screenshots and Image F have the same size (uxv pixels). r,g,b
values of each pixel in Image F can be calculated by Egs. (15), where a, b denote the position of a pixel in Image
F, 1<a<u, 1<b<v, and a, b are positive integers. r(k) 4, g (k) qp, b(k)4, denote ther, g, b values of the pixel at

the position of (a,b) in Image k.

R G

_ R _ G ., _ B
=755 97 3557 b_zss (12)
TC(k) = Nyeq + O-Snorange (13)
Tk
w(k) = ST (14)

r(F) = Xk=17(kK)ap W(k), g(F) =ZXk=19apW(k), b(F) = Xk_1b(k)ap W(k)  (15)

The colours represent traffic congestion transition from red to green in the existing road areas. Thus, it is tough

to determine which position is red, orange, yellow or green and where traffic congestion is severe, moderate, slight,

or there is no traffic congestion. Thus, Image F needs to be standardized to make a new image called Image S. The

conversion method can be expressed by Table 2, where r,g,b values of Image F are replaced by appropriate values
to obtain the r,g,b values of Image S. The process can be shown in Fig. 5.

Table 2 Standardize the Image F to Image S

Conditions of Image F r,g,bof Image F | r,g,bof Image S Colour Traffic
congestion
r 1
0<g/r<0.4
&b<b; 9 0 Red Severe
b 0
0.4<g/r<0.8 r 1
&b<by g 0.5 Orange Moderate
&b<br
b 0
0.8< g/r<1.2 r 1
&b<b; g é Yellow Slight
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Fig. 5. Digital image processing for traffic congestion

After that, Image S can be aligned with the edges of remaining road networks (RRN) without intersections, as
shown in Image (1) in Fig. 6. If the traffic congestion is severe in a section of an existing road, it is better to widen
the existing road to alleviate the traffic congestion. The edges of RRN where Image S is red, orange, and yellow
are offset outwards to make offset areas with the original edges. The offset areas can be divided into severe,
moderate, and slight traffic congestion separately. The traffic congestion denotes the traffic congestion of the lanes
of original existing roads with the same driving direction excluding the opposite lanes, and adjacent to the offset
areas, as shown in Image (2) in Fig. 6. Thus, there is an offset area on each side of the road according to the driving
direction of the adjacent lane. Afterwards, cost maps only considering offset areas with severe, moderate, or slight
traffic congestion are established, which are called severely congested cost map (SevereCM) ((3) in Fig. 6),
moderately congested cost map (ModerateCM) ((4) in Fig. 6), and slightly congested cost map (SlightCM) ((5) in
Fig. 6), respectively. In SevereCM, ModerateCM and SlightCM, in the corresponding offset areas, the values are
set to 255, and in other areas, the values are set to 0. Additionally, a cost map called no congestion cost map
(NoCCM) is established where the values are set to 0 in all offset areas, and values are set to 255 in other areas
((6) in Fig. 6). Then, an appropriate PCM (congestion) is made for SevereCM, ModerateCM, SlightCM, and
NoCCM to establish an overall traffic congestion cost map (CongestionCM) ((7) in Fig. 6). Similarly, the value of
each cell of the CongestionCM can be calculated by Egs. (11). To ensure the generated alignment has the trend to
go through the areas with severer traffic congestion, SevereCM needs to be given the minimum weight, and

NoCCM needs to be given the maximum weight.
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Fig. 6. Establish a traffic congestion cost map (CongestionCM)
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3.4 Driving route selection habit

This study assumes that people always prefer to drive from the start to the endpoint via recommended routes
from Google Maps or other satellite navigation platforms. Thus, it is better to widen the recommended routes. To
realize road planning considering driving route selection habits, recommended routes from the start point to the
endpoint can be queried from Google Maps at various times from Sunday to Saturday (Time 1, ... Time k, ...
Time n). Similarly, corresponding weights W (k) according to the traffic congestion at various times in Egs. (14)
are given to various times. Four factors of the recommended routes at various times are considered: shortest time
(ST(k, r)), longest time (LT(k, r)), distance (D(k, r)), and priority P(Kk, r) which denote the estimated typical shortest
driving time via a recommended route (Route r) at Time k, the estimated typical longest driving time via a
recommended route (Route r) at Time k, and the length from the start point to the end point via a recommended
route (Route r) at Time k, and the recommendation priority of a recommended route (Route r) among all
recommended routes at Time K, respectively. For the priority, the value of the first recommended route is set to 1;
the value of the second recommended route is set to 2; and so on. The weighted average values of these four factors
at various times can be calculated by Egs. (16)-(19), where WAST(r), WALT(r), WAD(r), WAP(r) denote the
weighted average shortest time, longest time, distance, and priority of Route r, respectively. The process can be

shown in Fig. 7. Afterwards, weighted average values of factors need to be normalized by Egs. (20)-(23).
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WAST(r) = ¥, ST(k, )W (k) (16)

WALT(r) = ¥, LT(k, )W (k) (17)
WAD(r) = ¥1_, D(k, )W (k)= D(k, 1) (18)
WAP(r) = X3, P(k, )W (k) (19)

WAST(r)—min (ST(k,r))

WAST ize() = : 20
normalize () max (ST(k,r))—min (ST(k,r) (20)
WALT. (T‘) _ WALT(r)—min (LT (k1)) (21)
normalize max (LT (k,r))—min (LT (k,r)
WAD (T) _ WAD(r)—-min (D(k,1)) (22)
normalize max (D(k,r))—min (D(k,r)
WAP (T‘) _ WAP(r)—min (P(k,1)) (23)
normalize max (P(k,r))—min (P(k,r)
Time 1 on Sunday Time k on Wednesday — --- Time n on Saturday
Traffic Congestion A A
Recommended routes L] L] n
Time 1 on Sunday B Weight 1 eight k Weight n
& =3 = = - [—L | Route 1
Weighted average shortest time(\WWAST)
‘ _— = A == “ ==~ |Route2
e | I + 1™ + Weighted average shortest time(WAST)
| Route 3
L] " iRy =3 = — - = Weighted average shortest time(\WAST)
| L Sl - vmvmmem.a. Shortest time
| . = - = = =3 |Route 1
‘I Weighted average longest time(WALT)
| a = A e Route 2
Time k on Wednesday ) |‘ | =] + = + ™ e Weighted average longest time(WALT)
- Route 3
I\ il = = Exl = B Weighted average longest time(WALT)
L 2l oy S Longest time
..... I‘ - ‘ = - Route 1 7
o | = B3 [] |Weighted average distance(WAD)
| P = = " Route 2
I‘ 4 |+ |+ 3 \g‘eighted average distance(WAD)
| oute 3
| -l = = Weighted average distance(WAD)
Time non Saturday | L el i L O I e Distance
- | A
- No.1 = Route 1
- ‘l No.1 No.1 Weighted average priority(WAP)
| R - & o Route 2
— No.2 + No.2 + i No.2 Weighted average priority(WAP)
”””” " p Fr— Route 3
L] _ = Sae "No.3 No.3 - No.3 Weighted averageFPnur\ty[WAP)

Fig. 7. Calculate weighted average driving t|me distance, prlorlty of each route according to traffic congestion

After that, the digital twin of the roads from the selected routes can be simply established ((2) in Fig. 8), and
the intersections boundaries are offset outwards and employed to delete the roads and intersections inside. Similar
to Section 3.3, the boundaries of the remaining roads can be extracted and offset outwards by a suitable value to
form offset areas. Unlike Section 3.3, the offset area in this section is only on one side of the road. If the local
traffic rules require driving on the left, the offset area is only established on the left side of the target roads and vice
versa ((3), (@), (5) in Fig. 8). Then the cost maps called Route r cost map (RrCM) only considering the offset areas
of a single recommended route (Route r) are established, where the values are set to 255 in the offset areas of a

single recommended route, and the values are set to 0 in the remaining areas ((6), (7), (8)in Fig. 8). In addition, a
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cost map called no route cost map (NRCM) ((9) in Fig. 8) is established where the values are set to 0 in the offset
areas of all recommended routes, and the values are set to 255 in the remaining areas. Afterwards, appropriate
PCM (ST), PCM (LT), PCM (distance), PCM (priority) are established by qualitative and quantitative analysis to
evaluate all the recommended routes under the four factors, respectively, to give weights to RrCMs and NRCM to
establish shortest time cost map (STCM), longest time cost map (LTCM), distance cost map (DistanceCM), and
priority cost map (PriorityCM), by Egs. (11), (10), 1), 12), @3)in Fig. 8). For road planning, the smaller the values
of WASThormatize(™) » WALTyormatize ™) » WADpormatize(T) » WAPLormalize(r) Of the corresponding
recommended routes (Route r) are, the lower cost values are given to their offset areas. In addition, NRCM should
have a significantly higher score in PCMs than RrCM. According to Egs. (1), in PCMs for STCM, LTCM,
DistanceCM, and PriorityCM, a;; denotes the comparison between Route i cost map (RiICM) and Route j cost map

(RICM). a;;, or a;y, denote the comparison between Route i cost map (RICM) or Route j cost map (RjCM) and no

route cost map (NRCM). If there are n-1 recommended routes from Google Maps, W AX,,ormarize (1) Of Route i
denotes the WAST,ormalize (1), WALT qormatize (1), WADormatize (1), OF WAP, o rmalize (£), Where i is an integer
and 1<i<n-1. The elements of PCMs can be determined according to WAX ,ormalize (i) @s shown in Table 3. After
STCM, LTCM, DistanceCM, PriotyCM are established, an appropriate PCM (habit) is established to give
appropriate weights to them to establish the driving route selection habit cost map (HabitCM) ((4) in Fig. 8).

Table 3 Determine the elements of PCMs by qualitative and quantitative analysis

Object to Element Range Values of a;; or
compare Ain
OSWAXnormalize(i)' WAXnormalize (]) 1
<0.01
0.01< WAXnormalize (i)' WAXnormalize (]) 2
<0.25
0.25< WAXnormalize (i)' WAXnormalize (]) 3
<0.5
0.5< WAXnormalize(i)' WAXnormalize (]) 4
. <0.75
RiICM and = .
i aij 0.75< WAXnhormalize (l)' WAXnhormalize (])
RjCM ° 5
'O-OISWAXnormalize (i)' WAXnormalize (]) 1
<0
_O-ZSSWAXnormalize (i)' WAXnormalize (]) 1/2
<0.01
'0~5§WAXnormalize(i)' WAXnormalize (/) 1/3
<-0.25
'0-75§WAXn0rmali7e (i)' WAXnormali7e (]) 1/4
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<-0.5
'ISWAXnormalize(i)' WAXnormalize (]) <-
1/5
0.75
. OSVVAXnorma]We(i)fl/3 9
RII\ICRI\ga‘d Ani 113 < VVAXnormalize(':)Sz/3 8
213 < VVAXnormalize(i)Sl 7
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Fig. 8. Establish driving route selection habit cost map (HabitCM)

I

3.5 Environment

This research considers three air pollutants (NO,, PM10, PM2.5) and noise. There are two main reasons to
consider these criteria. First, in a city, vehicles contribute a lot of air pollutants and noise. The higher concentration
of air pollutants and louder noise means more economic activities and more vehicles. Thus, road network
expansion needs to be conducted in these areas. Second, road construction also can produce more air pollutants
and noise. Thus, road construction is preferably conducted in the areas with denser pollutants and louder noise to
avoid disturbing the residents in other quiet areas with better air quality. A workflow is proposed to make cost
maps for air pollutants and noises distribution, as shown in Error! Reference source not found..

First, screenshots of the online air pollutant maps and noise maps can be captured from the web page and are
aligned with the correct coordinates of the target research area by moving, rotating, and scaling, as shown in (1) in
Error! Reference source not found.. The aligned screenshot can be regarded as a three bands (r,g,b) raster and
each Cell (i,j) of the raster has a specific Colour (i,j) which can be described by (r(i,j),g(i,j),b(i.))).

Second, according to the legend, different colours denote different densities of the air pollutants or different

decibel values of the noises. There are several colours in the legend called standard colours. Some of these colours
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are used in screenshots, and each used colour can be described by Colour (x), where 1<x<n. Colour (x) can be
expressed by a three-dimensional coordinate (r(x),g(x),b(x)). Correspondingly, there are n levels representing
different densities of the air pollutants or different decibel values of the noises marked in different standard colours
that can be represented by Level x. In addition to Level x, Level n+1 represents the other areas that are not marked
in standard colours, where there are the sparsest air pollutants or lowest noises, as shown in the left process in Fig.
10. According to MCDM, appropriate PCMs (PCM(NOz), PCM(PM10), PCM(PM2.5), PCM(noise)) are
established for different screenshots to give wights to the levels, and new values are given to different levels
according to Egs. (24), where w; is the eigenvector's elements for Level x according to PCM (Egs. (5)), V, is the
value given to Level x, w,,,, is the eigenvector's elements for of Level n+1, and V,, . ; is the value given to Level
n+1, as shown in (2) in Fig. 10. Some screenshots do not have Level n+1, which means all the screenshots are
marked in standard colours in the legend, as shown in the right process in Fig. 10. The level representing higher
pollutant concentration and louder noise needs to be given a lower weight by PCM and value V,.. Thus, the planned
road has the trend to go through the areas with higher pollutant concentration and louder noise.

Third, there may be slight deviations between the colours in the screenshots and the standard colours in the
legend. Thus, Colour (i,j) of each cell (i,j) of the screenshot should be compared with Colour (x). If the absolute
values of r(i,j)-r(x), g(i,j)-9(x), and b(i,j)-b(x) are all no greater than the tolerance (T), V, is given to the cell as the
raster value. If the r(i,j), g(i,j), b(i,j) cannot meet the tolerance compared to r(x), g(x), b(x) of all used colour in the
legend, V,,, isgiventothe cell. All cells Cell (i,j) and their given values can establish the cost map for NO2, PM10,

PMZ2.5, and noise, called NO.CM, PM10CM, PM2.5CM, and NoiseCM, as shown in (3) in Fig. 10.

Fourth, an appropriate PCM(AIr) is established to give weights to NO.CM, PM10CM, PM2.5CM to build the
cost map for air quality (AirCM). Then an appropriate PCM (environment) is established to give weights to
AirCMs and NoiseCM to build the cost map for the environment (EnvironmentCM), as shown in Fig. 9. The

values of each cell of the AirCM and EnvironmentCM can be calculated by Egs. (11).

V, = 255 % Vprq = 255 % orV, = 255 ?:xwx (24)
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Fig. 9. Make cost maps for air pollutants and the environment
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Fig. 10. Make cost maps for NO, PM10, PM2.5, and noise

3.6 Road planning

After LandCM, CongestionCM, HabitCM and EnvironmentCM are determined, appropriate weights are given
to them by PCM (overall) to establish the overall cost map (OverallCM). In the OverallCM, remaining road
networks (RRN) areas are set as forbidden zones. In addition, some areas are set as forbidden, such as essential
landmarks, historical heritage, tombs, etc. In the forbidden zones, there are no data rather. Thus, forbidden zones
are not involved in analysis and calculations, and the generated alignment cannot occupy the forbidden zones.
Afterwards, ArcGIS establishes a start point and an endpoint, and a cost distance map and cost back link map are
established based on the OverallCM. Then a cost path can be produced by ArcGIS, which can represent the result
of the urban road planning, as shown in Fig. 11. The generated alignment tries to go through the darker areas on
the OverallCM, avoiding the forbidden zones. If the alignment goes along the side of the road, it is a road-widening

section. Other sections of the alignment are newly built sections.
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Fig. 11. Overall cost map (OverallCM) establishment and road planning

4 CASE STUDY

The proposed approach was implemented in Mortlake in the southwest of London. DEM, DSM, topographic
maps, aerial photograph data were downloaded from Digimap (EDINA, 2021). Traffic congestion data and
recommended driving route data were downloaded from Google Maps. NO2, PM10, PM2.5 data were downloaded
from the future maps in 2020 from London Air (Imperial College London, 2021). Noise data were downloaded
from England Noise and Air Quality Viewer made by Extrium in 2017, and data were day-evening-night data
(Extrium, 2017). Cost Distance, Cost Back Link, and Cost Path functions of ArcGIS 10.3.1 were employed for
road planning.
4.1 Introduction of the target research area

The latitude and longitude coordinates of the southwest corner and northwest corner of the target research area
are 51°27'45.350039"N 0°16'47.212426"W and 51°28'34.688804"N 0°13'59.781527"W, as shown in Fig. 12. The
target research area is relatively remote compared to the core area of London, where there are many low-rise
residential buildings, commercial buildings, some low-rise public buildings, three high-grade roads (A316, A205,
A306), some low-grade road networks, two crossed railway lines, some green areas and gardens, some water areas
and small rivers, and a section of River Thames in the north. In addition, there are some cemeteries, and the
cemeteries and the River Thames are set as forbidden zones. Therefore, traffic congestion in the target research
area is relatively severe at peak times. In addition, although there are many buildings in this area, there are still
some open spaces that allow the expansion and widening of the road network. The coordinates of the road
planning's start point are 51°28'9.800870"N 0°16'28.733227"W, which is Chertsey Court. The court is located to
the northeast of road A316 and road A205. It is an important point for vehicles entering and exiting the area from
and to the outside. The coordinates of the endpoint are 51°27°45.458140"N 0°14'38.788432"W, which is called

Thomas Dolphin. There are two colleges and a university in the endpoint's southern area. The planning has a
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significant and positive effect on alleviating the pressure of the traffic flow from the outside area to the target

research area via the intersection of road A316 and road A205.

Fig. 12. Te target research area

4.2 Original data and specified parameters

DSM data and DTM data can be obtained from Digimap. Afterwards, the digital twin of buildings and the
heights (H in Egs. (8)), the areas of the bottoms (Sy,t:0m), the volumes (V) of buildings' digital twins can be
obtained. The target research area belongs to three zones: Hounslow, Richmond upon Thames, and Wandsworth,
where the average house prices are 5969£, 8175£, 9661£ per square meter in 2016 according to the government's
data (Office for National Statistics, 2017). Though there has been no official data of average house prices per
square meter in recent years, the monthly average total price of a house in the areas from 2016 to the recent month
can be obtained (HM Land Registry Open Data, 2021). The monthly average total prices of a house of a zone from
January to December in 2016 are summed and divided by 12 to represent the average total prices of a house in
2016. Then, 5969£, 8175£, 9661£ are multiplied by the average total prices of a house in February in 2021 and
divided by the average total prices of a house in 2016, respectively, to represent the average house prices per meter
in February 2021, which are 6657.657£, 8585.891£, 9795.568£ per square meter (p in Eqgs. (9)). Generally, the
average floor to floor height of a building is 3.2m in London (Old Oak and Park Royal Development Corporation,
2018); thus, h is set to 3.2. In the UK, owner-occupiers who are eligible for compensation for house losses are
entitled to 10% of the market value of the interest in the property. In addition, the owner of the building can claim
other reasonable expenses related to the purchase or lease of another property (but not the property price or rent
itself) and reasonable expenses of moving in and changing the new property (Department for Communities and

Local Government, 2010). Thus, the p can be set to 1.2 in this research. Then, Egs. (9) is employed to determine
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the demolition cost of the target research area and establish OBDCM. After that, OBDCM is reclassified and

divided into eight levels. The PCM (RBDCM) and the reclassification result can be shown in Table 4. The PCM

(land use) and the weights given to different cost maps to establish the LandCM can be shown in

Table 5.
Table 4 Reclassified building demolition cost map (RBDCM) and its PCM (RBDCM)
Levels| 1 2 3 4 5 6 7 8 9 w; | OBDCM values | RBDCM values

1 1 (219119 |19 |19 |19 ]1/9]|1/9 | 1/90.0349 0-0.1 0

2 9 1 12|12 1222|1212 12| 0183 0.1-1.112 75

3 9 2 1 12|12 1212|1212 0213 1.112-1.500 91

4 9 2 2 1 [ 1/2 12|12 | 12|12 0249 1.500-2.613 109

5 9 2 2 2 1 [ 121212 ]12] 0291 2.613-5.803 130

6 9 2 2 2 2 1 |12 ]12 12| 0339 | 5.803-14.954 154

7 9 2 2 2 2 2 1 |12 ]1/2 ) 039 | 14.954-41.199 183

8 9 2 2 2 2 2 2 1 [ 12 ] 0461 | 41.199-116.470 216

116.470-

9 9 2 2 2 2 2 2 2 1 | 0.538 332 355 255
Values Anax Consistency ratio Consistency
Results 9.507 0.0437 Pass

Table 5 PCM (land use) for the land-use cost map (LandCM)
Cost map RBDCM RailwayCM | WaterCM OtherCM w; W (i)
RBDCM 1 2 5 9 0.834 0.518
RailwayCM 1/2 1 3 9 0.509 0.316
WaterCM 1/5 1/3 1 5 0.206 0.128
OtherCM 1/9 1/9 1/5 1 0.0611 0.0380
Values Anax Consistency ratio Consistency
Results 4.115 0.0428 Pass

Screenshots of the typical traffic congestion situations at various times from Google Maps are as shown in Fig.

13, and their congestion indexes (T'C (k)) and weights (W (k)) can be calculated by Egs. (13) and Egs. (14), as

shown in Table 6. After that, these screenshots are fused to generate Image F according to Egs. (15), and the Image

F is standardized according to Table 2 to generate Image S. In this case study, the threshold By in Section 3.3 is

153. Then, SevereCM, ModerateCM, SlightCM, NoCCM can be established. Afterwards, an appropriate PCM

(congestion) is established for the cost maps to build the CongestionCM, as shown in

Table 7.
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! — . 5 '\ — .
Fig. 13. Traffic congestion at various times from Google Maps, fused images, and standardized images

Table 6 Weights of traffic congestion situations at various times

Day Time Congestion index |  Weight Day Time Congestion Index |  Weight
TC(k) W (k) TC(k) W (k)
8:00 4057.0 0.00865 8:00 25703.0 0.05482
Sunday 12:00 26542.0 0.05661 Thursday | 12:00 213215 0.04548
17:00 16093.5 0.03433 17:00 28053.5 0.05984
8:00 229215 0.04889 8:00 222745 0.04751
Monday 12:00 19725.0 0.04207 Friday 12:00 24702.0 0.05269
17:00 22684.5 0.04839 17:00 282735 0.06031
8:00 271335 0.05788 8:00 5608.0 0.01196
Tuesday 12:00 205715 0.04388 Saturday | 12:00 302725 0.06457
17:00 26761.0 0.05708 17:00 19991.0 0.04264
8:00 28052.0 0.05983
Wednesday | 12:00 21494.0 0.04585
17:00 26592.5 0.05672

Table 7 PCM (congestion) for the traffic congestion cost map (CongestionCM)

Cost map SevereCM | ModerateCM | SlightCM NoCCM w; W (i)
SevereCM 1 1/3 1/5 1/9 0.0593 0.0431
ModerateCM 3 1 1/3 1/8 0.116 0.0842
SlightCM 3 3 1 17 0.240 0.174
NoCCM 9 8 7 1 0.962 0.699
Values Anax Consistency ratio Consistency
Results 4.262 0.0970 Pass

The screenshots of recommended driving routes at various departure times from Google Maps according to
typical data in the past are shown in Fig. 14. Unlike the typical traffic congestion data from Google Maps, the
departure times only can be selected as a certain time of a day in the past. Thus, various departure times from
Sunday to Saturday from 30 May 2021 to 5 June 2021 are selected. The detailed data of each image in Fig. 14 can
be shown in Table 8, where LT denotes the shortest time, ST denotes the longest time, D denotes the distance, and
P denotes the priority. Taking recommended routes at 08:00 Monday, 31/05/2021 from Google Maps as an

example, the shortest times, longest times, distances, priorities, start point, end point, recommended routes are
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shown in Fig. 15. After that, the weights from Table 6 at the same time from Sunday to Saturday are given to the
recommended driving routes at various departure times, weighted average values and normalized values of shortest
times, longest times, distances, and priorities can be calculated by Egs. (16)-(23) and the results can be shown in
Table 8. Similarly, PCM (ST), PCM (LT), PCM (distance), PCM (priority) can be established, as shown in

Table 9, according to normalized values of shortest times, longest times, distances and priorities and Table 3 to
provide appropriate weights for RLCM, R2CM, R3CM, and NRCM to build STCM, LTCM, DistanceCM and
PriorityCM. Finally, an appropriate PCM (habit) can be established, as shown in

Table 9, to establish the HabitCM.

08:00 Sunday 12:00 Sunday 17:00 Sunday 08:00 Monday 12:00 Monday 17:00 Monday 08:00 Tuesday
30/05/2021 30/05/2021 30/05/2021 31/05/2021 31/05/2021 31/05/2021 01/06/2021
L} L} " ] ] L} ]
12:00 Tuesday 17:00 Tuesday 08:00 Wednesday 12:00 Wednesday 17:00 Wednesday 08:00 Thursday 12:00 Thursday
01/06/2021 01/06/2021 02/06/2021 02/06/2021 02/06/2021 03/06/2021 03/06/2021
L} ] ] s ] ] ]
17:00 Thursday 08:00 Friday 12:00 Friday 17:00 Friday 08:00 Saturday 12:00 Saturday 17:00 Thursday
03/06/2021 04/06/2021 04/06/2021 04/06/2021 05/06/2021 05/06/2021 05/06/2021
a n

Start point
Chertsey Court

Distance £
—— {

/s

End point .ﬁ
Thomas Dolphin

Route 2

Fig. 15. Recommended routes at 08:00 Monday, 31/05/2021 from Google Maps

Route 1 Route 3

Table 8 Original, weighted average, standardize data of the routes at various times

08:00 Sunday, 30/05/2021 12:00 Sunday, 30/05/2021 17:00 Sunday, 30/05/2021

Route LT ST D P LT ST D P LT ST D P

1 8 14 42 1 10 20 4.2 1 9 16 42 1

2 8 14 34 3 10 20 34 2 9 18 34 2

3 8 14 3.8 2 12 28 3.8 3 10 22 3.8 3
08:00 Monday, 31/05/2021 12:00 Monday, 31/05/2021 17:00 Monday, 31/05/2021

Route LT ST D P LT DT D P LT DT D P

1 12 20 4.2 1 10 18 4.2 1 10 20 4.2 1

2 12 22 34 2 9 18 34 2 10 20 34 2

3 12 28 3.8 3 10 22 3.8 3 12 28 3.8 3
08:00 Tuesday, 01/06/2021 12:00 Tuesday, 01/06/2021 17:00 Tuesday, 01/06/2021

Route LT ST D P LT DT D P LT DT D P

1 10 20 42 1 10 18 4.2 1 10 20 42 1

2 12 22 34 2 9 18 34 2 10 20 34 2

3 12 30 3.8 3 10 22 3.8 3 12 28 38 3

08:00 Wednesday, 02/06/2021 12:00 Wednesday, 02/06/2021 17:00 Wednesday, 02/06/2021

Route LT ST D P LT DT D P LT DT D P

1 12 22 4.2 1 10 18 4.2 1 10 20 4.2 1

2 12 22 34 2 9 18 34 2 10 22 34 2
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3 [ 14 35 38 | 3 10 [ 24 38 3 12 [ 28 [ 38 | 3
08:00 Thursday, 03/06/2021 12:00 Thursday, 03/06/2021 17:00 Thursday, 03/06/2021
Route LT ST D P LT DT D P LT DT D P
1 10 22 4.2 1 10 18 4.2 1 10 20 4.2 1
2 12 22 3.4 2 9 18 34 2 10 22 34 2
3 14 30 3.8 3 10 24 3.8 3 12 28 38 3
08:00 Friday, 04/06/2021 12:00 Friday, 04/06/2021 17:00 Friday, 04/06/2021
Route LT ST D P LT DT D P LT DT D P
1 10 20 42 1 10 20 42 1 12 24 4.2 1
2 12 22 34 2 10 20 34 2 10 24 34 2
3 12 28 38 3 12 26 3.8 3 14 30 3.8 3
08:00 Saturday, 05/06/2021 12:00 Saturday, 05/06/2021 17:00 Saturday, 05/06/2021
Route LT ST D P LT DT D P LT DT D P
1 9 14 4.2 1 12 22 4.2 1 10 18 4.2 1
2 9 14 34 3 12 24 34 2 10 18 34 2
3 8 16 3.8 2 12 30 38 3 12 26 38 3
Weighted average data Normalized data
Route LT ST D P LT DT D P
1 10.404 19.899 4.200 1 0.401 0.281 1.000 0
2 10.426 20.638 3.400 2.021 0.404 0.316 0.000 0.516
3 11.844 27.352 3.800 2.979 0.641 0.636 0.500 1
Table 9 PCM (habit) for the driving route selection habit cost map (HabitCM)
PCM (ST) PCM (LT)
CrrT']t:;'a RicM | rRecMm | Racm | NRcMm @ %20 C;tae;'a RICM | R2cM | RacM | NRcMm @ 0]
R1CM 1 1 12 1/8 0.101 0.075 RICM 1 12 13 19 0.070 0.052
R2CM 1 1 12 1/8 0.101 0.075 R2CM 2 1 13 19 0.099 0.074
R3CM 2 2 1 1/8 0.171 0.127 R3CM 3 3 1 1/8 0.197 0.147
NRCM 8 8 8 1 0.975 0.723 NRCM 9 9 8 1 0.973 0.727
Values Apax Consistency ratio Consistency Values Anax Consistency ratio Consistency
Results 4.061 0.0225 Pass Results 4.183 0.0679 Pass
PCM (distance) PCM (priority)
C;'::;'a RICM | R2CM | R3CM | NRCM ; w(i) C;t:g'a RICM | R2CM | R3CM | NRCM ; w(i)
R1CM 1 5 3 u7 0.240 0.174 R1CM 1 13 1/5 19 0.059 0.043
R2CM 1/5 1 1/3 1/9 0.059 0.043 R2CM 3 1 1/3 1/8 0.116 0.084
R3CM 13 3 1 1/8 0.116 0.084 R3CM 5 3 1 7 0.240 0.174
NRCM 7 9 8 1 0.962 0.699 NRCM 9 8 7 1 0.962 0.699
Values Amax Consistency ratio Consistency Values Amax Consistency ratio Consistency
Results 4.262 0.0970 Pass Results 4.262 0.0970 Pass
PCM (habit)

Cost map STCM LTCM DistanceCM PriorityCM w; W (i)
STCM 1 3 3 2 0.811 0.455
LTCM 13 1 1 12 0.251 0.141

DistanceCM 13 1 1 12 0.251 0.141

PriorityCM 12 2 2 1 0.467 0.263
Values Anax Consistency ratio Consistency
Results 4.010 0.00384 Pass

The screenshots of NO> PM10, PM2.5 and noise distributions in the target area can be shown in Fig. 16.

Different colours denote different air pollutant concentrations and noise levels that can be described in Table 10.

PCM (NO2), PCM (PM10), PCM (PM2.5), and PCM (noise) in Table 10 are employed to make NO.CM, PM10,

PM2.5CM, and NoiseCM, respectively. The tolerance values (T) mentioned in Section 3.5 for NO,CM, PM10,

PM2.5CM, and NoiseCM are 20, 20, 20, and 10, respectively. PCM (air) and PCM (environment), are employed

to make AirCM and EnvironmentCM in Table 10.
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Screenshot of NO2 distribution

Screenshot of PM10 distribution

Screenshot of PM2.5 distribution

-

noise distributions in the taféet

Fig. 16. Screenshots of various air pollutants and areas
Table 10 PCMs for environmental factors
PCM (N02)
Levels Level 1 Level 2 Level 3 Level 4 Level 5 Level 6
rgb:24,154,234 rgh:135.252,208 rgb:169,236,89 rgb:255,216,13 rgb:249,131,13 rgb:134,13,74
25ug/m3 31ug/m3 37 ug/m3 43 ug/m3 49 ug/m3 5'5 ug}mé Wy Vy
rgh:36,208,212 rgh:112,224,139 rgh:255,255,134 rgh:255,177,99 rgh: 255,13,13
28 ug/m3 34ug/m3 40 ug/m3 46 ug/m3 52 ug/m3
Level 1 1 2 3 4 5 6 0.764 97.537
Level 2 12 1 2 3 4 5 0.500 63.852
Level 3 1/3 12 1 2 3 4 0.319 40.693
Level 4 1/4 13 12 1 2 3 0.201 25.661
Level 5 1/5 1/4 13 12 1 2 0.128 16.340
Level 6 1/6 1/5 1/4 1/3 12 1 0.0855 10.917
Values | Anax | Consistency ratio | Consistency
Results | 6.122 0.0198 | Pass
PCM (PM10)
Level 1 Level 2 Level 3 Level 4 Level 5
Levels rgh:18,82,244 rgh:23,153,233 rgh:36,209,211 rgh:136,253,209 rgh:112,224,139 Wy V,
22 ug/m3 25 ug/m3 28 ug/m3 31 ug/m3 34 ug/m3
Level 1 1 2 3 4 5 0.787 106.728
Level 2 12 1 2 3 4 0.493 66.942
Level 3 13 12 1 2 3 0.301 40.780
Level 4 1/4 13 12 1 2 0.183 24.800
Level 5 1/5 1/4 1/3 12 1 0.116 15.750
Values | A nax | Consistency ratio | Consistency
Results | 5.068 | 0.0152 | Pass
PCM (PM2.5)
Level 1 Level 2 Level 3
Levels rgh:17,81,243 rgh:24,154,234 rgh:34,217,210 Wy Vy
22 ug/m3 25ug/m3 28 ug/m3
Level 1 1 2 3 0.847 137.602
Level 2 12 1 2 0.466 75.7252
Level 3 13 12 1 0.256 41673
Values | Anax | Consistency ratio | Consistency
Results | 3.009 | 0.00793 | Pass
PCM (noise)
Level 6 Level 1 Level 2 Level 3 Level 4 Level 5
Levels other colours rgb:255,102,0 rgb: 255,51,51 rgb: 153,051 rgb: 173,154,214 rgb: 0,0,224 Wy Vy
<55.0dB 55.0-59.9dB 60.0-64.9dB 65.0-69.9dB 70.0-74.9dB >75dB
Level 6 1 2 3 4 5 6 0.764 97.537
Level 1 12 1 2 3 4 5 0.500 63.852
Level 2 13 12 1 2 3 4 0.319 40.693
Level 3 1/4 13 12 1 2 3 0.201 25.661
Level 4 1/5 1/4 13 12 1 2 0.128 16.340
Level 5 1/6 1/5 1/4 13 12 1 0.0855 10.917
Values | Amax [ Consistency ratio | Consistency
Results | 6.122 | 0.0198 | Pass
PCM (air) PCM (environment)
Cost map NO, PM10 PM2.5 ; w; w(i) Cost map Air Noise w; W (i)
NO, 1 1 1 1 0.577 0.333 Air 1 1 0.707 0.5
PM10 1 1 1 1 0.577 0.333 Noise 1 1 0.707 0.5
PM2.5 1 1 1 1 0.577 0.333
Values Apax Consistency ratio Consistency Values Apax Consistency ratio Consistency
Results 3 0 Pass Results 2 0 Pass

After LandCM, CongestionCM, HabitCM, EnvironmentCM are determined, an appropriate PCM (overall) is
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established to build the overall cost map (OverallCM). In the target research area, remaining road networks (RRN),
some cemeteries, River Thames are set as forbidden zones. Two OverallCMs are established to compare with each
other. OverallCM 1 is established according to PCM (overall) 1, as shown in Table 11. OverallCM 2 is established
directly by adding forbidden zones into LandCM, which only consider the building demolition and land use factors
and ignore the influence of CongestionCM, HabitCM and EnvironmentCM.

Table 11 PCM (overall) 1 for the overall cost map 1 (OverallCM 1)

Cost map LandCM | CongestionCM | HabitCM | EnvironmentCM w; W (i)
LandCM 1 2 3 2 0.777 0.424
CongestionCM 1/2 1 2 1 0.416 0.227
HabitCM 1/3 1/2 1 1/2 0.224 0.122
EnvironmentCM 1/2 1 2 1 0.416 0.227
Values Amax Consistency ratio Consistency
Results 4.010 0.00384 Pass

4.3 Urban road planning results

The computation process of the cost maps and corresponding PCMs and weights are shown in Fig. 17. The
computation method is elaborated in Section 3 and the original data, PCMs, and weights are shown in Section 4.2.
Finally, cost maps are merged by multiplying corresponding weights according to the PCMs to generate new cost
maps using Eqgs. (11). The cost map results are shown in Fig. 19, and the road planning scheme is generated
according to OverallCMs. The road Plan 1, Plan 2 are generated according to OverallCM 1 and OverallCM 2,
respectively, as shown in Fig. 18, where the solid lines represent newly built sections, and the dashed lines represent
road-widening sections. Plan 1 is 3314.152m and mainly suggests widening some sections of high-grade roads:
A205 and A306. Plan 2 is 2464.729m which goes through some existing buildings and has several newly built
sections and road-widening sections for branch roads. Though Plan 1 is longer than Plan 2, Plan 1 mainly suggests
widening the existing main road rather than widening some branch roads or constructing new roads among existing
buildings, which can reduce the impact on citizens' properties, alleviate road congestion, conform to people's

driving habits, and consider air pollution and noise factors.
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Weights in different colours are from different PCMs:
Weights in Colour 1 are from PCM (land use)
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5 DISCUSSION

In Section 4.3, two very different road planning results are exhibited. Plan 2 is shorter and mainly advocates
building new roads and widening existing branch roads among the existing buildings, which only considers land
use and building demolition. Plan 1 is longer and mainly advocates widening existing main roads, considering
economic, social, environmental, engineering factors. These factors can be divided into two categories: demands
and constraints. On the one hand, urban road planning strives to alleviate traffic congestion and meet other potential
demands from the citizens, such as driving route selection habits. On the other hand, urban road planning is limited
by economic, social, and environmental constraints, such as building demolition, land use, air quality, and noise.

Compared with Plan 2, Plan 1 proposes a more sustainable result that is functional, economical, people-friendly,
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and eco-friendly. First, from the perspective of being functional, Plan 1 and Plan 2 both consider how to alleviate
traffic congestion by using the limited remaining space in the city. However, Plan 1 digitalizes traffic congestion
data to alleviate traffic congestion more purposefully and accurately. Second, from the economic perspective, the
proposed methods Plan 1 and Plan 2 both consider reducing building demolition and land-use costs.

Furthermore, the generated road alignment in Plan 1 using the proposed method go through the area with a high
concentration of air pollutants and loud noise where there are more vehicles. It can also alleviate traffic congestion
and is beneficial to the economy. Third, from the perspective of being people-friendly, Plan 1 considers the driving
route selection habits of the citizens and has the trend towards widening the existing main roads which drivers
frequently use. In addition, both Plan 1 and Plan 2 reduce the influence of building demolition on citizens and
consider the compensations for the citizens who lose their properties according to the policy. Fourth, from the
perspective of being eco-friendly, the road construction based on Plan 1 has the trend to be conducted in the areas
with a high concentration of air pollutants and loud noise, which can reduce the influence on the quiet areas with
better air quality. Finally, from the engineering perspective, Plan 1 and Plan 2 consider both new road construction
and the existing old road widening.

Some studies proposed hybrid MCDM-GIS methods to assist road planning based on cost maps. However, data
collection, interpretation and analysis are essential for implementing MCDM to urban road planning, which has
not been focused on, while a digital twin can provide data and processed information of existing environments,
surroundings, related projects for the MCDM process. Thus, this paper proposes a DT-MCDM-GIS framework
for urban road planning to fill the gaps. Compared with Plan 2, Plan 1 employed more digitalisation methods for
more sustainable factors.

However, some limitations still exist in this research:

First, the research considers five types of factors. Nevertheless, urban road planning is a very complex
interdisciplinary problem that needs to consider more factors such as engineering and economic factors (cut-fill
volume, the construction of bridges, intersections and interchanges, occupation and relocation of existing pipelines
caused by roads, etc.), social factors (the layout of commercial areas, residential areas, industrial areas, green areas,
etc.), environmental factors (destruction of existing vegetation, the impact on the ecological areas, etc.), historical
factors (protection of cultural heritage). However, many of these factors are beyond the scope of this study.

Second, this paper proposed a DT-MCDM-GIS framework mainly based on the AHP method while more
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MCDM methods, such as TOPSIS, fuzzy AHP, fuzzy TOPSIS, MOORA, SAW, Delphi and ELECTRE can also
be implemented. Different MCDM methods have different merits and demerits; a comparison of these methods
would be another work done by other researchers (Dahooie, Mohammadi et al., 2019; Broniewicz and Ogrodnik,
2020; Zafar, Wuni et al., 2020). Among these methods, AHP is the most widely used one.

Third, as mentioned in some existing studies (Yakar and Celik, 2014), different projects in cities with different
characteristics should employ different PCMs. Therefore, it is impossible to propose omnipotent PCMs for all
urban road planning projects. However, this paper aims to introduce a DT-MCDM-GIS framework for urban road
planning using AHP as an example rather than focusing on various MCDM methods and PCMs from experts in
different domains.

6 CONCLUSION

This paper proposes a sustainable urban road planning approach based on the DT-MCDM-GIS framework. DT
can digitalize the physical world to provide various data for the whole process; MCDM can provide criteria and
evaluation methods; GIS can provide an integrated environment for analysis. Economic, social, environmental,
and engineering factors are considered for urban road planning to balance the city's constraints and the citizens'
demands. The proposed approach can plan urban roads considering both new road construction and existing old
road widening. An urban road planning was conducted in southwest London using the proposed approach as a case
study.

This research can bring three main contributions to the field. First, this research upgrades the hybrid MCDM-
GIS method from digitalization to a DT-MCDM-GIS framework for sustainable urban road planning considering
various factors. Various digital twin methods can interpret various data into understandable expressions to assist
urban road planning. Second, using the proposed approach, sustainable urban road planning can be realized
considering various factors, namely building demolition and land use, traffic congestion, driving route selection
habit, air quality, and noise. These factors have not been considered comprehensively in the previous research in
urban road planning. Third, most existing studies only consider urban road planning for new road construction.
The proposed approach considers both new road construction and existing old road widening.

According to this research and limitations in Section 5, several future study recommendations are presented.
First, in addition to building demolition and land use, traffic congestion, driving route selection habits, air quality,

and noise, more factors should be considered for sustainable urban road planning. Thus, more digital twinning
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methods should be studied for various factors to provide multi-type, multi-source, multi-disciplinary data for
sustainable urban road planning. Furthermore, in addition to the AHP method, more MCDM methods should be
employed and compared under the DT-MCDM-GIS framework, such as TOPSIS, fuzzy AHP, fuzzy TOPSIS,
MOORA SAW, Delphi, ELECTRE, etc. Finally, urban road planning is a complex multi-disciplinary problem,
and different projects should employ different suitable MCDM methods.
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