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Highlights 

 Traffic, land use, demolition, noise, air pollution, and construction costs are considered.  

 Road width, new road construction, and existing old road widening are considered simultaneously.  

 Various methods are proposed to digitalise and parse factors into understandable expressions. 

 Based on the MCDM-GIS method, the least-cost wide path algorithm is employed for road 

planning. 
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Abstract 

Sustainable road planning in the cities' built-up areas strives to meet traffic demands of society within 

limited spaces available for construction and various constraints in the built environment considering 

engineering, traffic, economic, social, and environmental factors. Unlike rural areas, road planning in the 

built environment can be significantly influenced by the surroundings, such as existing buildings, road 

network, and land use, and should consider noise and air pollution impact on residents. In addition, road 

width and road widening are significant factors for road alignment planning. Based on the MCDM-GIS 

method, the least-cost wide path algorithm is employed for sustainable road alignment planning in the 

built environment, considering building demolition and land use, traffic congestion, noise impact, air 

pollution impact, and construction costs. Road width, new road construction, and existing road widening 

are considered simultaneously. Several methods are proposed to digitalise and parse various sustainable 

factors into understandable expressions for road alignment planning. Forbidden areas and road buffer 
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areas for road widening are defined. The proposed method is implemented in road planning in Dartford, 

Kent County, UK. Sustainable factors with different weights can generate various road alignments from 

different perspectives, and road widths can significantly and locally influence road alignments.  

Keywords: Urban road planning; Building demolition; Noise; Air pollution; MCDM; GIS 

1. Introduction 

In addition to reasonable traffic planning, road planning and construction is always regarded as one of 

the most fundamental ways to solve traffic congestion in the city's built-up area. Decision-makers and 

planners are committed to providing sustainable road planning to cope with current and future traffic-

related demands and achieve financial, environmental, and social goals without compromising the ability 

of future generations to meet any needs of their own (Addanki and Venkataraman 2017). However, fewer 

spaces are available for road construction in cities' built-up areas (Karki and Lu 2015). It is challenging 

for road planning in a city to become sustainable, and traffic congestion always exists. Unlike road 

planning in the natural environment in rural areas, road planning in cities is conducted in the built 

environment. Thus, it is inevitably affected by the limited remaining space, existing road networks, 

existing buildings, land use, traffic congestion, and other factors (Lazda and Smirnovs 2011, Bindajam 

and Mallick 2020). In addition, noise and air pollution impact on residents should be considered (El 

Fazziki, Benslimane et al. 2017, Dobrilović, Brtka et al. 2022). Therefore, the alignment of a road in 

cities' built-up areas cannot be planned as flexibly as that of the road in rural areas. In addition, existing 

road widening as well as new road construction should be considered simultaneously to alleviate traffic 

congestion in the limited urban space (Muneera and Karuppanagounder 2022). Road alignment planning 

in the built environment is a complex and interdisciplinary issue that needs to consider many factors, 

which can be categorised into demands and constraints. On the one hand, road planning in the built 

environment aims to meet the functional demands of society, especially traffic-related demands (Zeng, 

Sun et al. 2021). On the other hand, road planning in the built environment needs to consider the 

constraints brought by the limited remaining space, engineering factors, economic considerations, social 

requirements, and environmental requirements (Gössling 2020). From the perspective of functional 

considerations, road planning in the built environment should strive to alleviate traffic congestion by 

leveraging limited space and existing road networks (Zhong and Liu 2021). From the perspective of 
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economic considerations, road planning in the built environment needs to reduce building demolition 

costs, land use costs and construction costs as much as possible, under the premise of satisfying traffic-

related functions (Mondal, Garg et al. 2021). In addition, road planning schemes should facilitate the 

development of the regional economy (Davis and Jha 2011). From the perspective of people-friendly, 

road planning in the built environment should minimise the impacts of demolition, air pollution, and 

noise on city dwellers to provide a relatively healthy and comfortable living environment (Khomenko, 

Nieuwenhuijsen et al. 2020). From the perspective of eco-friendly, road planning in the built environment 

should cause as little negative impact on the environment as possible, such as air, soil, water and noise 

pollution, and the occupation of green space and vegetation (Font, Baker et al. 2014, Garcia-Chan, 

Alvarez-Vazquez et al. 2021).  

Road alignment planning methods can be divided into two categories. In the first category, road 

alignment shapes composed of standard alignment elements according to the design specifications, such 

as straight lines, transition curves, and circular curves, are considered. Then, a parametrically controllable 

alignment is developed to automatically generate suitable alignments considering various traffic, 

engineering, economic, social, and environmental factors (Garcia-Chan, Alvarez-Vazquez et al. 2021, 

Vázquez-Méndez, Casal et al. 2021). Some heuristic algorithms are usually employed (Angulo, Castillo et 

al. 2012, Vazquez-Mendez, Casal et al. 2018, Zhang, Lu et al. 2020). In the second category, MCDM-GIS 

methods are widely used. MCDM (multi-criteria decision making) is employed to analyse and give 

weights to various factors, and GIS (geographic information system) provides an integrated environment 

using multiple factors to generate road alignments using the least-cost path algorithms (Pushak, Hare et al. 

2016, Singh and Singh 2017, Aguiar, da Silva et al. 2021). Cost rasters consisting of cells are employed 

to digitalise various factors in the city. The smaller the cells that make up the cost raster, the more 

precisely the cost raster can represent the city considering various factors (Sitzia, Rizzi et al. 2014). The 

selected and consecutively connected cells represent the generated road alignment. Compared with the 

first category, methods in the second category ignore the standard alignment elements. However, in the 

built environment, the shape of a road alignment is constrained by as-is buildings, road networks, and 

land use. Thus, in some areas, the shape of the alignment of the planned road can be forced to form 

(Scoppa, Bawazir et al. 2018). The methods in the second category are more flexible in generating 
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horizontal road alignment than the methods in the first category. In addition, MCDM-GIS methods can 

easily be employed to parse, analyse, and evaluate various factors comprehensively, and an optimum and 

sustainable road alignment can be generated automatically on the cost raster. For sustainable road 

alignment planning in cities based on MCDM-GIS methods, in addition to MCDM analysis and least-cost 

path analysis, how to collect, digitalise and parse various data from the city should be focused on (Jiang, 

Ma et al. 2022). Considering collecting, digitalising, and parsing various factors, Jiang, Ma et al. (2022) 

proposed DT (digital twin)-MCDM-GIS framework for sustainable urban road planning considering 

building demolition, land use, traffic congestion, driving route selection habits, noise, and air pollutants. 

For sustainable road planning in the built environment, the relationship between road width and the 

surroundings can significantly influence road plans. Most road alignment planning based on the MCDM-

GIS method ignores road width. However, road alignment planning in the built environment can be 

significantly influenced by the high-density surroundings (buildings, road networks, etc.) and should 

consider noise and air pollution impact on residents compared with road alignment planning in the rural 

areas, as mentioned above. If the large cell size of the cost raster is used to represent road width, the cost 

raster composed of large cells cannot precisely digitalise and describe the surroundings and various 

sustainable factors in a city. In addition, most existing studies only consider new road construction and 

neglect existing road widening. Thus, this paper proposes a systematic method to realise sustainable road 

alignment planning in the built environment considering road width, existing road widening and new road 

construction simultaneously in the built environment based on the MCDM-GIS method by refining the 

least-cost wide path algorithm rather than the least-cost path (Shirabe 2016). Then, a cost raster consisting 

of cells with a small size can describe a precise digital city considering various sustainable factors. 

Simultaneously, the connection of many cells can represent the width of the road. Traffic congestion, 

noise, air pollutants, building demolition, land use, and construction cost are considered, and 

corresponding digitalisation and analysis methods for these factors are proposed. 

2. Method 

The overall workflow of the method can be described in Fig. 1. First, multi-source data are collected, 

parsed and digitalised using different methods, such as digital twin, digital image processing, etc., to 

express various factors, including building demolition and land use, traffic congestion, noise impact, air 
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pollution impact, and construction costs. After that, MCDM methods are employed to evaluate and give 

weights to various factors to establish cost rasters in the GIS environment. Then, the least-cost path 

algorithm is updated to the least-cost wide path algorithm to generate the optimal road alignment in the 

built environment considering road width, new road construction, and existing road widening. 

 
Fig. 1. Overall workflow of road alignment planning in the built environment 

2.1. Building digital twin, demolition and land use 

The digital surface model (DSM) and digital terrain model (DTM) can be obtained by field survey 

(traditional methods, airborne Lidar, etc.) or existing map database. Then the digital difference model 

(DDM) can be obtained by the differences in elevation between DSM and DTM at each point (① in Fig. 

2). The 2D polygons representing buildings (elevations are zero) can be obtained from the vector maps 

(②, ③, and ④ in Fig. 2). After that, the elevations from DDM in each building's 2D polygon area can be 

obtained, and the average value of these elevations of each building can be calculated, which is called the 

building's average height (⑤ in Fig. 2). The buildings' digital twins can be obtained by extruding the 

building's 2D polygon by the average height along the z-axis (⑥ in Fig. 2). Then, the total areas of a 

building, considering all the floors, can be estimated by Eqs. (1), where 𝐻 is the caculated average height 

of the building, 𝑎 is the area of the building's 2D polygon, and ℎ  is the typical floor to foor heigh in a 

building. In the UK ℎ is 3.2m (Old Oak and Park Royal Development Corporation 2018). It is roughly 
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assumed that the building will not be demolished if its total area A is larger than a threshold 𝑇1, because 

its demolition costs may be very high (⑦ in Fig. 2). They are set as forbidden areas (⑬ in Fig. 2). For 

the buildings that may be demolished, the demolition costs per square metre can be estimated by Eqs. (2), 

where 𝑝 is the average property price in the target area, and 𝜇 is the amplification coefficient considering 

the compensation for loss of home and relocation of property owners. Though for a specific building, the 

demolition costs should be determined by the field survey and negotiation with the property's owner, 

demolition costs of many buildings in a region can be preliminarily estimated by Eqs. (2) in general from 

a macro perspective. A building is usually demolished completely if the planned road touches the 

building. It is assumed that the building occupies n cells on a cost raster. The building should be 

demolished when the planned road occupies any cell belonging to a building. Thus, the number of cells of 

a building occupied by the planned road varies from 1 to n. Therefore, the average number of the 

occupied cells can be calculated by (1+n)/2. Thus, the ratio of the actual number of demolished cells to 

the number of occupied cells is n/((1+n)/2). When n is much larger than 1, the ratio is regarded as 2. That 

is the reason why there is another coefficient "2" in Eqs. (2). Afterwards, the building's 2D polygons are 

moved by 𝐶𝑑𝑒𝑚𝑜𝑙𝑖𝑡𝑖𝑜𝑛 along the z-axis. The points on the moved building's 2D polygons (including edges 

and interiors) are extracted (⑧ in Fig. 2). The outlines of each individual building or each group of 

connected buildings are extracted, excluding common lines between two connected buildings. Then, the 

outlines are offset outwards by a small value to limit the points of the building, not to establish the 

triangles with other building groups in a TIN (Triangulated irregular network) (⑨ in Fig. 2) (Fowler and 

Little 1979). After that, the extracted points on the moved building's 2D polygons, the offset outlines of 

buildings, and the edge of the target area can be put together (⑩ in Fig. 2), and a TIN  can be established 

using them (⑪ in Fig. 2). Then, the TIN can be converted into a raster called building demolition cost 

raster, and the elevations on the TIN represent the demolition cost (⑫ in Fig. 2). 

  𝐴 =
𝐻

ℎ
𝑎                                                                         (1) 

𝐶𝑑𝑒𝑚𝑜𝑙𝑖𝑡𝑖𝑜𝑛 =
2𝜇𝐴𝑝

𝑎
=

2𝜇𝐻𝑝

ℎ
                                                            (2) 
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Fig. 2. Building digital twin and demolition costs estimation 

The vectors and land values of different types of land, such as agricultural areas, industrial areas, 

railways, residential areas, roads, roadsides, vegetation areas, water areas, and other areas, can be 

obtained from government statistics, as shown in ④ in Fig. 3. Then, the land use cost raster can be 

established, and its cells' values are the land values (⑤ in Fig. 3). In the areas of the buildings that may be 

demolished, the values are replaced by the building demolition cost raster (② in Fig. 3). In the areas of 

the buildings that will not be demolished, the areas on the land use cost raster are set as forbidden areas 

(③ in Fig. 3). Road alignment planning should avoid occupying the railway area; however, the planned 

road can cross the railway by tunnels and bridges. Thus, the value of railway areas should be set to the 

maximin value rather than forbidden areas. Then, the planned road can go across the railway and try to 

occupy the railways' cells as less as possible on the raster. After that, the land use cost raster should be 

normalised using fuzzy logic, as shown in ⑥ in Fig. 3 and Eqs. (3), where 𝑇2 is the threshold. 

𝐶𝑒𝑙𝑙𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑(𝑖, 𝑗) = {

𝐶𝑒𝑙𝑙(𝑖,𝑗)

𝑇2
, 𝑐𝑒𝑙𝑙(𝑖, 𝑗) ≤ 𝑇2

       1     , 𝑐𝑒𝑙𝑙(𝑖, 𝑗) > 𝑇2

                                                 (3) 
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Fig. 3. Establish land use cost raster 

2.2. Traffic consideration 

Typical traffic congestion situations in the target area can be obtained from Google Maps by 

screenshots, which are the overall traffic congestion estimates at different times from Monday to Sunday, 

according to the statistics shown in ① and ② in Fig. 4. R, G, and B should be converted into r, g, and b 

values for calculation which are rational numbers ranging from 0 to 1. The relationships between R, G, B 

and r, g, b are shown in Eqs. (4). Since the colours representing the traffic congestion situations are 

typical colours: green, orange, red and dark red, all the colours range from green to red. Thus, these 

colours can be controlled by the (R-B)/(G-B) values, and their B values are relatively low. Thus, four 

conditions can extract the colours: 

1) (g(i,j)-b(i,j))/(r(i,j)-b(i,j)) determines if the colour is greener or redder. 

2) b(i,j) <=t4: The b value of the colour is very small. 

3) If the colour is dark red or red, its r value is obviously larger than other values. Thus, r(i,j)>b(i,j). If 

the colour is orange or yellow, its r and g values are obviously larger than the b value. Thus, r(i,j)>b(i,j) 

and g(i,j)>b(i,j). If the colour is green, its g value is obviously larger than other values. Thus, 

g(i,j)>b(i,j). 

4) When the colour is red or dark red, r(i,j) determines whether the colour is red or dark red. 
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The colour extraction process is performed according to Table 1. In the conditions above and Table 1, 

the r(i,j), g(i,j), and b(i,j) represent the colour values of the (i, j) pixel on the screenshots; re(i,j), ge(i,j), 

and be(i,j) represent the colour values of (i, j) pixel on the new image after extraction (extracted 

screenshot); t1, t2, t3, t4, and t5 denote the parameters controlling the conditions; the abs denotes the 

absolute value. The i and j represent the row and column of a pixel on an image, respectively. The images 

after colour extraction are shown in ③ and ④ in Fig. 4. 

𝑟 =
𝑅

255
, 𝑔 =

𝐺

255
, 𝑏 =

𝐵

255
                                                          (4) 

Table 1 Extraction process of the colours representing traffic congestion situations 

Conditions Processing 

method 

Instructions 

abs((g(i,j)-b(i,j))/(r(i,j)-b(i,j)))<=t1 and r(i,j)>b(i,j) 

and b(i,j)<=t4 and r(i,j)<=t5 

re(i,j)=r(i,j) 

ge(i,j)=g(i,j) 

be(i,j)=b(i,j) 

Dark red areas: 

severely congested 

keep the original colour 

abs((g(i,j)-b(i,j))/(r(i,j)-b(i,j)))<=t1 and r(i,j)>b(i,j) 

and b(i,j)<=t4 and r(i,j)>t5 

re(i,j)=r(i,j) 

ge(i,j)=g(i,j) 

be(i,j)=b(i,j) 

Red areas: 

severely congested 

keep the original colour 

t1<(g(i,j)-b(i,j))/(r(i,j)-b(i,j))<=t2 and r(i,j)>b(i,j) and 

g(i,j)>b(i,j) and b(i,j)<=t4 

re(i,j)=r(i,j) 

ge(i,j)=g(i,j) 

be(i,j)=b(i,j) 

Orange areas: 

moderately congested 

keep the original colour 

t2<(g(i,j)-b(i,j))/(r(i,j)-b(i,j))<=t3 and r(i,j)>b(i,j) and 

g(i,j)>b(i,j) and b(i,j)<=t4 

re(i,j)=0 

ge(i,j)=0 

be(i,j)=0 

Yellow areas: 

represent main road central lines, 

are changed to black 

abs((g(i,j)-b(i,j))/(r(i,j)-b(i,j)))>t3 and g(i,j)>b(i,j) and 

b(i,j)<=t4 

re(i,j)=r(i,j) 

ge(i,j)=g(i,j) 

be(i,j)=b(i,j) 

Green areas: 

no traffic congestion 

keep the original colour 

Else re(i,j)=0 

ge(i,j)=0 

be(i,j)=0 

Other areas: 

represent background, buildings, 

water areas, other roads, gardens 

(emerald), parks(emerald), etc. 

are changed to black 

 

Afterwards, all the extracted screenshots at different times will be fused into an image called the fused 

traffic image by the RGB colour model, as shown in ⑤ in Fig. 4. The r, g, and b values of the fused 

traffic images can be calculated using Eqs. (5), where 𝑟𝑓,𝑘(𝑖. 𝑗), 𝑔𝑓,𝑘(𝑖, 𝑗), 𝑏𝑓,𝑘(𝑖, 𝑗) values represent the r, 

g, and b values of all the extracted screenshots, and k denotes extracted screenshots at different times. The 

colours on the fused traffic image representing traffic congestion continuously range from green to dark 

red. Thus, the fused traffic image should be standardised into standard green, orange, yellow, red, and 

black, as shown in Image ⑥ in Fig. 4. Dard red and red areas are all changed to red. The standardisation 

process is described in Table 2, where rs(i,j), gs(i,j), and bs(i,j) are the colour values of the standardised 
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traffic image, and t6, t7, t8, t9, and t10 denote the parameters controlling the conditions. In addition to the 

four conditions in Table 1, (rfused(i,j)+gfused(i,j)+bfused(i,j))>t10 is used to remove dark areas in the fused 

traffic image. 

  𝑟𝑓𝑢𝑠𝑒𝑑(𝑖, 𝑗) =
1

𝑛
∑ 𝑟𝑒,𝑘(𝑖. 𝑗)

𝑛
𝑘=1 , 𝑔𝑓𝑢𝑠𝑒𝑑(𝑖, 𝑗) =

1

𝑛
∑ 𝑔𝑒,𝑘(𝑖, 𝑗)

𝑛
𝑘=1 , 𝑏𝑓𝑢𝑠𝑒𝑑(𝑖, 𝑗) =

1

𝑛
∑ 𝑏𝑒,𝑘(𝑖, 𝑗)

𝑛
𝑘=1         (5) 

Then, the road vectors from Section 2.1 with different traffic congestion situations where they are red, 

orange and yellow in the corresponding position in the standardised traffic image can be extracted from 

the network vectors, as shown in ⑨, ⑩, and ⑪ in Fig. 4. 

Table 2 Standardisation process of the fused traffic image 

Conditions Processing 

method 

Instructions 

abs((gfused(i,j)-bfused(i,j))/(rfused(i,j)-bfused(i,j)))<=t6 and rfused(i,j)>bfused(i,j) 

and bfused(i,j)<=t9 and (rfused(i,j)+gfused(i,j)+bfused(i,j))>t10 

rs(i,j)=1 

gs(i,j)=0 

bs(i,j)=0 

Severely 

congested 

t6<(gfused(i,j)-bfused(i,j))/(rfused(i,j)-bfused(i,j))<=t7 and rfused(i,j)>bfused(i,j) 

and gfused(i,j)>bfused(i,j) and bfused(i,j)<= t9 and 

(rfused(i,j)+gfused(i,j)+bfused(i,j))>t10 

rs(i,j)=1 

gs(i,j)=0.5 

bs(i,j)=0 

Moderately 

congested 

t7<(gfused(i,j)-bfused(i,j))/(rfused(i,j)-bfused(i,j))<=t8 and rfused(i,j)>bfused(i,j) 

and gfused(i,j)>bfused(i,j) and bfused(i,j)<= t9 and 

(rfused(i,j)+gfused(i,j)+bfused(i,j))>t10 

rs(i,j)=1 

gs(i,j)=1 

bs(i,j)=0 

Slightly 

congested 

abs((gfused(i,j)-bfused(i,j))/(rfused(i,j)-bfused(i,j)))>t8 and gfused(i,j)>bfused(i,j) 

and bfused(i,j)<=t9 and (rfused(i,j)+gfused(i,j)+bfused(i,j))>t10 

rs(i,j)=0 

gs(i,j)=1 

bs(i,j)=0 

No traffic 

congestion 

Else rs(i,j)=0 

gs(i,j)=0 

bs(i,j)=0 

Other areas are 

changed to black 
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Fig. 4. Extract traffic congestion situations in the target area 

The newly built roads and widened roads are preferred to be planned near the traffic-congested areas. 

Thus, the Euclidean distance rasters of the seriously, moderately, and slightly congested areas are 

established to represent the preferences for road construction locations, as shown in ④, ⑤, ⑥ in Fig. 5 

and Eqs. (6), where 𝑥  and 𝑦 denote the position of the target cell and  𝑥𝑖 and 𝑦𝑖 denote the positions of 

the cells in the congested areas. Then, according to the Analytic Hierarchy Process (AHP), a pairwise 

comparison matrix (PCM) is established according to the experts to give weights to Euclidean distance 

rasters where 𝑎𝑖𝑗  is the element of the PCM representing the importance compared between two factors 

(means two Euclidean distance rasters here), as shown in Eqs. (7) (Saaty 1977). 𝑎𝑖𝑗  =1,3,5,7,9 means 

factor i is the same important, moderately more important, strongly more important, very strongly more 

important, and extremely more important respectively compared with factor j. 2,4,6,8 are the intermediate 

values. Then, the eigenvector 𝜔  of the PCM corresponding to the PCM's largest eigenvalue can be 

calculated and 𝜔𝑖 is the element of 𝜔, as shown in Eqs. (8). Then, the weight (𝑊(𝑘)) given to various 

rasters can be calculated by Eqs. (9) using 𝜔𝑖. The Euclidean distance rasters of the seriously congested 

areas should be given the maximum weight. The desired target raster can be obtained by Eqs. (10), where 

𝐶𝑒𝑙𝑙𝑡𝑎𝑟𝑔𝑒𝑡(𝑖, 𝑗) and 𝐶𝑒𝑙𝑙𝑘(𝑖, 𝑗) are the values of cells on the desired target raster and various known rasters, 
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respectively. In this section, 𝐶𝑒𝑙𝑙𝑡𝑎𝑟𝑔𝑒𝑡(𝑖, 𝑗) are the cells' values on the combined traffic congestion raster (⑦ 

in Fig. 5), and 𝐶𝑒𝑙𝑙𝑘(𝑖, 𝑗) are the cells' values on Euclidean distance rasters of different congested areas. 

Afterwards, the combined traffic congestion raster is normalised using Eqs. (11), as shown in ⑧ in Fig. 5. If 

the planned road is entirely on the existing road network areas, it means that the planned road makes full use 

of established roads in these areas, where there are no newly constructed or widened roads to alleviate traffic 

congestion. Thus, in the areas of the road network (⑨ in Fig. 5), based on the normalised raster, the values 

will be changed to 1 in the traffic congestion raster (⑩ in Fig. 5). 

𝑑 = min (√(𝑥 − 𝑥𝑖)
2 − (𝑦 − 𝑦𝑖)

2)                                                    (6) 

𝑃𝐶𝑀 = [

𝑎11 ⋯ 𝑎1𝑛

⋮ ⋱ ⋮
𝑎𝑛1 ⋯ 𝑎𝑛𝑛

] , 𝑎𝑖𝑖 = 1, 𝑎𝑗𝑖 =
1

𝑎𝑖𝑗
, 𝑎𝑖𝑗 ≠ 0, 𝑎𝑖𝑗 =

1

2
,
1

3
…

1

9
, 𝑜𝑟 1,2, … 9                     (7) 

𝜔=

[
 
 
 
 
𝜔1

⋮
𝜔𝑘

⋮
𝜔𝑛]

 
 
 
 

                                                                           (8) 

𝑊(𝑘) =
𝜔𝑘

∑ 𝜔𝑘
𝑛
𝑘=1

                                                                     (9) 

𝐶𝑒𝑙𝑙𝑡𝑎𝑟𝑔𝑒𝑡(𝑖, 𝑗) = ∑ 𝑊(𝑘)𝐶𝑒𝑙𝑙𝑘(𝑖, 𝑗)
𝑛
𝑘=1                                                 (10) 

𝐶𝑒𝑙𝑙𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑(𝑖, 𝑗) =
𝐶𝑒𝑙𝑙𝑡𝑎𝑟𝑔𝑒𝑡(𝑖,𝑗)

max (𝐶𝑒𝑙𝑙𝑡𝑎𝑟𝑔𝑒𝑡)
                                                  (11) 
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Fig. 5. Establish traffic congestion raster 

2.3. Noise consideration 

On the one hand, the noise impact after the construction and widening of the planned road on the 

buildings should be considered. On the other hand, the existing noise impact should be considered. If the 

existing noise impact is already severe in an area, the impact from a newly constructed or widened road 

on the buildings in this area can be very slight. Thus, the increase in noise after the construction and 

widening of the planned road compared to the existing noise needs to be considered. The existing digital 

noise data in the research area can be downloaded from government statistics in GIS format (Department 

for Environment Food & Rural Affairs 2019). Then, the noise dB after the construction and widening of 

the planned road on the buildings is calculated as a line noise source according to the Calculation of Road 

Traffic Noise (CRTN) model,  as shown in Fig. 6 (Sheng, Xu et al. 2015, Wang, Cai et al. 2017). For a 

road on each side, there are two to four lanes. A there-lane carriageway is used for noise estimation, and 

the size of each component is according to the UK highway design standard (Highways England 2021). 

The effective noise source line is assumed 3.5m inwards from the outer edge of the carriageway. The 

noise decibel value (dB) is calculated using the distance from the central alignment of the road (D) and 

based on the noise dB (L0) at the position with the standard distance (10m) from the outer edge of the 

carriageway (Building 2). The distance refers to the shortest distance between the central line and the 
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corresponding point on the building. If D is smaller than (10+12.75)m, the noise dB is regarded as the 

value at the position with the standard distance and the building is highly likely to be demolished in the 

real circumstance (Building 1). If D is no smaller than (10+12.75)m (Building 2 and Building 3), the 

noise dB can be calculated according to Eqs. (12). 

𝐿 = {
                          𝐿0                    ,    𝐷 < 22.75

𝐿0 − 10𝑙𝑜𝑔10 (
𝐷−12.75+3.5

10+3.5
) ,    𝐷 ≥ 22.75

                                      (12) 

Since the position of the planned road cannot be determined and the buildings are fixed, it assumes 

that noise comes from a building to influence the road. Conversely, the noise can represent the noise 

impact of the planned road on buildings. Thus, the buildings' Euclidean distance rasters (BED raster) in 

the target research areas are calculated (① in Fig. 7), and the raster representing the noise impact from 

the newly constructed and widened road on the buildings called noise impact raster (NI raster) (② in Fig. 

7)  can be calculated based on the BED raster according to Eqs. (12), where  D uses the value of each cell 

on the BED raster and L represents the value of each cell on the NI raster. The raster representing the 

existing noise dB distribution of the research area called the existing noise raster (EN raster) (③ in Fig. 7) 

can be built in GIS according to government statistics. The final noise raster can be calculated according 

to the difference between the NI raster and BED raster. According to Environmental Health Criteria of 

Noise from World Health Organization (WHO), in residential areas where the general daytime noise 

exposure is below 55 dB(A) Leq, there will be few people seriously annoyed by the noise, and the noise 

has no apparent damage to human health if noise is below 70 dB (World Health Organization 1980). Thus, 

the noise raster (④ in Fig. 7)  can be created according to Table 3. 
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Fig. 6. Calculation of the noise after the construction and widening of the planned road 

Table 3. Create a noise raster according to the existing noise raster and noise impact raster 

Existing noise raster Noise impact raster Noise raster Instruction 

＜55dB ＜55dB 0 Slight influence or no 

influence 

＜55dB ≥55dB and<70dB 0.5 Moderate influence 

＜55dB ≥70dB 1 Severe influence 

≥55dB and<70dB ＜55dB 0 Slight influence or no 

influence 

≥55dB and<70dB ≥55dB and<70dB 0 Slight influence or no 

influence 

≥55dB and<70dB ≥70dB 0.5 Moderate influence 

≥70dB ＜55dB 0 Slight influence or no 

influence 

≥70dB ≥55dB and<70dB 0 Slight influence or no 

influence 

≥70dB ≥70dB 0 Slight influence or no 

influence 
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Fig. 7. Workflow of creating the noise raster 

2.4. Air pollutant consideration 

Sustainable urban road planning should consider air pollutants like PM2.5, PM10, NO2, SO2, CO, and 

O3. In addition, carbon emission (C02) also should be considered. Though this research only presents three 

main pollutants: PM2.5, PM10, and NO2, the proposed method in this section also can be employed in other 

air pollutants and carbon emissions. The predicted air pollutant concentration after the newly constructed 

or widened road in the target area is also calculated based on the air pollutant concentration (C0) 10m 

from the outer edge of the carriageway. The sizes of the road components and the standard positions for 

the air pollutant calculation method are similar to Fig. 6 in Section 2.3. Since the air pollutant 

concentration represents the annual average concentration in this area, the wind direction, speed, 

temperature, and plume components at a specific time are not considered. In addition, this research only 

considers horizontal dispersion in general. Thus, this research only considers lateral plume meander and 

assumes that the plume has an equal probability of moving in any direction. Then, the air pollutant 

concentration can be estimated by Eqs. (13), and the concentration is inversely proportional to the 

distance (x) to the pollutant source (Cimorelli, Perry et al. 2005, Snyder, Venkatram et al. 2013). Thus, 

the raster representing air pollutant concentration (C) after the construction and widening of the planned 

road called new concentration raster (NC raster) (② in Fig. 8) can also be calculated according to the 

buildings' Euclidean distance raster (① in Fig. 8) and Eqs. (14). In addition, the raster called the existing 
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concentration raster (EC raster) (④ in Fig. 8), representing the existing air pollutant concentration, is 

established according to online data and government statistics.  

𝐶 =
1

2𝜋𝑥
                                                                       (13) 

𝐶 = {
              𝐶0           ,    𝐷 < 22.75

𝐶0 (
10+3.5

𝐷−12.75+3.5
) ,    𝐷 ≥ 22.75

                                              (14) 

 

The annual air quality guideline (AQG) levels and interim target levels for PM2.5, PM10, and NO2 

according to WHO are shown in Table 4 (World Health Organization 2021). The hazard rates (HR) of 

non-accidental mortality in a population due to long-term exposure to PM2.5, PM10, and NO2 have a linear 

increase of  1.08, 1.04, and 1.02 per 10 µg/m³, respectively. At higher concentrations, the increase of HR 

by concentration may no longer be linear. If mortality in a population exposed to air pollutants at the 

AQG level is arbitrarily set to 100, then the mortality in populations at interim target 1, 2, 3 and 4 levels 

are shown in Table 4. Since the impact of the same concentration of different kinds of air pollutants on 

citizens is different,  non-accidental mortality is used as a unified criterion for different kinds of air 

pollutants. The NC raster and EC raster are reclassified. Each cell value is changed to the difference 

between its corresponding mortality at different concentration levels and 100 (at AQG Level), according 

to Table 5. The reclassified rasters are called new mortality raster (NM raster) (③ in Fig. 8) and existing 

mortality raster (EM raster) (⑤ in Fig. 8). Then mortality increase raster (MI raster) is established by the 

difference between the NM raster and EM raster (⑥ in Fig. 8). If the difference value is negative, it will 

be changed to zero. Then, the MI rasters are combined according to their weights to obtain the combined 

mortality raster. The value of each cell on the combined mortality raster is divided by the maximum value 

on the combined mortality raster can obtain the final air pollutant raster, as shown in Fig. 9. 

Table 4. Annual AQG levels and interim target levels for air pollutants according to WHO 

Recommendation 
PM2.5 

(μg/m
2
) 

PM2.5 

mortality 

PM10 

(μg/m
2
) 

PM10 

mortality 

NO2 

(μg/m
2
) 

NO2 

mortality 

Interim target 1 35 124 70 122 40 106 

Interim target 2 25 116 50 114 30 104 

Interim target 3 15 108 30 106 20 102 

Interim target 4 10 104 20 102   

AQG Level 5 100 15 100 10 100 
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Table 5. Reclassify the new and existing concentration raster according to mortality 
PM2.5 (μg/m

2
) Values in 

mortality raster 

PM10 (μg/m
2
) Values in 

mortality raster 

NO2 (μg/m
2
) Values in 

mortality raster 

>35 32 >70 30   

>25 and ≤35 24 >50 and ≤70 22 >40 8 

>15 and ≤25 16 >30 and ≤50 14 >30 and ≤40 6 

>10 and ≤15 8 >20 and ≤30 6 >20 and ≤30 4 

>5 and ≤10 4 >15 and ≤20 2 >10 and ≤20 2 

≥0 and ≤5 0 ≥0 and ≤15 0 >0 and ≤10 0 

 

 
Fig. 8. Workflow of creating mortality increase raster 

 
Fig. 9. Workflow of creating air pollution raster 

2.5. Construction cost consideration 

Areas with appropriate width (𝑊𝑏𝑢𝑓𝑓𝑒𝑟) outward from the road edge are regarded as road buffer areas, 

representing road widening areas, as shown in Fig. 10. This research sets the 𝑊𝑏𝑢𝑓𝑓𝑒𝑟 to the standard 

width of two additional lanes widening from two lanes to four lanes on one side. For example, according 

to the UK highway design standard, the 𝑊𝑏𝑢𝑓𝑓𝑒𝑟 can be set to 7.4m (① in Fig. 10) (Highways England 

2021). However, if the road is wide enough, such as a standard two-way eight-lane road, it should not be 

widened. After that, different types of areas for road construction can be obtained, such as buildings that 

may be demolished, railways, roads, road buffer areas (roads can be widened), special soil, water areas, 
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and other areas (④ in Fig. 11). Then, a PCM is given to various areas by experts. Bridges and tunnels 

should be built in the railway and water areas. Thus, the construction costs are high. In demolition areas, 

buildings should be demolished, and demolition waste and the site need to be treated. Thus, their 

construction costs are relatively high. The construction costs in the special soil areas follow behind. In 

other areas, the construction costs refer to the costs of the newly built road in regular areas, which are 

moderate. In the road buffer areas (roads can be widened), the construction costs are lower than the newly 

built roads in regular areas. In road areas, there are no newly built roads or widened roads. There are 

mainly some road maintenance costs, which are much lower. After the PCM is determined, the 

construction cost raster can be obtained (⑤ in Fig. 11), and the cells' values can be calculated by Eqs. 

(15), where 𝜔𝑘 is the element of the eigenvector of the PCM corresponding to its largest eigenvalue, and k 

refers to a type of area for road construction. The road buffer areas (roads cannot be widened) are for later 

use where the cells' values are set to 1 in the overall cost raster in Section 2.6 (③ in Fig. 11). 

𝐶𝑒𝑙𝑙𝑘(𝑖, 𝑗) =
𝜔𝑘

max (𝜔𝑘)
                                                                     (15) 

 
Fig. 10. Road widening and road buffer areas 

                  



20 

 

 
Fig. 11. Construction cost raster considering both new road construction and existing road widening 

2.6. New road alignment planning method considering road width and road widening 

After that, the overall cost raster should be created, as shown in Fig. 12. An appropriate PCM is 

provided by the experts to give weights to the different rasters to establish the semi-finished overall cost 

raster. Based on the semi-finished overall cost raster, other forbidden areas (landmarks, nature reserves, 

cemeteries, cultural heritage areas, etc.) are set on the overall cost raster. In addition, values on the buffer 

areas of the main roads, which cannot be widened, are set to 1. Then, the planned road will occupy the 

road buffer areas (roads cannot be widened) as less as possible. After that, the start point cell and the end 

point cell on the overall cost raster and the width of the planned road are set. Then, the road alignment 

planning can be conducted on the overall cost raster, considering road width and widening. 
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Fig. 12. Establish the overall cost raster 

Based on the least-cost path algorithm on the raster (Douglas 1994), Dijkstra's shortest path algorithm 

(Dijkstra 1959), and the least-cost wide path algorithm (Shirabe 2016), we enrich and employ the 

algorithm to be implemented in road alignment planning in the built environment, which can consider 

road width and road widening in the limited space in the city. On the raster, each target cell with its 

corresponding occupied cells forms the brush head, which can be defined in Fig. 13. The target cell refers 

to the cell in the raster, which is focused on in the current step in the calculation process. For each target 

cell, an n×n cell group is drawn. In this research, n is set to a positive odd number. The target cell is the 

centre cell, as shown in ① in Fig. 13. A d×d cell group at four corners are selected as corner cells, as 

shown in ② in Fig. 13. Then, four diagonal lines of all the d×d cell groups are drawn. If a cell is outside 

or touched by the diagonal line, the cell is regarded as a deleted cell, as shown in ③ in Fig. 13. After the 

deleted cells are removed, the remaining cells are the target cell with its occupied cells, regarded as a 

brush head drawing the least-cost wide path, as shown in ④ in Fig. 13. To ensure the brush head can 

draw the path with a similar width in every direction, the diagonal length of the brush head should be 

similar to the side length. There are two diagonal lengths of the brush head. The longer one is √2(𝑛 −

𝑑)𝐿 and the shorter one is √2(𝑛 − 𝑑 − 1)𝐿, where L is the side length of a cell. Thus, a relation can be 

obtained in Eqs. (16) and the d value can be determined by Eqs. (17), where the floor denotes rounding 
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down a number into an integer. Image ④-⑧ in Fig. 13 provide several examples of the brush head. 

√2(𝑛 − 𝑑)𝐿 < 𝑛 × 𝐿 < √2(𝑛 − 𝑑 − 1)𝐿                                              (16) 

𝑑 = 𝑓𝑙𝑜𝑜𝑟 (
(2−√2)𝑛

2
)                                                              (17)

 

Fig. 13. Definition of the brush head 

The definition of the forbidden cells on a raster is shown in Fig. 14. Forbidden cells cannot be 

occupied by the bush head. Since a brush head has multiple cells, extended forbidden cells emerge, which 

can be occupied by the occupied cells and cannot be occupied by the target cell. In addition to forbidden 

cells, the raster's edge can also cause extended forbidden cells, where target cells cannot arrive at these 

areas. Otherwise, some occupied cells of the brush head will go beyond the raster. 
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Fig. 14. Definition of forbidden cells 

On the cost raster (① in Fig. 15), the start point cell and end point cell can be set. Several cells with 

infinite high costs (1e9) represent forbidden areas. The accumulated cost (AC) of a cell denotes the 

accumulated cost from the start point, and the cost distance raster describes the least accumulated cost 

(LAC) of each cell from the start point through the optimal path. The initial cost distance raster is shown 

in ② in Fig. 15, where the accumulated cost of the start point cell is the sum of the values (172 in ② in 

Fig. 15) of all the cells of the brush head on the cost raster when the target cell of the brush head is on the 

start point, and other cells are 1e9. The current target cell of the brush head, which is focused on, is called 

the focused target cell (⑦ in Fig. 15). At this time, the AC of the focused cell of the current cost distance 

raster is its LAC. Then, the bush head on the focused target cell moves in eight directions (③-⑪ in Fig. 

15), respectively, and the target cells at the new positions are called the neighbour cells of the target cell. 

Then, the pending accumulated cost (PAC) of the neighbour cells, which is the sum of the AC of the 

focused target cell (172 in ② in Fig. 15) and the corresponding values of the added cells. The calculation 

process is shown in ⑫ in Fig. 15, and the results are shown in ⑬ in Fig. 15. Then, for each target cell in 

the eight directions, if its PAC is smaller than its current AC in the cost distance raster, its AC will be 

replaced by its PAC. All the neighbour cells of the current and previous focused cells are called active 

cells. After that, among all the active cells, the cell with the lowest AC in the current cost distance raster 
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is selected as a new focused cell to replace the former focused cell for the further and similar calculation 

process and the former focused cell is marked as a visited cell which will not be revisited. Thus, the cost 

distance raster is continuously updated by the iterative calculation process (⑮, ⑯, and ⑰ in Fig. 15) 

until all the cells except for the forbidden cells and extended forbidden cells to obtain the final cost 

distance raster (⑱ in Fig. 15). After that, for each target cell from the end point, find its neighbour cell 

(eight directions) with the least AC in the final cost distance raster and the neighbour cell with the least 

AC is regarded as the new target cell for the next step in the continuous finding process until the target 

cell is the start point. Finally, all the target cells and their occupied cells can form the least-cost wide path 

(⑲ in Fig. 15). 

 
Fig. 15. Least-cost wide path algorithm on the raster 

Based on the algorithm and definitions above, there are several circumstances, as shown in Fig. 16. If 

the planned wide road alignment goes through the area without roads and is not adjacent to an existing 

road, it is a newly built section. If the wide alignment coincides with an old road and is not wider than the 

old one, it is a section that fully utilises the old road. Only some maintenance and pavement stitching 
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work needs to be done in these sections. If the wide alignment goes along an existing old road and is 

beyond the old road on both sides, it is a road-widening section on both sides. If the wide alignment goes 

along an existing old road and is beyond the existing old road on one side, it is a road-widening section 

on one side. 

 
Fig. 16. Road alignment planning in the built environment using the least-cost wide path algorithm 

3. Case study 

3.1. Introduction of the case study 

The target research area is located in Dartford District of Kent County, which is to the southeast of 

London, as shown in the red box in Fig. 17. The east-west length of the target research area is 3993.600m, 

and the north-south length is 3994.100m. The cell size of the raster is 0.1m and the raster size is 39936×

39941 during the raster processing and calculating. The cell size of the final overall raster is 2m and the 

raster size is 1997×1997 during the alignment planning process. Dartford District is one of the local 

authority areas with the most development potential in the UK. Its built-up area is connected to London's 

built-up area. London's ring highway (A282 connected to M25) passes through its city area. The 

population size in Dartford has increased by 20.0%, from around 97,400 in 2011 to 116,800 in 2021. This 

is much higher than the overall increase for England (6.6%) (Office of National Statistics 2021). There 

are many residential buildings, a large hospital, a huge shopping centre, and green spaces in the area. The 

River Thames is in the north of the area, and several warehouses and industrial sites are on the river bank. 

A2 and A282 highways intersect in this area, which are two-way eight-lane highways and too wide to be 

widened. Dartford District is divided into the east and west areas by the A282 highway. If citizens want to 
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travel between the two areas, they have to go through A2 and A282 or local road networks. Traffic 

congestions frequently occur in the area. Thus, in addition to the existing local road network, a new local 

road needs to be planned from the northwest to the southeast of the area to link the east and west areas. In 

this way, residents in the west area can easily travel to and from the hospitals and shopping centres in the 

east area. The start point is (555093.3, 175687.1), and the end point is (558801.3, 172321.1) in the 

OSGB36 National Grid system. 

 
Fig. 17. Target research area 

3.2. Data processing and cost rasters considering various factors 

DSM, DTM, and vector map are downloaded from a Digimap (Digimap 2022), and DDM, road 

network can be produced, as shown in Fig. 18. 𝑊𝑏𝑢𝑓𝑓𝑒𝑟 of the road buffer area is set to 7.4m (3.7m+3.7m) 

(Highways England 2021). The traffic congestion screenshot processing and alignment planning 

algorithms are developed in the Matlab R2020b. ArcMap 10.0 and QGIS desktop 3.22.5 are employed for 

raster and vector data processing. 
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Fig. 18. Map data and data processing 

The fused and standardised traffic images can be generated based on the traffic congestion 

screenshots from Google Maps, as shown in Fig. 19. The parameters in Section 2.2 for digital image 

processing are presented in Table 6. Then, the areas with different traffic congestions can be extracted to 

produce traffic congestion rasters, as shown in Fig. 20. Euclidean distance rasters are combined into the 

combined traffic raster according to the weights from the PCM(traffic), as shown in Table 7. The 

normalised traffic raster can be calculated according to Eqs. (11), and values in the road network area are 

set to 1 to get the traffic congestion raster. 

Table 6. Parameters for digital image processing 

t1 t2 t3 t4 t5 

0.234 0.55 1.3 180/255 170/255 

t6 t7 t8 t9 t10 

0.234 0.709 1.291 180/255 60/255 
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Fig. 19. Traffic congestion images 

Table 7. Pairwise comparison matrix for the traffic congestion raster (PCM(traffic)) 
PCM(traffic) 

Different rasters 

Euclidean distance 

raster(seriously 

congested) 

Euclidean distance 

raster(moderately 

congested) 

Euclidean distance 

raster(slightly 

congested) 

𝝎𝒌 in Eqs.(10) 
Weights （𝑾(𝒌) =

𝝎𝒌

∑ 𝝎𝒌
𝒏
𝒌=𝟏

） 

Euclidean distance 

raster(Seriously 

congested) 

1 1 2 0.67 0.40 

Euclidean distance 

raster(moderately 

congested) 

1 1 2 0.67 0.40 

Euclidean distance 

raster(slightly 

congested) 

1/2 1/2 1 0.33 0.20 
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Fig. 20. Traffic congestion rasters 

The buildings' digital twins are built from the downloaded map data, as shown in ① and ② in Fig. 21. 

If a building's total area 𝐴 in Eqs. (1) is larger than the threshold 𝑇1=100m
2
, the building will not be 

demolished because its demolition costs may be very high. According to government statistics, the latest 

average property price per m
2
 in Dartford that can be obtained was 3689 £/ m

2
 in 2016 (Office for 

National Statistics 2017). In addition, the average overall price of a property in Dartford each month in 

different years can be obtained (HM Land Registry Open Data 2021), as shown in Fig. 22 and Table 8. In 

the case study, the most recent land use values data that can be obtained is for April 2019. Thus, all the 

data used in the case study are based on the data in April 2019. Then, the average property price per m
2
 in 

April 2019 can be calculated by Eqs. (18), where 𝑃 denotes the average overall price of a property, 𝑝 

denotes the average property price per m
2
, and other 𝑃 and 𝑝 at different times are expressed in Table 8. 

After that, the 𝐶𝑑𝑒𝑚𝑜𝑙𝑖𝑡𝑖𝑜𝑛 of each building that may be demolished is estimated by Eqs. (2), where 𝑝 uses 

𝑝𝐴𝑝𝑟𝑖𝑙 2019 (3894.79£/m
2
). According to the UK policy, for the amount of home loss payment, the owners 

of a freehold or a lease with at least three years unexpired in England are entitled to 10% of the market 

value of their interest. In addition, the compensations also should consider disturbance payments and 

rehousing. The claim for the disturbance payments can include the costs incurred in acquiring a 

replacement property (but not the cost of the property itself) and the costs of moving into the property. 
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(Department for Communities and Local Government 2021). In the case study, the compensations for the 

disturbance and rehousing are estimated to be 10% of the property's market value. Accordingly, the 𝜇 in 

Eqs. (2) is set to 1.2 in the case study. Then, the building demolition cost raster, and forbidden areas 

(building that will not be demolished) can be established (③ and ④ in Fig. 21). 

𝑝𝐴𝑝𝑟𝑖𝑙 2019 =
12∙𝑝2016∙𝑃𝐴𝑝𝑟𝑖𝑙 2019

∑ 𝑃𝑖,2016
𝐷𝑒𝑐𝑒𝑚𝑏𝑒𝑟
𝑖=𝐽𝑎𝑛𝑢𝑎𝑟𝑦

                                                        (18) 

In addition to building demolition costs, various land values in Dartford in April 2019 can be obtained 

from Ministry of Housing Communities & Local Government (2019), as shown in ⑤  in Fig. 21. 

However, the land values of the vegetation areas, water areas, and other areas cannot be obtained, which 

are estimated and given values around the values of agricultural areas, approximately. The land values are 

used to represent the land use cost. The land use costs for roads and roadsides are zero since the lands 

have already been used for roads. Since the maximum building's total area 𝐴 of the buildings that may be 

demolished is 𝑇1=100m
2
, in the case study, a standard two-storey building (3.2*2m high) with a total area 

of 100m
2
 is assumed to calculate the threshold 𝑇2 in Eqs. (3). Thus 𝑇2=2*1.2*2*3894.79=18694.99£/m

2
, 

according to Eqs. (2). In this step, for the convenience of calculation, the land use cost of the forbidden 

areas is set to the value of residential areas (410£/m
2
) temporarily and will be set as forbidden areas in the 

overall cost raster. Then the fuzzy land use cost raster can be calculated, as shown in ⑥ in Fig. 21. 

 
Fig. 21. Land use cost raster 
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Fig. 22. Property prices in Dartford 

 

Table 8. Property prices in Dartford 
Type Average overall price of a property (𝑷) 

Price 𝑃𝐽𝑎𝑛𝑢𝑎𝑟𝑦 2016 𝑃𝐹𝑒𝑏𝑟𝑢𝑎𝑟𝑦 2016 𝑃𝑀𝑎𝑟𝑐ℎ 2016 𝑃𝐴𝑝𝑟𝑖𝑙 2016 𝑃𝑀𝑎𝑦 2016 𝑃𝐽𝑢𝑛𝑒 2016 𝑃𝐽𝑢𝑙𝑦 2016 𝑃𝐴𝑢𝑔𝑢𝑠𝑡 2016 

Value 266808£ 268834£ 272788£ 270988£ 272408£ 272664£ 282814£ 285051£ 

Type Average overall price of a property (𝑷) Average property price per m
2 
(𝒑) 

Price 𝑃𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟 2016 𝑃𝑂𝑐𝑡𝑜𝑏𝑒𝑟 2016 𝑃𝑁𝑜𝑣𝑒𝑚𝑏𝑒𝑟 2016 𝑃𝐷𝑒𝑐𝑒𝑚𝑏𝑒𝑟 2016 𝑃𝐴𝑝𝑟𝑖𝑙 2019 𝑝2016 𝒑𝑨𝒑𝒓𝒊𝒍 𝟐𝟎𝟏𝟗 

Value 285370£ 283411£ 284318£ 284987£ 293019£ 3689£/m
2
 3894.79£/m

2
 

 

The noise distribution in the target research area is obtained from government statistics, as shown in 

①and  ② in Fig. 23 (Department for Environment Food & Rural Affairs 2019). This research considers 

the annual average road and railway noise levels for the 16-hour period between 07:00-23:00 as the 

existing noise raster. Based on the data, the L0 in Eqs. (12) is set to 75 dB. According to the method in 

Section 2.3, the calculation results for the noise raster are shown in Fig. 23. The original PM2.5, PM10, and 

NO2 concentrations in the target air are shown in ①, ②, and ③ in Fig. 24 (Cambridge Environmental 

Research Consultants 2018). According to the data, C0 in Eqs. (14) for PM2.5, PM10, and NO2 are set to 15, 

27, and 35. According to the method in Section 2.4, the calculation results for the air pollution raster are 

shown in Fig. 24. 
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Fig. 23. Original noise distribution data and the calculation results for the noise raster 

 
Fig. 24. Original air pollutant concentration data and the calculation results for the air pollution raster 

For construction costs, road buffer areas and the vector map of different areas are shown in ① and ② 

in Fig. 25. The PCM(construction) is given by experts to estimate the costs in the construction cost raster 

(Table 9). Then the values of cells in different areas can be calculated using Eqs. (15). The result of the 

construction cost raster is shown in ③ in Fig. 25. In this step, road buffer areas (roads cannot be widened) 
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are regarded as other areas, and their value will be set to 1 in the overall cost map. 

Table 9. Pairwise comparison matrix for the construction cost raster (PCM(construction)) 
PCM(construction) 

Different areas Railways Water areas 
Buildings may 

be demolished 
Special areas 

Other 

areas 

Road buffer 

areas (roads 

can be 

widened) 

Roads 
𝝎𝒌 in 

Eqs. (10) 

𝑪𝒆𝒍𝒍𝒌(𝒊, 𝒋)

=
𝝎𝒌

𝐦𝐚𝐱 (𝝎𝒌)
 

Railways 1 2 3 5 6 7 9 0.734 1 

Water areas 1/2 1 2 4 5 6 9 0.515 0.702 

Buildings may 

be demolished 
1/3 1/2 1 3 4 5 9 0.363 0.494 

Special areas 1/5 1/4 1/3 1 2 3 9 0.191 0.260 

Other areas 1/6 1/5 1/4 1/2 1 2 8 0.133 0.182 

Road buffer 

areas (roads 

can be 

widened) 

1/7 1/6 1/5 1/3 1/2 1 7 0.0962 0.131 

Roads 1/9 1/9 1/9 1/9 1/8 1/7 1 0.0348 0.0475 

 

 
Fig. 25. Construction cost raster 

3.3. Overall cost raster and road alignment planning 

After that, the PCM(3 factors) (Table 10) and PCM(overall) (Table 11) given by experts are 

employed to give weights to various rasters to establish the semi-finished cost raster considering 3 factors 

(⑥ in Fig. 26) (considering traffic congestion, building demolition and land use, and construction cost) 

and semi-finished overall cost raster (⑦ in Fig. 26) ( 3 factors, noise, and air pollution). After that, based 

on the traffic congestion raster (① in Fig. 26), fuzzy land use cost raster (② in Fig. 26), construction cost 

raster (⑤ in Fig. 26), semi-finished cost raster considering 3 factors (⑥ in Fig. 26), and semi-finished 

overall cost raster (⑥ in Fig. 26), the value on the buffer areas of the road which cannot be widened (⑩ 

in Fig. 26),  is set to 1. In addition, forbidden areas cased by the buildings that will not be demolished (⑧ 

in Fig. 26) and other forbidding areas such as River Thames and shopping centres (⑨ in Fig. 26) are set 

as the final forbidden areas. Then, traffic congestion raster 2 (⑪ in Fig. 26), land use cost raster 2 (⑫ in 

Fig. 26), construction cost raster 2 (⑬ in Fig. 26), cost raster considering 3 factors (⑭ in Fig. 26), and 
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overall cost raster (⑮ in Fig. 26) can be obtained, respectively. In the raster calculation process, the cell 

size of the rasters is 0.1m. The cell size of the final cost raster for road alignment planning is set to 2m. 

Two-way four-lane roads and two-way eight-lane roads are planned in the case study. According to 

the UK highway design standard, the width of the two-way four-lane road can be set to 34.1m ((4m side 

slope and  berm+1.5m verge+2.75m hard shoulder+3.65m lane+3.65m lane+0.7 hard strip)*2+1.6 central 

reserve), and the width of the two-way eight-lane can be set to 49.4m ((4m side slope and  berm+1.5m 

verge+2.75m hard shoulder+3.65m lane+3.7m lane+3.7m lane+3.65m lane+0.7 hard strip)*2+2.1 central 

reserve), as shown in ① in Fig. 10 (Highways England 2021). Since the cell size of the final rasters for 

road alignment planning is 2m, the side length of the brush head drawing a two-way four-lane road 

occupies 17 cells, and the four-way four-lane road occupies 25 cells. The road alignment planning is 

conducted on the five rasters (⑪-⑮ in Fig. 26), respectively. Therefore, the road alignment planning 

with two widths on five cost rasters will have ten results. The zero costs on the land use raster 2 are 

modified into 1e-9 to limit the length in the zero cost areas. 

Table 10. Pairwise comparison matrix for the cost raster considering 3 factors (PCM(3 factors)) 
PCM(3 factors) 

Different rasters 
Traffic congestion 

raster 

Fuzzy land use cost 

raster 

Construction 

cost raster 
𝝎𝒌 in Eqs. (10) 

Weights (𝑾(𝒌) =
𝝎𝒌

∑ 𝝎𝒌
𝒏
𝒌=𝟏

) 

Traffic congestion 

raster 
1 1/2 1/2 0.333 0.20 

Fuzzy land use cost 

raster 
2 1 1 0.667 0.40 

Construction 

cost raster 
2 1 1 0.667 0.40 

 

Table 11. Pairwise comparison matrix for the overall cost raster (PCM(overall)) 
  PCM(overall) 

Different 

rasters 

Traffic 

congestion 

raster 

Fuzzy land use 

cost raster 
Noise raster 

Air pollution 

raster 

Construction 

cost raster 
𝝎𝒌 in Eqs. (10) 

Weights 

(𝑾(𝒌) =
𝝎𝒌

∑ 𝝎𝒌
𝒏
𝒌=𝟏

) 

Traffic 

congestion 

raster 

1 1/2 1/2 1/2 1/2 0.243  0.111  

Fuzzy land use 

cost raster 
2 1 1 1 1 0.485  0.222  

Noise raster 2 1 1 1 1 0.485  0.222  

Air pollution 

raster 
2 1 1 1 

1 
0.485  0.222  

Construction 

cost raster 
2 1 1 1 

1 
0.485  0.222  
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Fig. 26. Overall cost raster 

4. Results and Discussion 

There are ten alignment planning results, as shown in Fig. 27 and Fig. 28. All the alignments do not 

touch the forbidden areas and try to avoid widening A282 and A2 highways. For alignments considering 

traffic congestion (① and ② in Fig. 27 and Fig. 28), they try to go through the areas less distant from 

congested areas. There are some newly built sections and road widening sections. In the road widening 

section, the road is always on one side and tries to avoid occupying existing old roads because the 

sections occupying existing old roads represent the section without road widening or new road 

construction, which cannot help ease traffic congestion. For alignments considering land use costs (③ 

and ④ in Fig. 27 and Fig. 28), the alignments try to go through the areas with the lowest land use cost to 

reduce the overall cost and even detour long distances. The 34m-wide alignment (③ Fig. 27 and Fig. 28) 

takes a long detour to pass through low-cost areas (dark areas) among buildings. However, the spaces 

between buildings are insufficient to construct a 50m-wide road. Thus, the 50m-wide road (④ in Fig. 27 

and Fig. 28) chooses another path, and goes over the A2 highway by leveraging an existing bridge of a 

small road. For alignments considering construction costs (⑤  and ⑥ in Fig. 27 and Fig. 28), the 

alignments try to take advantage of existing main roads as much as possible, even if they cannot alleviate 

the traffic congestion well. Most sections of the planned road are road widening sections on both sides. 
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The alignments considering three factors (⑦  and ⑧  in Fig. 27 and Fig. 28), are the compromise 

alignments among other alignments considering three factors, respectively. There are some newly built 

sections and road widening sections. Compared with the corresponding 34m-wide alignments, 50m-wide 

alignments have significant local changes to avoid high-cost and forbidden areas. In some areas, there is 

enough space for 34m-wide road construction but not enough for 50m-wide road construction. In addition 

to the three factors, the alignments considering all factors (⑨ and ⑩ in Fig. 27 and Fig. 28)  also 

consider noise impact and air pollution impact. Compared with alignments only considering three factors, 

they not only try to avoid building demolition, but also try to avoid passing through the existing buildings 

in the residential areas and keep distance from the existing buildings to alleviate the noise and air 

pollution impacts on the buildings, even if the land use and construction cost increase locally. The 

alignments considering all factors can balance the traffic demands, construction cost, and impacts on 

citizens (building demolition, noise, and air pollution). 

Compared with road planning in the natural environment in rural areas, it is challenging to become 

sustainable for road planning in the built environment in cities due to the limited space. Most existing 

road alignment planning algorithms do not consider road width and road widening. The case study shows 

that many existing buildings, road networks, different functional areas, and noise and air pollution 

impacts can greatly influence road alignment planning in the built environment. When a road is wider, it 

may touch more areas with different costs and even forbidden areas. Thus, an optimal alignment for a 

road of one width is not necessarily optimal for a road of another width. Roads with different widths will 

generate various alignment schemes considering various sustainable factors. In addition, there are denser 

road networks in the cities' built environment compared with rural areas. Road widening can take 

advantage of existing roads to alleviate traffic congestion with lower construction costs and less impact 

on other areas. This research is the first to enrich and employ the least-cost wide path algorithm for 

sustainable road alignment planning in the cities' built environment considering road width and road 

widening. The alignment planning in the case study can generate several schemes with various road 

widths, including newly built road sections and road widening sections considering building demolition 

and land use, traffic congestion, noise impact, air pollution impact, and construction costs. 
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In addition to the road alignment planning algorithm, how to build digital space (cost raster) to assist 

in alignment planning is also important. The process is not a simple digitalising process for the built 

environment in cities from heterogeneous data. It also needs to parse various factors into understandable 

expressions for road alignment planning. For example, this research proposes several methods to parse 

the data into different cost rasters considering various sustainable factors. In addition, the definition of 

forbidden areas and the road buffer areas for road widening also should be considered. The combination 

of cost rasters considering various factors from the city should employ MCDM methods, such as AHP in 

this research, to generate a sustainable and comprehensively optimal solution. 

However, there are some limitations in this research. First, more economic, engineering, 

transportation, social, and environmental factors should be considered. Various corresponding methods 

need to be proposed to parse various factors into appropriate and understandable expressions for 

alignment planning. Second, more quantitative and qualitative methods should be employed to evaluate 

the alignment planning and cost raster creation methods. In addition to quantitative evaluation, focus 

groups and interviews with more experts based on the design science research (DSR) paradigm are 

recommended. 
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Fig. 27. Results of road alignments on the cost rasters 
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Fig. 28. Results of road alignments on the aerial photograph 

5. Conclusion 

In the built environment, limited spaces, building demolition, land use, noise and air pollution impacts 

on residents, and construction costs hinder the achievement of traffic-related goals and sustainable 

development of the urban road network. The widths of roads can greatly influence road alignment 

planning in the cities' built environment, and road widening should also be considered, which can take 

advantage of the existing road to alleviate traffic congestion with lower construction costs and fewer 

impacts on other areas. Based on the MCDM-GIS method, this research enriches and employs the least-

cost wide path algorithm to plan road alignment in the built environment, considering several sustainable 

factors, road widths, and road widening. Several methods are proposed to parse various factors into 

understandable expressions (cost rasters), including building demolition and land use, traffic congestion, 

noise impact, air pollution impact, and construction costs, to assist in alignment planning. Different cost 
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rasters and road widths can generate different road alignment schemes. 

In future research, more engineering, economic, transportation, social, and environmental factors 

should be considered for road alignment planning in the built environment. In addition to road alignment 

planning, public transport will be focused on. Furthermore, quantitative methods and qualitative methods 

such as focus groups and interviews with experts will be conducted based on the design science research 

(DSR) paradigm to evaluate various sustainable factors, the proposed alignment planning method, and 

road alignment schemes. 
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