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Abstract

Street networks are crucial in shaping the quality of urban life. Through their impact on mobility and social interaction,
they play a critical role in shaping how people move around the city and determine the connectivity, accessibility, safety,
and convenience of different areas. Thus, it is essential to develop a systematic understanding of street networks to create
livable, sustainable, accessible, and equitable cities. The aim of this study is to analyze and develop the role of street
networks in shaping urban mobility, connectivity, and accessibility, and thereby enhance sustainable urban living by
creating people-centric cities. Quantitative techniques and measures are employed to examine urban structure metrics to
understand both physical and spatial characteristics at micro and macro scales. Three primary parameters for the
configuration of street patterns - grid pattern ratio (GPR), pedestrian route directness factor (PRD/PRF), and ped-shed (PS)
and effective walking area (EWA) - are selected to compute the formational attributes of selected streets in Baghdad, Irag.
The evaluation employs different arithmetic methods linked with a Geographical Information System (GIS) to quantify
and compare two examined areas, and the results reveal a contradiction in the spatial configuration of the sample street
patterns. From these findings, the paper offers specific recommendations and urban design guidelines to improve the
quality of similar urban areas. The paper concludes that in-depth knowledge of a street’s role in its urban context helps to
optimize spatial configuration processes in the built environment.
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1. Introduction

Over recent decades, morphological studies of urban form have become an essential approach to evaluate and
understand the configuration of the built environment. These studies use a range of quantitative and qualitative methods
to analyze the physical form and structure of urban areas, including buildings, streets, public spaces, and natural elements
[1-6]. Morphological studies can provide insights into the spatial organization and function of urban areas and how they
shape social and cultural practices, economic activity, and environmental sustainability. By analyzing the form and
structure of cities, researchers can identify patterns and relationships that inform urban design and planning decisions
[7-14]. Street network characteristics play a key role in measuring connectivity and accessibility, enabling people to
move from one place to another. Increasing walkability and social interaction throughout the street while understanding
its fine scale and adjacent buildings can offer a better comprehension of pedestrian movement [15-18].

The quality of surrounding urban areas plays a significant role in enhancing the liveability of streets, and creating a
pedestrian-oriented urban environment increases the potential to form a walkable climate [19]. Conversely, a deficient
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neighborhood can easily impact the liveability of inhabitants; therefore, walkability is considered a key criterion of
urban design. It is applied to places to determine the support for physical activity and whether it is enhanced or impeded
by the environment [20-22]. Thus, the primary concern for many urbanists is to create a walkable environment that
meets various people's needs [23]. One of the most important street characteristics is accessibility, which is often
employed to measure walkability in the built environment. Accessibility refers to the ability of the street network to
offer good opportunities for users to access different destinations across the network and move easily from one space to
another.

Measures of connectivity and accessibility, which influence the street pattern, nodes, and length, are systematically
considered. The movement of pedestrians and how they use the street edge constitute the main concern for many urban
and sociological studies [24-28]. The network system has been evaluated in several ways by considering its spatial-
physical elements, streets, and intersections. Moreover, intersection density has been examined by many researchers
[29-35], while others have focused on street density [34, 36-39]. At global and local levels, accessibility measures have
been employed in human geography to illustrate the growth of towns, the location of facilities and functions, and the
juxtaposition of land use. Thus, the fine scale of street characteristics at both micro and macro levels must also be
acknowledged and understood. This represents one of the key conditions for improving street life, helping people benefit
from the surrounding setting, and prompting interesting negotiations, whether with the adjacent street edge or other
pedestrians. In addition, land use and urban development, besides different growth patterns, are affected by the
accessibility of existing street networks and potential accessibility [40, 41].

Street characteristics represent another aspect of walkability and connectedness by describing how people connect.
For example, connectivity governs the interrelationship between two primary components of a street pattern - link
(street) and node (intersection) - which, alongside other urban structural elements, constitute the entire urban fabric.
Moreover, connectivity needs to be understood and considered on both a micro and macro scale when formulating the
built environment, particularly how it controls people's movements. Furthermore, improving a network’s connectivity
helps to increase urban liveability and street life at the street edge on both a micro and macro scale. The block’s properties
are the first consideration when determining a street pattern's characteristics from its spatial geometrical dimensions.
Afterwards, the street's features are examined, particularly the adjacent edge parameters, to consider evidence of a
symbiotic relationship between the block and street pattern. Moreover, this association can be seen when comparing the
fine grain of the historic urban block and modern patterns, which is especially relevant to this study. In this regard, the
plot pattern implies fewer influences on connectivity at the local level of the neighborhood. For example, in their
research on street network, density, superblocks (such as Neighborhood Planning Units), and street connectivity in Abu
Dhabi, Alawadi et al. [42] concluded that plot density does not influence efficiency. Instead, an effective network pattern
generates maximum efficiency regardless of its plot density.

The characteristics of street networks can have a significant impact on the quality of urban form. The following are
some of the key objectives through which different street network patterns can be explored to improve existing urban
forms or adopt new urban design and planning models:

¢ Develop spatial connectivity and accessibility to promote walkability and reduce traffic congestion by relying on
well-connected street networks. These networks can facilitate social interactions and provide many destinations
within easy reach.

e Create a sense of enclosure by including denser streets and buildings within urban spaces to form a spatial
configuration of sociability and public safety.

¢ Improve the quality of the urban environment by ensuring well-oriented streets. These streets can take advantage
of solar exposure and prevailing winds, creating more comfortable and livable urban spaces.

Studying the characteristics of street networks by calculating their grid pattern ratio (GPR), pedestrian route
directness factor (PRD/PRF), ped-shed (PS), and effective walking area (EWA) can help to create more connected and
accessible urban areas that better suit the needs of residents. Firstly, GPR can facilitate movement and connectivity
within an urban area since the presence of intersecting streets makes it easy for people to travel between different parts
of the city. It can enhance walkability by creating a pedestrian-friendly environment. The regularity of the blocks and
the presence of sidewalks make it easy and safe for people to walk from place to place. Secondly, PRD/PRF measures
the efficiency of pedestrian routes in terms of distance and time. A better understanding of this factor can help urban
planners design more direct and convenient routes for pedestrians, which can make a city more accessible and encourage
people to walk rather than drive. Moreover, by creating more accessible pedestrian routes, the city can be improved for
people with disabilities who may have difficulty navigating longer, less direct routes. Finally, PS and EWA measure the
extent of pedestrian access to different destinations within a given radius. With this information, urban planners can
design more walkable and accessible cities with a greater range of amenities and services within walking distance. By
understanding the ped-shed and effective walking area, it is also possible to identify areas that may be poorly served by
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pedestrian infrastructure or public transport. This can inform decisions about where to prioritize investment in
infrastructure and services to improve accessibility for all residents. These street network characteristics can help to
create more walkable, accessible, safe, and healthy cities that are better suited to the needs of their residents and visitors.

This paper has four sections: First, the paper introduces the main topic, problem, main objectives, and structure of
the study. Second, the analysis includes a description of the case study areas, selected streets, and main analytic street
parameters employed in the analyses. Third, the paper quantifies and compares processes among the outcomes of the
examined streets, although it is essential to note that these areas were also designated to capture other urban
characteristics. Finally, the conclusions, recommendations, and future research directions are outlined.

2. The Literature Review

Many studies have focused on the importance of street networks in creating urban life. According to Wang et al.
[43], density relates to the degree of connectivity and accessibility of the network. It links a dense location to other
places in a city or urban area. Hence, priority is given to street centrality and its role in defining the validity of a place's
intensity. Porta et al. [44] referred to street centrality indices as indicators to formulate the urban structure. A street
provides a distinction between spatial privacy and spatial publicity in a historic urban area; moreover, the degree of
permeability, transparency, accessibility, and connectivity is closely controlled and restricted [45]. Connectivity and
accessibility are configurational properties that define the extent to which various spatial routes connect in a network.
For example, Thwaites et al. [46] defined permeability as the capacity for connection to other realms through spatial-
physical interaction. According to Marshall [3], permeability is a compositional property that refers to the extent to
which accessible space permeates a two-dimensional plan area. Carmona [47] recommended that permeability, as a
sustainable feature, should be involved in the design of urban spaces, whether at the urban core or periphery. They stated
that the sustainable dimension in urban design requires development patterns that accommodate permeability and
accessibility within the network system and enable effective social interaction.

Khder et al. [48] referred to seven fundamental principles that define a walkable street: Connectivity, safety,
accessibility, comfort, convenience, engagement, and vibrancy. Every principle has an active role in shaping the street
to meet people's needs and desires. Moreover, Massingue & Oviedo [49] state that the notion of walkability is based on
three concepts - connectivity, accessibility, and permeability. These concepts depend on the spatial configuration of the
street pattern. The fine ingredients of the urban form and the shaping of the street's adjacent edge play key roles in
optimizing street life and can be identified at various levels of urban analysis, such as through micro, macro, local, and
global measures. Urban quality and the right-to-use open spaces are key concerns when considering street life and social
interaction, as they provide the infrastructure for the range of activities undertaken [49]. For example, Shields et al. [50]
denote that "walkability has emerged as not only a set of indexes and metrics but also a normative discourse. This review
of walkability studies draws on English, Spanish, and Portuguese literature, as well as case studies evaluating pedestrian
walking in cities".

Al-Hasani [51] pointed out that historic urban spaces are classified into two typologies, which relate to associability
and privacy. These topologies are historic-surviving spaces and modern-emerging spaces, the latter of which are divided
into hybrid urban spaces and entirely modern urban spaces. According to Alobaydi & Rashid [52] and Alsaffar &
Alobaydi [53], the city’s space is organized with a distinct sense of hierarchy, starting with private to semi-private places
and then semi-public to public spaces. Furthermore, Rashid & Alobaydi [54] stated that these spatial hierarchies are
employed as tactics or practices, even in hard times or during conflict.

Although previous studies show that many urban topics and elements have been addressed, the characteristics of
the street network (such as geometric properties that influence the quality of the built environment) remain relatively
little understood. This signified a research gap, as it is essential to develop a systematic understanding of street networks
to create livable, sustainable, accessible, and equitable cities. Thus, this study addresses this gap by examining the
characteristics and quality of the street network through its geometric properties. For this study, a set of street parameters
is adopted to examine the degrees of connectivity and accessibility in two selected neighborhoods. Three sets of statistics
are used: grid pattern ratio (GPR), pedestrian route directness factor (PRD/PRF), ped-shed, and effective walking area
(PS and EWA). The selected areas include the historic regions of Baghdad, Irag, which have organic street network
patterns. The other selected areas are located outside the historic zone and were developed according to modern urban
planning principles.

3. Methods and Definitions of the Case Study

To examine the parameters of the street network in the two urban areas of Baghdad, we analyze the physical
characteristics of the street layout in each area. The following offers a brief overview of each area and some potential
parameters for study:
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A) Organic area in Al-Russafa Historical Center: A hybrid area with an organic street layout that has tended to
develop over time without a strict plan, resulting in irregularly shaped blocks and winding, narrow streets.

B) Hybrid area in Al-Karkh historical center: A hybrid area combining organic and planned development, resulting
in a more structured street layout with some irregularities.

Figure 1 shows the research flowchart for the study.
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Figure 1. Research flowchart

The two examined urban areas are described in accordance with recognized patterns: (A) organic area and (B) hybrid
area. This study seeks to examine the parameters of the street network based on its physical characteristics and spatial
qualities, which have formed accumulatively and include organic growth and/or planned development. The two selected
areas are important crossroads and typologically different because they provide a point of intersection between different
streets, creating opportunities for connectivity and accessibility. They facilitate the movement of people, goods, and
vehicles across different areas of the City of Baghdad. They also serve as nodes for social interaction, economic activity,
and public space, providing opportunities for people to gather, socialize, and exchange ideas. In urban areas, crossroads
often play a critical role in shaping the character and identity of different neighborhoods or districts, influencing the
built environment and residents’ quality of life.

A set of techniques and measures are combined to analyze and evaluate the two selected samples of the urban areas.
These techniques and measures are employed to quantify the different characteristics and features of the street networks
from their geometric and typological properties. This integrated research model enables greater accuracy, particularly
when data are derived from multiple case studies. Since the spatial configuration and physical characteristics of the
street patterns are considered significant to the street properties, while the analysis relies on the following three main
variables: A grid pattern ratio (GPR), the pedestrian route directness factor (PRD/PRF), and the ped-shed and effective
walking area (PS and EWA).

According to Sommer & Sommer [55], a case study method is an in-depth search that analyzes a phenomenon by
applying multiple methods and techniques. Moreover, Yin [56] stated that samples enable the examination of a
contemporary phenomenon within a marked boundary between the event and its context. For this study, an 800-meter
diameter circle defines the boundaries of the four case studies, which were based on a commonly acknowledged,
advisable walking distance indicating the range of a five-minute walk [26, 34, 39, 57, 58]. A case study method such as
this enables an environmentally based, detailed contextual analysis of a given phenomenon. Therefore, adopting a
contextual parameter for a limited number of objects, events, and activities helps to understand and analyze a complex
problem to determine reliable findings [59].

The paper highlights Baghdad's historical and historic urban area by associating it with other selected neighborhoods.
The main basis for selecting these areas is their location in two different Baghdad regions, including the concurrently
linked network. Figure 2 refers to the boundary of the two circles, which have a 400-meter radius and represent the two
cases: (A) a hybrid pattern with more organic influences and (B) a hybrid pattern with more planned influences. To track
and draw the street network, the author employed georeferencing maps using two software programs, AutoCAD Map
3D 2021 and Geographical Information Systems (GIS). For Baghdad’s historical and traditional zone, a key
consideration is the complicated network in which convoluted, waved streets, compacted residential clusters, irregular
street lines, and a high number of cul-de-sacs are located [60, 61]. Before illustrating the street’s variables, it is necessary
to explain the three parameters for the spatial configuration of these street patterns.
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Figure 2. (Left) Georeferencing Satellite Imagery of Baghdad shows the border of the study area; (Right) The two chosen
urban samples (radius 400 m)

4, Street Parameters

The street variables include four main factors: Grid Pattern Ratio (GPR), Pedestrian Route Directness (PRD), Ped-
Shed (PS), and Effective Walking Area (EWA).

4.1. Grid Pattern Ratio (GPR)

This indicator measures the extent to which the street network is ‘griddy’, which spatially defines all urban blocks
in the selected area that converge into 4-way intersections at the block corners. For clarification, if a block consists of a
4-way intersection at each corner, it is defined as 'strongly griddy'. In comparison, if a 4-way intersection defines the
block at only three corners and one is 3-way or less, the block is described as a ‘weakly griddy'. The indicator integrates
with variables, such as block size and intersection density. In their study, Boarnet & Crane [62] referred to the street
pattern as an indicator to determine travel behavior and its influence on land use and classified the network into three
patterns - grid, cul-de-sac, and mixed. Greenwald & Boarnet [63] examined the role of the built environment in walking
behavior in Portland, Oregon, and studied three variables - street crossings, sidewalk continuity, and street connectivity
- to analyze walking behavior. Moreover, Porta & Romice [64] employed GPR to study several neighborhoods in
Glasgow, UK, which was applied with other built environment indicators of street life [65]. The formula for Grid Pattern
Ratio (GRR) is Equations 1 and 2:

GPRstong = Astrong/Atotal 1)
GPRyeak = Awear/Atotar 2

where Asrong IS the total area of blocks defined by all 4-way intersections, Aweax is the total area of blocks defined by all
4-way crossings except one 3-way crossing, and Al i the total area of the sample. By applying GPR to the two areas,
the result varied in terms of the level of griddy pattern. Case study A had a higher amount of Aweak at about 407960.6334
m?, and its GPRueak Was 0.81. Hybrid area B had a lower amount of Awea and GPRyeak at 320279.89 m? and 0.64
respectively. Furthermore, sample A had a lower value of both Asrong and GPRsirong at about 36797.35 m? and 0.07
respectively, while sample B had a greater amount at 84509.11 m? and 0.17, (see Table 1 for the full range of results).

Table 1. The data of the Grid Pattern Ratio for the two selected areas: Open areas are excluded (riverbanks, green spaces,
parking, squares, and undeveloped land)

Total number of Number of blocks

Case study ID Case area blocks with 4-way crossing Strongarea Weakarea GPRstrong  GPR weak
Case A 502654.82 138 7 36797.35 407960.63 0.07 0.81
Case B 502654.82 125 16 84509.11 320279.89 0.17 0.64
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4.2. Pedestrian Route Directness (PRD)

The Pedestrian Route Directness factor defines the ratio of the route distance to the straight-line distance between
two selected points. The lowest value, equal to 1.00, confirms that the route has the same length as the direct line between
these two points. The indicator measures the most direct pedestrian route to the center of the selected area and is
compared to the distance between these origins and the center, measured as the bird flies [25, 66] (an example of the
PRD is shown in Figure 3).

PRD=13
J Case2

Geodetic
Distance

Route

Distance
PRD=1.3
Case 1

PRD=25 g

Case 3 PRD=18

... Case4

Figure 3. An example of the Pedestrian Route Directness PRD to illustrate the two types of distance - route distance and
geodetic distance [26]

Pedestrian walkability is more likely affected by the route length and walk purpose than trip time [67]. Randall &
Baetz [26] referred to the PRD as measuring pedestrian connectivity and stated it is an indicator of the walking
accessibility of a neighborhood by its residents. The Pedestrian Route Directness (PRD) ratio assesses pedestrian
connectivity and denotes the ratio between the route distance and the geodetic (or straight-line) distance, as given by
Equation 3:

PRD = Droute/Dgeodetic 3)

where PRD is the Pedestrian Route Directness, Droute is the formal route distance along existing sidewalks, footpaths, or
trails, where informal routes are those on streets without sidewalks, and Dgeogeiic IS the straight line linking the ends of
the same direction.

The PRD was applied by Hess [25] when examining two neighborhoods, Wallingford and Crossroads, in Seattle.
Furthermore, Randall & Baetz [26] used the measure to evaluate pedestrian connectivity in the Berrisfield neighborhood
in Hamilton, Ontario, Canada, aiming to generate and evaluate potential retrofitting alternatives for pedestrian
movement. Dill [31] applied the PRD to compute the network connectivity for cycling and walking in the Portland,
Oregon region, while Kim [32] used it to compare five new urbanism areas to test network connectivity in the
Metropolitan Atlanta region. The term PRD is known as the "Circuity Factor" and is a multiplier to coordinate calculated
or straight-line distances to estimated real travel distances. As travel distances cannot be shorter than a straight line, the
circuity factor must be one or larger [68-70] (as shown in Figure 4). It is calculated as follows (Equation 4):

o}

CF;j = D—é 4
where C;; is the circuity factor between the origin i and the destination j, D;; denotes the short distance between i and j,
and Dj; represents the Euclidean distance between i (origin) and j (destination). Like the PRD, the hypothetical minimal
value of circuity is 1 when the shortest network distance equals the Euclidean distance.

a

Figure 4. A diagram displaying the difference between (a) the Euclidean distance and (b) the network distance [69]
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In this study, the PRD and CF are reformulated to achieve the research purpose. Each case has a 400-meter radius
boundary that intersects with the street network at the External Point Connectivity (EPC) and represents the
ingress/egress points along the borderline. The EPC is mapped and labelled to generate and define the destination points,
and the center of the sample represents the origin. The aim is to identify the disparity and quantity between these two
types of distance for each case; furthermore, a comparison of values is conducted between the selected samples. In this
respect, the PRD as a PRF is computed as follows (Equation 5):

PRF = Zelere ©)

where PRF is the Pedestrian Route Factor, D, | ., denotes the shortest distance between the center point of the selected
area and the External Point Connectivity (EPC) (Egress/Ingress), and R is the radius of the sample (in this research, 400
meters). The shortest distance is computed using GIS, ArcMap 10.2.2 through the network analyst to track the shortest
link between the external point (ingress/egress points) and the center of the case study. Also, in this research, the D,,,cqn
is calculated to discover the mean value of the total shortest distance, which is characterized by the routes that link the
external nodes and the center of each selected area. The D, .., iS formulated as Equation 6:

_ %D¢ | epc (6)

Dmean -
Nraute

where Dp,.qn, is the mean value of the route's (network) distance per selected area, D, | p. is the shortest distance
between the center point of the selected area and the external point connectivity (EPC) (egress/ingress), while N, ¢ iS
the total number of routes, excluding the egress/ingress points that do not reach the center of the sample. If the D,;00,
value is closer to the radius of the selected area, the routes offer the shortest distance between the border and center of
the sample.

In sample A, there are 42 EPCs (ingress/egress points) which are located along the boundary of the hybrid organic
and planned area A; they denote the destination points reaching the center (origin) of the case study (Figure 5). Most
external points (42) reach the center of the sample, with the exception of five: EI4, RDID4; EI5, RDID5; E16, RDIDG;
El11, RDID11, and EI39, RDID39. After applying the PRF formula, the ratio of the two distances indicates a difference
among the 42 routes.

El4 N
EI13 ““:)j’v,"
EN2 =y — ol
EI11\‘ S R, Ensene
EI0 ! 7 £
o = + [ { e (EN7
_.‘\ [ B
oo ~ ~ NSEIL
4
EN7 \ﬂ / Q AN e
El6 /
/ EI20
; ) Ei21

Legend
—— Network (504 links) El42 Ee1) 540
B Egress - ingress points (42 points)
| i The boundary of case study A | Radius 400 meters
< Y VAl L_I Meters
== The routes between the centre of the sample and egress | ingress points 0 65 130 260

Figure 5. The route of the shortest (network) distance between the center of sample A and the external (egress/ingress) points
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The shortest distance is equal to the radius of the 400-meter sample, and the PRF is labelled RDID01, RDIDO08, and
RDID17 (the value zero means the external point does not reach the sample’s center). The longest distance is 592.16
meters for RDID26, with a PRF of about 1.48. The median value of the PRF is 1.22, and the ratio average is 1.07; these
correspond to 486.283 meters and 428.24 meters as medians and averages of the route distances (hetwork distances),
respectively (Figure 6). The value of D,,.., in area A is about 486.11 meters for 37 routes, which correspond to the
shortest distance between the external point (egress/ingress) and the center. The D, IS closer to the radius of the
selected areas (400 meters), meaning that the routes of the case study give the shortest distance for movement between
its boundary and the center of the sample.

42824

Route ID

Figure 6. Left: The values of the Pedestrian Route Factor (PRF) and the shortest distance for 42 links that reach between the
external points and the center of case study A (organic pattern); Right: The statistical standards (minimum, median, average,
and maximum) of the Pedestrian Route Factor (PRF) and the route distance (network distance) of 42 links for case study A.

In sample B, 48 external points (egress/ingress) intersect the frontier of the sample (Figure 7). The route (hetwork)
distance responds to the shortest path that links the peripheral point to the center of the sample. From the 48
egress/ingress points, one (RDIDO08) does not join the center. The highest PRF value is about 1.55 times as long as the
radius, as the length of the route is about 620.14 meters (RDID41). The PRF for both the median and average are 1.29
and 1.26, respectively; for the route (network) distance, the PRF is 514.57 and 503.50 meters, correspondingly. The
Dinean 18 514.21 meters (Figure 8). The northeast area of B, like the southwest area of A, has limited egress/ingress
points due to the presence of a riverbank. Therefore, there are only three external points for A and B. Of the bordering
points in B, two are considerably closer to each other (RDID36 and RDID37).
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Figure 7. The route of the shortest distance (network distance) between the center of sample B and the peripheral
(egress/ingress) points

2428



Civil Engineering Journal Vol. 11, No. 06, June, 2025

Median Average

Route ID Standard Deviation: 0.22 Statistical Significances
21 oute

Figure 8. Left: The values of Pedestrian Route Factor (PRF) and the shortest distance for 48 links that reach between the
peripheral points and the center of case study B (hybrid pattern). Right: The arithmetical values: minimum, median, average
and maximum of the Pedestrian Route Factor (PRF) and the route (network) distance for 48 links for case study B.

It is possible to identify significant differences between the two selected neighborhoods, as each sample expresses a
street pattern that reflects a different reading of the Pedestrian Route Directness. The upcoming sections compare the
characteristics of the two urban areas, noting where they meet or diverge. Furthermore, this comparison helps to
determine the disparity between the organic/spontaneous pattern (sample A) and the other samples that follow a more
geometric/pre-planned pattern (sample B).

4.3. Ped-shed (PS)

The Ped-shed, or walkable catchment, measures the extent to which an area is reachable from the center of the
selected urban areas through usable streets (routes). The indicator considers the land (plot, parcel) located along the
adjacent street within a defined distance. The ped-shed includes developed lands, whereas the streets, parking, large
green spaces, and river are excluded. The technique tracks the plots on both sides of a selected street defined by the
center of the sample and its boundary. This determines the coverage area for the walking distance (five minutes) from
and to the center of a neighborhood. It refers to the percentage of the area reachable from adjacent streets within walking
distance. The Ped-shed indicator is formulated as follows by Equations 7 and 8:

BL
PSpuire = BL;T; ()
_ Plnet
PSplot - PLsyy (8)

where PS,,,;;; is the Ped-shed for a built-up area, BL,,,; is the accessible developed land within a built-up area along the
street that connects the center of the sample and a destination (walking or network distance). Meanwhile, BLy,, adopts
the same technique using a bird's flight (geodetic or Euclidean distance). PS,,;,, is the Ped-shed for the plot area; PLy;
denote the reachable developed plots along the street which link the center of the case study and the destination (walking
or network distance); and PLg,,, is the same method via bird flight (geodetic or Euclidean distance). While BLg;, and
PLgy, represent the radius that equals 400 meters, BLy,, and PLy,, denote the routes examined within 400 meters,
starting from the center of the sample towards the boundary based on the walking distance. Moudon et al. [66] referred
to the effects of neighborhood design on pedestrian movement; their study involved 12 sites within a one-half-mile
radius area, which is suitable for pedestrian travel, and covering an area of approximately 500 acres. The main finding
is that small blocks with continuous and connected sidewalks play a crucial role in promoting pedestrian travel [71].

Hess [25] used the same technique under the term, "walking shed", to measure the connectivity of streets and
pedestrian networks and their role in the activities and quality of life in six different neighborhoods. This measure was
applied by Commission (WAPC) [72] Commission (WAPC) [73] to examine liveable neighborhoods and prepare a
community design code. Jones [74] explored two neighborhoods (Ballajura and Shenton Park) in Western Australia by
applying Ped-shed, while Porta & Renne [75] employed Ped-shed (walkable catchment) to test two urban centers in the
Perth metropolitan area. The Ped-shed technique was also applied by Tal and Handy [39] to evaluate the walkability of
nine neighborhoods in the city of Davis, California, while Remali [34] adopted the same method to study three different
urban areas in the city center of Tripoli, Libya.

4.4. Effective Walking Area (EWA)

The Effective Walking Area (EWA) also considers the number of plots of developed land rather than the area. It
is a ratio of the number of parcels (plots) within a (one-quarter mile) walking distance of a known node to the total
number of parcels (plots) within a (one-quarter mile) radius of that node. Its values range between 0 and 1, where a
higher value implies that more plots are within walking distance of the pre-defined point, indicating a more connected
network [31, 39].
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EWA = et 9)
Ntotal
where EW A is the effective walking area, N, is the number of plots within a given distance (400 meters - walking
distance) from a node (center), and N,,.; is the total number of plots within a selected area (400 meters — radius) from
the same node (center).

The Effective Walking Area (EWA) was used by Dill [31] to measure network connectivity for bicycling and
walking in Portland, Oregon. Also, Tresidder [76] referred to EWA in studying different approaches to calculating
connectivity. Tal & Handy [39] identified non-motorized accessibility in their study concerning the connectivity of a
pedestrian network. In this research, the pedestrian route is computed by ArcMap 10.2.2 as the shortest distance between
the center of the sample and the external nodes alongside the boundary of the case study. These routes are addressed
within a 400-meter walking distance (network distance) starting from the center of the case study. All adjacent plots are
calculated, and some of the selected streets examined in PS and EWA also connect the center of the sample and the
outer area through external nodes (egress/ingress). After mapping the plots within a 400-meter walking distance
(network distance) from the center of each single sample, the values of both the Ped-shed and Effective Walking Area
are computed. The Ped-shed indicator is calculated according to two methods: the plot area and the built-up area. The
Effective Walking Area calculates the ratio of the number of plots covered by a 400-meter walking distance to the
number of plots reached within a 400-meter radius. In sample A (Figure 9), the Ped-shed is based on a plot area of 0.66,
while for the built-up area, it is about 0.69.

N
-
W
W A\?Lv}x
= Ll s
== 22 e,
% \ 3
,»/"-/
s %,
/\, I: (
%
\1‘ R .
i
|
Legend
B Parking
B Riverbank
Street network
— Routes of Ped-shed and Effective Walking Area
L] The boundary of case study A | Radius 400 meters
The remaining plots of the selected area - A (589 plots) [ Meters
== Plots of Ped-shed and Effective Walking Area - A (1164) 0 65 130 260

Figure 9. Ped-shed and Effective Walking Area of case study A

Furthermore, the total number of Ped-shed is 1164 from 1753 plots, representing the overall plots for sample A;
therefore, the Effective Walking Area ratio is 0.66. The plot number is a significant factor in determining the EWA
value; indeed, sample A represents an organic pattern, meaning the plot area is relatively small with an irregular layout.
Additionally, the interrelationship between the network and adjacent plots is more coherent, as the street width is narrow
and the metric distance between the plot and street is reduced. In sample B, the Ped-shed covers a plot area of about
0.57, while the value for the built-up area is 0.60. The number of plots comprises 1067 from a total of 1976; accordingly,
the EWA ratio is 0.54. The plot size in hybrid area B is varied and combines an organic layout with planned plots. The
oldest area (northeast) seems isolated, as it is enclosed by the riverbank and the newest street with high-rise buildings.
In this regard, the connectivity between this area and the remaining spaces of hybrid area B also seems weak, as only
two streets link the main street and the oldest part (as shown in Figure 10).
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Figure 10. Ped-shed and Effective Walking Area of case study B

5. Quantifying Urban Walkability | Comparison and Discussion
5.1. Grid Pattern Ratio

The GPR indicator can be a conditioned and relative factor that integrates other physical urban dimensions to
improve the level of connectivity, accessibility, and permeability of a street network. Nevertheless, the GPR is a
significant measure when testing an area and determining the extent to which it strongly or weakly embraces both griddy
streets and block patterns. As Figure 11 (Left) shows, the GPRueak Values of the two urban areas dominate, and Aweak
means that the number of blocks with four-way corners is limited in all areas. Furthermore, GPRsong Values are also
applied to the two cases, and B has the largest quantity of four-way corners. In some ways, limiting the number of 4-
way intersections minimizes the connectivity and permeability of a street and affects accessibility through the network;
this concern was noted for sample A.

175

150

GPR Values

= Statistical standards of PR

Total Black Area
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Pedestrian Route Factor PRF

—e—g-Statistical standards of PRF

cases: Case A Case B 0.00 :
No. of 4-way Int.: 7 16 Min Median Average Max
The total area of sample: 50265482 m*

Statistical Significances

Figure 11. Left: A chart illustrates the values for Astrong, Aweak, GPR strong, and GPRweak for the two selected samples. Open areas
are excluded (riverbank, green spaces, parking, squares, and undeveloped land). Right: The main differences among the four
samples A and B regarding the minimum, median, average, and maximum statistical standards.

5.2. Pedestrian Route Factor:

Theoretically, the shortest distance between any external nodes (egress/ingress points) and the center of the sample
indicates the radius of the case study, which in this case is equal to 400 meters. The zero values for organic areas in A
and B mean that the external point does not reach the center; otherwise, the minimum distance is 400 meters, (see Figure
11, Right).

In comparison, the two selected areas share the same minimum value, which corresponds to the samples' unified
radius (400 meters). The median value for sample A is 1.22, and for sample B is 1.29. Sample A has the lowest average
at around 1.07, while the average for B is 1.26, (see Figure 12, Left). Amongst the primary statistical standards of the
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two samples (minimum, median, average, and maximum), A has the lowest values for all PRF ratios. The hybrid area
of B tends to move analogically with A (Figure 12, Left). The PRF routes also differ significantly and are calculated
from the average value for the PRF when the standard deviation (SD) is applied. Accordingly, the SD trendline starts
with organic area A at 0.41 SD and then sharply decreases to 0.22 SD for B (Figure 12, Right)

Pedestrian Route Factor PRF
Standard Deviation of PRF

e epe
PRP ="r Number of Routes Caseh CaseB

Figure 12. Left: The values of the Pedestrian Route Factor (PRF) for areas A and B. This exhibits a significant disparity
among the four cases. Right: The standard deviation of the PRF as a significant value that explains the extent to which the
routes’ PRF for each sample differ from the average PRF value.

In addition, the organic area of sample A demonstrates less difference between its radius and the D, .., at 486.11
meters, as the disparity is only 86.11 meters. Accordingly, the routes in organic area A give a reasonable distance for
movement. Also, the selected area in B shows a slight variance between D,,.., at 514.21 meters and the 400-meter
radius at 114.21 meters (Figure 13).
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Figure 13. A chart displays the values of the mean distance for the two selected urban areas, besides the difference between
these values and the radius

5.3. Ped-shed and Effective Walking Area

The Ped-shed and Effective Walking Area are used to separately calculate each selected sample and determine the
results for the PSg,uit» PSpio: and EW A. Each case has unique values based on the total number of plots, plot areas, and
built-up areas. Table 2 displays the plot areas and built-up areas, as well as the Ped-shed area as a plot and built-up area;
the ratio between each category reflects this. Table 3 shows the number of plots classified by the total number, Ped-
shed, Non-ped-shed, and ratio. The data in Tables 2 and 3 enable a meaningful comparison by capturing the degree of
difference across the two selected urban areas within a 400-meter radius. Based on the net plot area (excluding open
lands such as parking, riverbank, park, and undeveloped regions), sample A has the largest amount at about 369494.07
m?, while B’s plot area (net) is 353382.56 m?.

Table 2. The plot areas, built-up area and Ped-shed as a plot and built-up area are followed by the ratio between each

category
Case Total plot Total built-up  Total open Net plot Total ped-shed Total ped-shed Ped-shed to the net plot
study ID area area area area plot area built-up area area of sample (plot area)
Case A 391615.93 392881.60 22121.59 369494.35 245681.02 227069.17 0.66
Case B 371732.40 263779.19 18549.85 353382.56 200673.00 159000.13 0.57
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Table 3. The number of plots which are classified by the total number, Ped-shed, Non-ped-shed, and ratio

Case study ID  Total number of plots

Total number of plots

Total number of plots

Ratio ped-shed number

(ped-shed) (non ped-shed) to total number
Case A 1753 1154 589 0.66
Case B 1976 1067 909 0.54

There is a slight disparity between the net plot areas of the samples. The result differs when considering the Ped-
shed indicator across the cases. The trendling, in this regard, starts with the highest area in sample A at about 245681.02
m?, while sample B has 200672.00 m?. The PSp,,, value is highest in organic area A at 0.66, whereas for sample B, it is
calculated at 0.57 (Figure 13, Left). A comparison between the built-up area for both plots and Ped-shed plots exhibits
a significant disparity among the selected samples. The total built-up area of the plots in organic area A is about
327532.21 m?, as most are entirely covered and the metric depth (setback) is relatively limited. Furthermore, the plot
size is small, which allows for a greater number of plots within a particular area (Figure 14, Right). Indeed, the metric
depth of most plots distinguishes the region. Similar to sample A, sample B consists of small plots, whether in its oldest
or more modern parts. Also, the metric depth value is zero for many plots; thus, the total built-up area is 263230.47 m?,
representing the second-largest amount (Figure 14, Right).
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Figure 14. Left: Significant values for the net plot areas, the Ped-shed plot areas, and the ratio between them. Right:
Significant values for the net plot built-up areas, the Ped-shed built-up areas, and the ratio between them for the four selected
samples in A and B.

In terms of the Ped-shed built-up area, the trendline across the two samples shows a more significant amount for
organic area A, with a built-up area of about 226211.77m?, while sample B’s built-up area is lower at 159000.13 m?,
The ratio of the Ped-shed to the selected sample (built-up area) illustrates a disparity among the two cases. The ratio for
sample A is close to 0.69, while for sample B it is 0.60. There is a significant difference between the number of plots
per sample for the Ped-shed and the total number of plots. The EWA value fluctuates across the samples, as A is the
second highest at 0.66, while B has 0.54. The total number of plots and Ped-shed plots also vary between the two
samples; sample B has a higher number of plots, at 1976, compared to its Ped-shed at 1067. In comparison, A has 1753
plots and 1164 Ped-shed plots (Figure 15, Left). From the comparisons between the built-up area, plot area and total
number of Ped-shed plots, sample A exhibits a higher number of attainable plots when tracking the routes that start from
the center to the 400-meter walking distance boundary. Although sample A has different street and plot patterns, the
former represents a more organic pattern with substantial diversity in plot size. At the same time, the latter includes a
more regular plot pattern and unified plot size (Figure 15, Right). In sample B, the reachable (built-up) plots decrease
compared with A, while a comparison of three values - PSg,i1¢, PSpior @nd EW A - reveals a slight difference between
these indicators.
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Figure 15. Left: The total number of plots and Ped-shed plots for the four selected urban areas in A and B, and the ratios
between them. Right: The value of PSy,iit, PSpio: and EW A for the two selected samples. The result shows a significant

difference among these cases.
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When comparing these findings with existing research, other studies noted a greater focus on traffic stream, safety,
and the behavioral patterns of pedestrians [77]. In contrast, this research focused on the fine characteristics of the street
pattern and its parameters and considered how these could differ between the historic street patterns and hybrid street
systems of the selected neighborhoods. Furthermore, most of the previous studies considered local and global street
patterns [78], while this study addressed the characteristics of street networks on both micro and macro scales.

5.4. Recommendations for the Field of Urban Design and Planning

Based on the results derived from this paper, which studied and developed an understanding of street network
characteristics in urban design, the following recommendations can be made:

e The creation of pedestrian-friendly environments that encourage walking and highlight the needs of pedestrians
should be prioritized. This includes creating more direct and convenient pedestrian routes, adopting regular block
sizes, and ensuring the presence of sidewalks, crosswalks, and other pedestrian infrastructure.

e More urban areas should be created that facilitate movement and connectivity within the city. This could be
achieved by creating intersecting streets, reducing block sizes, and increasing the number of public spaces and
amenities that are easily accessible by foot.

e The needs of all residents should be considered, including people with disabilities and those who may have
difficulty navigating the city. This means designing more direct and accessible pedestrian routes, providing ample
public transportation, and creating accessible public spaces and amenities.

o Data-driven approaches should be used to inform decision-making processes, including data on pedestrian traffic
patterns, public transportation use, and the effectiveness of different pedestrian infrastructure elements. These
could then be used to inform design decisions that prioritize the needs of residents and visitors.

e Active transportation should be encouraged, such as walking and cycling, to reduce traffic congestion and
promote healthy lifestyles. This could be achieved by creating more pedestrian- and bike-friendly infrastructures,
providing bike-sharing programs, and promoting the use of public transportation.

6. Conclusion

This paper analyzes the relationship between urban form and street parameters, which is a critical area of research
in urban planning and design. By studying two distinct neighborhoods and various street patterns, the paper provides
valuable insights into how different urban forms affect street parameters. The historic organic pattern observed in area
A is noteworthy, as this pattern is influenced by the community’s implied and inherent order, reflecting a bottom-up
approach to urban planning. As a result, the streets in sample A exhibit a high degree of variety in terms of shape and
length. This variation is important as it can impact the three selected street parameters: GPR, PRD/PRF, PS, and EWA.
Thus, sample A demonstrated more exceptional results among its selected street parameters, which highlights the
potential benefits of a more bottom-up approach to urban design and planning. By incorporating community input and
allowing for more spontaneous street patterns, urban planners and designers can create more diverse and adaptable urban
environments that better meet the needs of residents.

The study found that neighborhoods with spontaneous or hybrid patterns, such as areas A and B, had greater diversity
in their street networks; the level of network variety in organic area A and hybrid area B was found to be similar,
indicating their potential positive impact on street parameters. The orderliness of the plot and neighboring streets
emerged as a significant factor affecting other urban form ingredients, such as block size and street length. This
relationship highlights the importance of balancing order and diversity in urban design to achieve a sustainable, resilient,
and livable urban form. The study also found that areas A and B reflected the influence of a top-down approach on street
layout.

Examining the relationship between street structure components, links (streets) and nodes (intersections) in two
urban areas in Baghdad using three variables (GPR, PRD/PRF, and PS-EWA), has highlighted the importance of street
connectivity, accessibility, and permeability for urban planning and design. It was noted that the GPR indicator, a
conditioned and comparative parameter, could be usefully integrated with other urban indicators to improve street
network connectivity, accessibility, and permeability. The PRD/PRF indicator was significant in comparing the historic
organic pattern in A to other areas, such as the hybrid area in B. Increasing the quantity of the shortest trajectories
between peripheral points and the center of the selected sample indicated greater connectivity and accessibility for a
community. Thus, the study's findings offer insights for the design of resilient, livable, and sustainable urban
environments.

To further examine the street network, two additional parameters - Ped-shed and Effective Walking Area (EWA) -
were analyzed for each of the two urban areas. The Ped-shed indicator (plot or built-up) was found to have a significant
impact on the overall urban form. Street patterns and plot characteristics play a vital role in shaping the urban context,
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which can affect the level of connectivity, accessibility, and permeability between points. These factors are critical in
urban design and planning and can have a significant impact on urban dwellers’ quality of life. The study also suggests
that future research could explore other street network parameters and examine their relationship in terms of pedestrian
movement, urban activities, social interactions, and the characteristics of the street edge at the micro-scale of the
neighborhood. Such analysis could help urban planners and designers create more livable and sustainable urban
environments.

Further research could be undertaken in similar urban areas to verify this study's results and further develop the
methods and techniques employed. By replicating the study in different urban contexts, it is possible to test the
generalizability of the findings and identify any contextual factors that may impact the results. The study recommends
that urban designers prioritize the creation of pedestrian-friendly environments, enable more connected urban areas,
consider the needs of all residents, use data-driven approaches to inform their decision-making process, and encourage
active transportation to promote healthy lifestyles and reduce traffic congestion.

6.1. Research Limitations
This study is limited in the following areas:
e Using the selected parameters to evaluate street patterns may not be applicable or relevant to all urban contexts.

e While the arithmetic methods used in conjunction with GIS can provide gquantitative data, they may not fully
capture the qualitative aspects of accessibility, walkability, and safety, which can be more difficult to measure.

e The evaluation process may overlook other important factors that can impact the efficiency of street patterns,
such as cultural norms, social behaviors, and environmental conditions.

e Other parameters that could be used to study street networks and thus influence the findings include connectivity
and centrality measures, such as the degree of intersection, betweenness centrality, and closeness centrality. Block
size and shape, land uses, and building types can also impact the walkability, access, and visual coherence of
streets.

e The research’s findings may not be generalizable to other cities or regions with different urban contexts, as the
study focused solely on the City of Baghdad, Irag.
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