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ABSTRACT  

 The equilibrium analysis of trip assignment, the contemporary approach, requires 

individual level origin-destination (O-D) trip surveys that are cost intensive and time 

consuming. On the other hand, the axial analysis of space syntax, an alternative approach, 

is less cost intensive and more time efficient, but it does not estimate vehicular travel 

demands with accuracy for a grid-type road layout. This dissertation research integrates 

both approaches and proposes a new vehicular travel demand model: unit segment 

analysis. Using the road layouts of a small residential neighborhood and then a typical 

North American urban settlement, this research shows that unit segment analysis 

estimates vehicular travel demands with higher accuracy than both equilibrium analysis 

and axial analysis for the city of Lubbock, where the road layout is gridded. The findings 

of this research suggest that along with travel times of O-D routes, flow characteristics of 

routes also influence the trip makers’ decision of route choice and consequently impact 

vehicular travel demands of settlement roads. This study discusses several other factors, 

such as the land-use influence and edge effect that affect an area's traffic flow, and it 

delineates a methodology to address these parameters into the proposed unit segment 

analysis. This research contributes to the planning field by developing a robust planning 

tool that will guide planners in justifying their planning decisions with data-based 

evidence in designing transportation policies for infrastructure developments of urban 

settlements, including the development of evacuation plans for emergencies.  
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CHAPTER 1 
INTRODUCTION 

 

 One of the critical concerns of the equilibrium method of trip assignment, the 

contemporary approach, is that this approach requires origin-destination (O-D) trip-

distribution data, and typically, they are surveyed at an individual level. Moreover, these 

surveys are required on a regular basis to capture the changes in trip generation due to 

new developments and renewals of traffic analysis zones. These surveys are cost 

intensive and time consuming, and the data obtained from these surveys can only be used 

for developing short-term transportation strategies (Reddy et al. 1998; Penn et al. 1998).  

 Furthermore, vehicular travel demand modeling using O-D trip data becomes more 

difficult at the time of an emergency. This is because during an emergency, time itself 

becomes a critical concern for the transportation planners to develop and evaluate 

evacuation plans, and then, it does not seem to be realistic to perform time-consuming O-

D trip surveys of the affected zones but rather to accept historical traffic data for the 

purpose.  

 This concern with determining evacuation demands was also pointed out in the final 

report to the Governor of Texas in 2006. The report emphasized that “Hurricane Rita 

highlighted tremendous challenges associated with evacuating major American cities, as 

well as strengths and weaknesses in state, local, and private evacuation plans.” One of the 

critical tasks assigned in the report was to “make recommendations on how to improve 

evacuation plans and evacuation execution to better protect Texans in the event of future 

emergencies.”1  

1. Research needs  

 The fundamental need of this research is to develop an alternative approach to 

estimate vehicular travel demands without using cost-intensive O-D trip data. As 

                                                           

1 This information has been obtained from “The final report to the Governor,” Governor’s task force on 
evacuation, transportation, and logistics, Reader may also refer to Appendix G of Texas Executive Order — 
RP57, Austin, TX: 2006; accessed from 
http://www.fhwa.dot.gov/reports/hurricanevacuation/appendixg.htm on 12/12/2008.   
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mentioned before, individual level O-D trip data are the primary input of the 

contemporary approaches to travel demand modeling, and they are difficult to obtain. 

Second, it is also necessary to create a time-efficient analysis process of traffic estimation 

in order to provide ample time to the transportation planners for the identification of 

evacuation links during emergency warnings and, consequently, for the development of 

related action plans of traffic management well in advance to provide greater safety to 

evacuees in the event of future emergencies. These concerns emphasize the need for an 

alternative travel demand model that would make quick responses by simulating 

vehicular movement networks without using O-D trip data. This development in traffic 

forecasting is expected to guide the planners in justifying their planning decisions with 

data-based evidence and, consequently, managing allocated funds for infrastructure 

developments including development of evacuation policies with greater efficiency.  

 This research shows that vehicular traffic estimation can be made without using O-D 

trip data. The theory of space syntax (Hillier and Hanson 1984) has been used to develop 

this alternative vehicular travel demand model, and because the proposed model does not 

require O-D trip data, this approach to traffic estimation is significantly less cost 

intensive and more time efficient.  

 Since the 1980s, space syntax researchers have intended to develop an alternative 

model that would capture the trends of vehicular travel demands only by analyzing 

accessibility measures of settlement roads (Hillier et al. 1993; Turner 2007; Penn et al. 

1998). They typically considered straight road segments or axial lines as units of space 

syntax analysis to measure their accessibility through the concept of integration. With 

some exceptions, they found that the integration results of these axial lines were 

positively correlated to their corresponding traffic volumes (Penn et al. 1998; Hillier et al. 

1987; Caria et al. 2003; Dawson 2003; Eisenberg 2005; Karimi et al. 2003; Peponis et al. 

1989; Hillier 1999; Mora 2003; Choi et al. 2005). Using the regression equations of these 

traffic correlations, they suggested estimating traffic volumes of settlement roads.  

 The problem of the space syntax approach, however, is that axial analysis becomes 

less deterministic in estimating travel demands when the road network becomes more like 

a grid (Hillier et al. 1993; Ratti 2004), and consequently, in any North American city, 
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where the road layout is typically gridded, traffic estimation through axial analysis also 

seems to be less appropriate.  

2. Research problem  

 This research first investigates why the axial analysis of a grid-type network becomes 

less deterministic for vehicular traffic estimation. The study reveals a number of 

inconsistencies with axial analysis, and perhaps with the space syntax theory as a whole, 

when specifically applied for vehicular traffic estimation. The study, however, suggests 

that space syntax could be a more effective approach when the real world variables of 

traffic estimation, such as network character, trip-makers’ understanding of route choice, 

the influence of land use in trip generation, etc., are considered while estimating travel 

demands of settlement roads through their accessibility measures.2  

 The concept of axial lines in space syntax is grounded in the understanding that trip-

makers intend to reduce the number of turns while selecting their routes but not the travel 

time as typically understood in the theory of trip assignment. In this context, Penn (2001, 

11.1) identifies that:3    

[u]sing simulation agents with vision confirms that axial movement patterns follow 
from a simple random movement rule combined with a forward facing visual field.  

Assuming that trip-makers’ notion of movement, in general, is “the average number of 

changes of direction encountered on routes, not to specific destinations, but to all possible 

destinations” (Penn 2003, 31), the only possible representation of a specified road layout 

is the minimal set of lines that pass through the connecting roads within that layout; each 

line here is an axial line. Space syntax, in this context, advises which of these lines are 

                                                           

2 In order to determine accessibility measures of continuous roadways, space syntax breaks this continuity 
into units with some common characteristics. These units are the unit spaces. However, among all unit 
spaces, axial lines are predominantly considered for travel demand modeling (Penn et al. 1998; Hillier et al. 
1987; Caria et al. 2003; Dawson 2003; Eisenberg 2005; Karimi et al. 2003; Peponis et al. 1989; Hillier 
1999; Mora 2003; Choi et al. 2005). Turner has further extended the concept of axial line in his angular 
segment analysis (2001) and new angular segment analysis (2006).  
 
3 This quote has been obtained from “Space syntax and spatial cognition: Or, why the axial line?” 
published in the 3rd International Space Syntax Symposium, Atlanta in 2001. Later, this article was 
republished in Environment and Behavior, 35:11, 30-65, Sage, 2003 with some modifications. 
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more likely than other lines to receive trips based on their integrations or accessibility 

measures.  

 From the theory of trip assignment point of view, where travel time is the critical 

consideration of trip-makers’ route choice, the concept of axial line as explained by Penn 

(2003) only seems to be reasonable if we accept the idea that trip-makers’ travel speed 

always remains unchanged (as in pedestrian movement). Theoretically, when the travel 

speed of a route remains unchanged, it is the travel distance that is proportionally related 

to the route’s free-flow travel time. Furthermore, if we also consider that our notion of 

distance is not metric but is “comprised by visual, geometric, and topological properties 

of networks” (Hillier and Iida 2005, 476), then any straight segment within a continuous 

roadway itself becomes a unit but not its metric length. In this situation, the number of 

crossed units becomes the key factor in understanding the notion of trip-makers’ route 

choice, and the average number of unit spaces that trip-makers need to cross from one 

unit to all other units of a given layout is the accessibility measure of the former unit.  

 However, from the vehicular trip-making point of view, this notion of route choice 

seems to be unrealistic because travel speed cannot be considered equal for all roadways 

of a given layout. Apart from traffic congestion, vehicular travel speed changes because 

of local traffic rules (for example, posted speed limits, stop or yield signs, etc.) and road 

conditions. It does not seem reasonable to accept the notion that vehicular trip-makers 

will always choose to cross the least number of unit spaces even if they will require a 

higher travel time than an alternative route that requires a lower travel time. In other 

words, since the free-flow travel speeds of roadways are not usually equal in real 

situations, it is quite possible that trip-makers will tend to select routes that not only 

closely connect their destinations but also offer to flow with higher travel speeds in order 

to reduce overall travel times. Therefore, it seems to be more rational, from the theory of 

trip-assignment point of view, that while developing unit spaces of space syntax analysis 

for vehicular traffic estimation, the flow and mobility characteristics of road segments 

should be considered (instead of straightness of a road segment or its axiality and 

angularity) to understand the trip-makers’ decision of route choice.  

 Second, this research also argues that accessibility of road segments within a given 

layout cannot be understood with a unified form of unit space (axial line, convex space, 
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or any unified form of units). The reason behind this is the layout itself. In a branch-type 

road layout, there is only one route between any pair of unit spaces (Figueiredo & 

Amorim 2005), whereas a grid-type layout offers route choices. These two distinct 

philosophies of trip-making, embedded in a network typology, cannot be addressed in an 

accessibility analysis through a unified form of unit space.  

 Third, as identified in many previous space syntax studies, the influence of land use 

in generating trips cannot be disregarded for vehicular traffic estimation of settlement 

roads (Barros et al. 2007; Perdikogianni et al. 2005; Darjosanjoto 2005; Hillier et al. 

1993). That is, along with the configuration-generated trips, the total traffic volume of a 

road segment (or a unit space) is also influenced by its land-use-generated trips. 

However, the exceptions are that a road segment may not receive any configuration-

generated trips when it has one decision point in its entire length. A decision point is a 

road intersection through which trips enter into or exit from the segment. All trips that 

enter into and exit from the segment are the land-use-generated trips. Similarly, a road 

segment with no property access, but with two road intersections, will only receive the 

configuration-generation trips.  

 A thorough investigation of axial analysis reveals that, in order to estimate vehicular 

travel demands of settlement roads for any type of network (branch-type and/or grid-

type), a more effective approach needs to be developed to define the unit spaces of space 

syntax analysis.  

3. Research scope  

 In space syntax, the accessibility measure of a unit space (or road segment) is defined 

as the average number of units that one needs to cross to reach all other units or 

destinations of a given road network irrespective of network typology.4 This notion of 

accessibility appears to be acceptable when trip-makers do not encounter the problem of 

route choice. For example, in a branch-type road network, where there is no route choice, 

the accessibility measure of each unit of the network is unique. On the other hand, 

                                                           

4 In space syntax, the concept of accessibility is understood through the concept of mean depth (Hillier et 
al. 1984); the concept of mean depth has been further discussed in the literature review chapter of this 
dissertation research.  
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because a grid-type network offers route choices, the accessibility measures of its units 

are not unique. Space syntax, in this context, typically considers the least mean depth as 

the units’ accessibility (Hillier et al. 1984), assuming that trip-makers always intend to 

move following the “forward facing fields,” or axial lines (Penn 2003).  

 This research suggests that when vehicular trip-makers encounter the problem of 

route choices, they intend to select a route that is less time consuming, as suggested in 

equilibrium analysis, to reach their destinations (Fricker and Whitford 2004) instead of 

the routes within their forward facing fields. This research proposition seems to point out 

that, although axial analysis and equilibrium analysis are two different approaches of 

vehicular traffic estimation, they are complementary to one another, and an integrated 

approach is expected to estimate vehicular travel demands with greater accuracy.  

4. Research method 

 In order to integrate both approaches on a common ground, this research suggests 

understanding the concept of O-D trips through the notion of unit spaces. Assuming that 

unit spaces are the trip origins and/or destinations (as well as the channels of movements) 

and that trip-makers intend to select the routes that are less time consuming, this research 

redefines the accessibility measure of settlement roads and hypothesizes that space syntax 

estimates vehicular travel demands with greater accuracy than axial analysis.  This 

research hypothesis has been tested by comparing the accuracies of the traffic estimates 

obtained from the proposed analysis with the same of axial and equilibrium analyses.  

 The proposed analysis considers two sets of unit spaces to address two distinct 

philosophies of trip-making in two different networks. That is, unlike a branch-type 

network, a grid-type network offers route choices, and in such cases, the notion of travel 

time is considered to develop the units. These new sets of unit spaces are the unit 

segments in this research. Using the road layouts of a small residential neighborhood and 

then the entire city of Lubbock, Texas, this research performs both axial and unit segment 

analyses and compares their individual accuracies of vehicular traffic estimation through 
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their traffic correlation results. Traffic correlations have also been compared with the 

estimates of the equilibrium analysis.5  

5. Research findings 

 Statistical results of two studies suggest that unit segment analysis is a better 

approach to modeling vehicular traffic demands than axial and equilibrium analyses. For 

the case of Lubbock, the unit segment analysis has produced a significant higher traffic 

correlation (r2 = 0.63) than the axial and equilibrium analyses (r2 = 0.18 and 0.05, 

respectively). These results also confirm that the flow and mobility characteristics of 

settlement roads have an effect on the trip-makers’ decision of route choice and, 

consequently, influence the demands of these roads. In addition to these critical findings, 

the studies indicate that the unit segment integration pattern of a road layout does not 

change radically due to its boundary consideration; thus, it seems that the edge effect6 in 

unit segment analysis is somewhat reduced. The studies also suggest that land-use 

typology and use-density influence travel demands of settlement roads and that they need 

to be considered in unit segment analysis for more accurate vehicular traffic estimation.  

6. Chapter organizations  

 Chapter 2 reviews two existing approaches to modeling vehicular travel demands, 

equilibrium analysis and axial analysis, and then critically analyzes their pros and cons. 

The review indicates that the free-flow travel times of O-D routes and their trip-

distribution data (or land-use influences) are the two primary considerations of 

equilibrium analysis; however, this approach of trip assignment does not consider 

accessibility measures of settlement roads. On the other hand, an axial analysis purely 

deals with roadway accessibility for traffic estimation. This chapter concludes by 

                                                           

5 The estimates of the equilibrium analysis of Lubbock have been obtained from the Lubbock Planning 
Metropolitan Organization, and they are included in Appendix K.  
 
6 With the change of a layout boundary, the accessibility measures (or integrations) of its units also change. 
In reality, because any road layout is continuous in nature, the accessibility measures of its units are also 
unbroken or perhaps indeterminate. In other words, while computing accessibility measures of the units of a 
given system, it is not possible to consider the influence of all other units that fall outside of the system 
boundary. The influence of the external units on the accessibility measures of the system-units is known as 
edge effect (Penn et al. 1998; Ratti 2004).  
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suggesting that both approaches are complementary to each other and that they need to be 

integrated to develop a comprehensive approach to modeling vehicular movement 

networks.   

 Chapter 3 formulates the research question and discusses how two existing 

approaches can be integrated by developing an understanding of trip-makers’ philosophy 

of route choice in relation to settlement spaces that generate and carry movements. 

Assuming that unit spaces are the trip origins and/or destinations and that they have an 

equivalent (or unit) ability to generate trips, this chapter develops a theoretical foundation 

to explain how the notion of network topology, as understood in space syntax, can also be 

perceived through the cost travel time when route choice arises, and then how this time 

cost can be interpreted through the units’ travel speeds, assuming that trip-makers notion 

of distance is unit but not metric (Hillier et al. 2005). This chapter then proposes the 

concept of unit segments, a new definition of unit spaces in space syntax when applied 

for vehicular traffic estimation, and hypothesizes that accessibility measures 

(integrations) of unit segments are the better predictors of vehicular traffic than that of 

axial lines.  

 Using a grid-type road layout of a small residential neighborhood, Chapter 4 performs 

a pilot study and shows that the unit segment analysis of the neighborhood produces 

higher traffic correlation than the axial analysis. The findings also suggest that the 

accuracy of the traffic estimates improves when the unit segments representing the 

residential streets of the neighborhood are further distinguished by their flow 

characteristics.  

 Chapter 5 is a larger case study carried out with Lubbock, a typical North American 

grid-type city in West Texas. The chapter begins by performing the axial and unit 

segment analyses of the road layout of the city and then determines their accuracies of 

vehicular traffic estimation.  

 Chapter 6 performs a comprehensive evaluation of the statistical results of the pilot 

study and the case study and summarizes the findings. The findings reaffirm that unit 

segment analysis is a better approach to modeling vehicular travel demands than axial 

analysis and equilibrium analysis, and because unit segment analysis does not require 

origin-destination trip data, this approach is less costly and more time efficient. The 
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findings, however, point out that (1) land use also influences travel demands of 

settlement roads and that (2) unit segment analysis is not totally free from edge effect.  

 Chapter 7 discusses the future developments of this research. Using trip-generation 

rates of various land uses, this chapter develops a methodology to introduce the land-use 

parameter into the unit segment analysis and proposes the concept of trip integration in 

the theory of space syntax. Trip integration distinguishes unit segments based on how 

close each unit is accessible from all other units that have a high ability of trip generation. 

Using a hypothetical road layout, this chapter discusses the critical differences between 

the traditional notion of integration and the proposed concept of trip integration and 

shows that a less integrated unit segment might draw more vehicles due to the unit’s 

close connections to the land uses of other segments that have high trip-generation 

abilities. This chapter concludes by discussing a methodology to solve the problem of 

edge effect in unit segment analysis using this land-use parameter.  

 Chapter 8 summarizes this dissertation research by answering the questions discussed 

in Chapter 3 and points out the applications of unit segment analysis as an evidence-

based approach to modeling vehicular travel demands for infrastructure developments of 

settlement roads including the development of evacuation policies during emergencies 

with greater efficiency.  
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CHAPTER 2 
LITERATURE REVIEW 

 

 This chapter reviews two existing theories of travel demand modeling with an 

objective of recognizing the key parameters of the trip-makers’ understanding of route 

choice in general. These two theories are explained in two sections. Section 1 reviews the 

trip assignment theory and then delineates its two contemporary approaches to vehicular 

traffic estimation — (1) all-or-nothing analysis and (2) equilibrium analysis. While 

analyzing the pros and cons of these approaches, this section recognizes that the concept 

of route competency is the critical consideration of traffic estimation and that it is 

typically determined by analyzing two key parameters: free-flow travel time and origin-

destination (O-D) trip data. However, the survey process of obtaining these O-D trip data 

is very cost intensive and time consuming. The review suggests that this concept of route 

competency (in terms of receiving traffic) can also be understood through the notion of 

route accessibility. The benefit here is that the computation of route accessibility is 

significantly less cost intensive than determining route competency using surveyed O-D 

trip data (Penn et al. 1998). The theory of space syntax, in this context, can be considered 

to understand the notion of route accessibility.  

 Section 2 begins by describing the theory of space syntax and its applications in travel 

demand modeling using axial analysis. In axial analysis, the route accessibility is 

understood through the concept of integration assuming that the trip-makers’ notion of 

movement is the average number of changes of direction encountered on routes, not to 

specific destinations but to all possible destinations (Penn 2003). A thorough review of 

axial analysis reveals that, although the space syntax approach is less cost intensive and 

more time efficient, this approach is not very effective for vehicular traffic estimation, 

particularly to analyze grid-type road networks (Hillier et al. 1993; Ratti 2004; Peponis et 

al. 1997; Kabut et al. 2005; Dawson et al. 2003). This is because grid-type networks offer 

route choices, and in this context, the axial line approach of traffic estimation does not 

seem to be very effective in capturing the trip-makers’ understanding of route choice. The 

review also suggests that the parameter of free-flow travel time, as recognized in the 
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theory of trip assignment, is the key consideration of the trip-makers’ decision on route 

choice, and thus, while measuring accessibility of settlement roads, this time cost needs 

to be considered for more accurate results. Therefore, it appears that two existing theories 

of travel demand modeling are complementary to each other and that they need to be 

integrated in order to develop a comprehensive approach to modeling vehicular 

movement networks. The following sections elaborate this research proposition by 

analyzing the pros and cons of these two theories.   

 



Texas Tech University, Abhijit Paul, August 2009 

 
 

12 

SECTION 1 

TRIP ASSIGNMENT BASICS  

 Trip assignment is the contemporary theory of travel demand modeling, and it 

determines traffic volumes of settlement roads by analyzing the trip-makers’ general 

understanding of route choice between an origin and a destination. Origins and 

destinations are the traffic analysis zones, and using their trip-generation rates,7 it is 

calculated how many trips will move from an origin to a destination. These trips are 

known as origin-destination (O-D) trips.8 However, in practice, surveyed O-D trip data 

are used for more accurate results. These O-D trip data can further be distinguished by 

analyzing the use of different modes of transportation, such as privately-operated 

vehicles,9 busses, rail transit, etc. Finally, the travel times of each route that connects the 

origin and the destination (O-D route) are compared to determine which route will carry 

how many trips (trip assignment) using a specified mode of transportation (Fricker et al. 

2004, 229). Two contemporary methods of determining trip assignments are: (1) all-or-

nothing analysis and (2) equilibrium analysis.  

1. All-or-nothing analysis  

 When two or more routes are available between an origin and a destination, the all-or-

nothing (AON) approach assigns all O-D trips to a route that requires the least free-flow 

travel time among all other alternatives (Fricker et al. 2004). The free-flow travel time 

(t0) of a route is the ratio of its metric length (L) and its free-flow travel speed (S).10  

 t0  = 
S
L

 or ∑∆
∆

S
L   ……………………………….... (2.1)  

                                                           

7 The number of hourly or daily generated trips (produced and attracted) in a traffic analysis zone is the trip-
generation rate of that zone (HCM 2000, 8-3).  
 
8 Before 1920, the Gravity Model was used to determine O-D trip distributions (or O-D trips) using trip-
generation data and origin-destination travel distance. Later, Pallin modified the Gravity Model by 
introducing the notion of travel time in the place of travel distance (Fricker et al. 2004, 207).   
 
9 In the United States, 78.2% of urban commuting trips are made by privately operated vehicles (Fricker et 
al. 2004, 217).  
 
10 Free-flow speed is the theoretical speed of traffic (in mph) when density is zero (HCM 2000, 5-6).   
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1.1 Limitation of AON analysis   

 In an AON analysis, the delay caused by traffic congestion is not considered to 

determine the travel times of O-D routes. Therefore, the use of this approach is restricted 

to those routes where the total travel times (t)11 rarely compete with each other due to 

traffic congestion. These are the transit routes, interstate highways, etc. (ITE 1992, 115-

7). However, the AON analysis becomes less appropriate for traffic estimation when the 

travel times of O-D routes, typically found in settlement road networks, compete closely 

with each other due to congestion delay.  

2. Equilibrium analysis    

 In an equilibrium analysis, the delay due to traffic congestion is additionally 

considered along with the free-flow travel times of O-D routes to determine their total 

travel times (Fricker et al. 2005).12 The traffic congestion of an O-D route is its volume to 

capacity ratio (V/c), and its effect is expressed through the concept of level of service.   

2.1 Level of service  

 In the Highway Capacity Manual (2000), the volume to capacity ratio is considered to 

express the level of service (LOS) of an O-D route. LOS is a qualitative measure of 

traffic congestion, and it is categorized in six groups from A to F. LOS-A is considered 

an excellent travel condition, in which vehicles can move with almost free-flow speeds 

(V/c ranges from 0.00 to 0.60). The LOS of a route reduces as its flow speed decreases 

due to traffic congestion. LOS-C is considered the practical capacity, in which 

maneuvering is observed to be restricted (HCM 2000). LOS-E is the absolute capacity, in 

which traffic volume is found close to the route capacity (V/c ranges from 0.91 to 1.00). 

LOS-F is considered to be the failure condition, in which traffic volume exceeds the 

capacity of a route. Therefore, in order to determine the congestion delay of an O-D 

                                                           

11 Total travel time (t) is the summation of free-flow travel time and congestion delay (Fricker et al. 2004). 
 
12 Congestion delay is considered the dynamic component of travel time as it changes throughout a day due 
to variation of traffic volumes.  
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route, it is an important consideration to determine the route condition under which the 

route will operate.13  

2.2 Congestion delay   

 The congestion delay (tc) of an O-D route is the proportional delay of its free-flow 

travel time due to congestion14 (ITE 1992, 115-7), and it can be calculated using equation 

2.2.  

 tc  = t0 . (V/c)    ……………………………….... (2.2) 

 In reality, the total travel time of an O-D route increases slowly at low congestion and 

abruptly when its flow approaches the capacity (Fricker et al. 2004). That is, congestion 

delay is a non-linear function of the congestion itself. Equation 2.3 is used to express this 

real situation.  

 t'c  = t0 



















b

c
Va    ……………………………….... (2.3) 

Where  

 t'c  = congestion delay in a real situation, and    

 a and b are the parameters15  

 The travel time (t) of a route is the summation of its free-flow travel time (t0) and 

congestion delay (t'c), and it is calculated using equation 2.4. Equation 2.4 is also known 

as the link performance function (LPF) of an O-D route (Fricker et al. 2004).  

 t   = t0 

















+

b

C
Va1   ……………………………….... (2.4) 

                                                           

13 LOS-C is considered the practical travel condition, and its volume to capacity ratio is determined from its 
maximum capacity (or LOS-E, the maximum V/c is 1.00). Usually, the designed capacity under LOS-C is 
considered equivalent to 75% of that of LOS-E (Fricker et al. 2004).  
 
14 Traffic congestion is typically quantified through the volume to capacity ratio of an O-D route.  
 
15 Although the Bureau of Public Roads (1964) suggests considering a = 0.15 and b = 4.00, transportation 
planners also use other results (Fricker et al. 2004, 229).  
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2.3 Route choice  

 Traffic congestion is considered a dynamic parameter of the link performance 

function of a route because it varies with its actual traffic volume (V). Even though LOS-

C is considered to be the operative condition of O-D routes, in reality, a route may not 

always operate with LOS-C throughout a day. Now, when LOS reduces, the alternative 

routes become more attractive, and then the question of route choice arises. In this 

situation, an equilibrium is established with the total O-D trips that are distributed among 

all alternative routes. This equilibrium is known as user equilibrium (Fricker et al. 2004, 

232).  

2.3.1 User equilibrium 

 User equilibrium occurs when the changing of routes does not change the travel time 

(Fricker et al. 2004, 233), and it can be best explained with an example.16 In Figure 2.1, 

three routes (A, B, and C) connect an origin to a destination. Table 2.1 describes their 

free-flow travel times.  

 
Figure 2.1: User equilibrium.  

Table 2.1: Free-flow travel times of O-D routes.  

Routes  t0 (assumed)  

A 8.8 minutes  

B 7.0 minutes 

C 5.8 minutes  

 

                                                           

16 This example has been taken from Fricker et al. 2004, 233.  
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 In Table 2.1, route C has the least free-flow travel time (5.8 minutes); therefore, it is 

expected that trip-makers will tend to choose route C first, assuming that there is no 

congestion. When the travel time of route C exceeds 7.0 minutes due to congestion, route 

B will tend to become more attractive to the trip-makers. Similarly, when the travel times 

of routes B and C exceed 8.8 minutes, they both will be considered as time consuming as 

route A. An equilibrium is then obtained for the three routes by optimizing their traffic 

flows.  

2.3.2 Optimization of traffic flow  

 In the composition of the three routes shown in Figure 2.1, it is also assumed that a 

total of 3,800 veh./hr. move from the origin to the destination, and Table 2.2 describes the 

link performance functions of the routes. A stepwise methodology has been explained 

next to determine the equilibrium of these routes using their link performance functions.  

Table 2.2: Link performance functions of O-D routes.  

No. Routes LPF17 

1 A tA = 8.8 + 0.4VA 

2 B tB = 7.0 + 0.8VB 

3 C tC = 5.8 + 1.7VC 

 

Step 1: Route A has the highest free-flow travel time among all three routes (8.8 

minutes). Therefore, route A will only be used by the additional trip-makers when 

the travel times of routes B and C exceed 8.8 minutes. These additional trips can 

be determined by adding the traffic flows of routes B and C at t = 8.8 minutes.  

  When,    tB  = 7.0 + 0.8VB = 8.8  
      VB  = 2.250 veh./hr. (in thousands) or 2,250 veh./hr.  
   
  and    tC  = 5.8 + 1.7VC = 8.8  
      VC = 1.765 in thousand or 1,765 veh./hr.  

  Therefore, at t = 8.8 minutes, routes B and C will carry VB + VC = 4,015 veh./hr.   
                                                           

17 Vehicle flow rates (V) are in thousands.  
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  Since, this flow is higher than the total traffic flow (3,800 veh./hr.), all trips will 

be consumed by routes B and C before their travel times reach 8.8 minutes. As a 

result, route A will receive no trips.  

Step 2: Between routes B and C, route B has higher free-flow travel time (7.0 minutes) 

than route C. Therefore, route B will only be used by the additional trip-makers 

when the travel time of route C reaches 7.0 minutes. Again, these additional trips 

can be determined by calculating the traffic flow of route C at t = 7.0 minutes.  

  When,    tC  = 5.8 + 1.7VC = 7.0  
        VC  = 0.706 veh./hr. (in thousands) or 706 veh./hr. 

  In this case, the traffic flow of route C is less than the total flow (3,800 veh./hr.), 

and thus, route B will become competitive when the traffic flow of route C 

reaches 706 veh./hr., and some additional trips will tend to move to route B.  

Step 3: Optimization of travel demand under user equilibrium  

  In steps 1 and 2, it has been identified that, for a 3,800 veh./hr. flow rate, the 

travel time will not go above 8.8 minutes or below 7.0 minutes, and additional 

trips of route C will only tend to move to route B to seek equilibrium.  

  Therefore,  

(1) Routes B and C will carry the total traffic; that is, VB + VC = 3.8 veh./hr. (in 
thousands), and  

(2) tB = tC (under equilibrium)  

  Using LPFs of routes B and C,  
  7.0 + 0.8VB = 5.8 + 1.7 VC   Since, tB = tC  
  7.0 + 0.8VB = 5.8 + 1.7(3.8 – VB)   Since, VB + VC = 3.80  

  Therefore, the optimized flows for routes B and C are  
  VB = 2,104 veh./hr., and   
  VC  = 1,696 veh./hr.   

  And, the user equilibrium is:  
  tB = tC = 8.68 minutes     (7.0 < tB or tC < 8.8)  

Table 2.3 summarizes the demands of all three routes.  
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Table 2.3: Travel demands18 of O-D routes.  

No. Routes Travel demands 

 
1 A 0 veh/hr.  
2 B 2,160 veh/hr.  
3 C 1,696 veh/hr.  

      
 

2.4 Analysis — key parameters of route choice  

 The example shown in Figure 2.1 emphasizes two key parameters of vehicular traffic 

estimation: (1) the O-D trip data and (2) the free-flow travel time. While determining the 

travel demands of routes B and C, it was found that together they could maintain a traffic 

flow of 4,015 veh./hr. before reaching their individual travel time to the free-flow travel 

time of route A. Since, the total traffic flow was less than 4,015 veh./hr., route A was 

found redundant. Now, if the total traffic flow were considered higher than 4,015 

veh./hr., the additional trip-makers would have considered route A. This analysis 

suggests that trip distribution (or O-D trip data) is one of the primary considerations, and 

it influences the trip-makers’ decision of route choice by changing the congestion level 

and, consequently, affects travel demands of O-D routes.  

 Second, for a fixed number of O-D trips (3,800 veh./hr.), all routes compete with each 

other based on their free-flow travel times. This is because an alternative route only 

becomes competent when its own free-flow travel time (t0) becomes equal to the travel 

time (t) of one that primarily has a lower free-flow travel time. In Figure 2.1, the free-

flow travel time of route B is higher than that of route C, and route B only becomes 

competent when the total travel time of route C becomes equal to the free-flow travel 

time of route B (7.0 minutes). Therefore, the parameter of free-flow travel time is also a 

key consideration that decides how competent an O-D route is compared to the others.  

                                                           

18 Along with route capacity, tolls and other factors also influence travel demands of O-D routes (Fricker et 
al. 2004).  
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2.5 Case study  

 Using the equilibrium approach, the transportation department of the city of Lubbock, 

Texas has estimated the travel demands of the city roads.19 Although the accuracy of 

these estimates is reported very high, this research has found low traffic correlations 

between the estimates and the recent traffic counts.20 Table 2.4 reports the correlation 

results.21 

Table.2.4: Traffic correlations of equilibrium analysis.   

 Road typology  r r2 samples p value  

All roads 0.23 0.05 182 0.0016 

Freeways 0.44 0.20 29 0.0158 

Arteries 0.13 0.02 112 0.1703 

Collectors 30-35 mph 0.78 0.60 23 < 0.0001 

Locals 0.04 0.00 18 0.8844 

 

                                                           

19 The details of the estimates can be found in the “Executive Summary (2004), Lubbock.” This traffic 
forecasting was a cooperative process between the Lubbock Metropolitan Planning Organization (LMPO) 
and Transportation Planning & Programming Division (TPP-T) of Texas Department of Transportation; 
accessed from http://mpo.ci.lubbock.tx.us/pdf/pub/executiveSummary.pdf on 09/17/2008. Additionally, the 
segment-wise estimates have been obtained from the Lubbock Metropolitan Planning Organization, and 
they are included in Appendix K.  
 
20 The traffic counts can be found in the website of the City Traffic Engineering Office: 
http://traffic.ci.lubbock.tx.us/TrafficData/signalCounts.aspx; accessed on 09/17/2008.  
 
21 The details of the correlation studies are included in Appendix L.  
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3. Criticism of the equilibrium analysis 

 This research criticizes the equilibrium approach to vehicular travel demand modeling 

from the following standpoints.  

3.1 Cost-intensive surveys  

 The primary input of an equilibrium analysis is the origin-destination (O-D) trip data, 

and they are typically surveyed.22 Furthermore, these surveys are required to be 

performed on a regular basis to determine the changes in the O-D trips due to new 

developments and renewals. These surveys are not only cost intensive and time 

consuming, but they can only be used for the development of short-term transportation 

strategies (Reddy et al. 1998; Penn et al. 1998).  

3.2 Congestion and route choice  

 Link performance functions (LPFs), as used for travel demand optimization, only 

reflect travel costs of O-D routes (in terms of travel times) with a specified congestion 

level (or LOS-C), whereas, theoretically, congestion is the result of trip-makers’ route 

choice. Penn et al. (1998, 59) also identified that the “knowledge of congestion of the 

route options ahead of the driver is assumed so that drivers make a rational choice of 

route.” Therefore, the relationship between congestion and route choice appears to be 

somewhat interdependent, and quantification of this congestion through the link 

performance functions of O-D routes is only an empirical representation of specific real 

traffic conditions that, theoretically, seems to be a probabilistic approach to traffic 

forecasting.  

 This research finds that, although congestion influences travel demands of O-D 

routes, it is the free-flow travel time that trip-makers consider first in choosing their 

routes. Congestion is a localized event, and from the trip-assignment point of view, trip-

makers intend to select alternative routes only when they learn that the shortest route (in 

terms of free-flow travel time) is congested, and thus, any previous knowledge of 

                                                           

22 An alternative approach to these O-D trip surveys is Pallin’s trip-distribution approach (Fricker et al. 
2004, 207).  
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congestion influences the trip-makers’ decision of route choice (Penn et al. 1998, HCM 

2000).  

3.3 Layout influence in route competency     

 In transportation planning, the concept of closeness between an origin and a 

destination is understood through the metric length (L) and the free-flow speed (S) of an 

O-D route. The shorter the length, the closer is the destination. Similarly, the higher the 

speed, also the closer is the destination. But from the trip-making point of view, the 

notion of metric travel distance (or O-D route length), in reality, seems to be unrealistic, 

“not perhaps because we do not seek to minimize travel distance, but because our notions 

of distance are compromised by the visual, geometrical, and topological properties of 

networks” (Hillier et al. 2005, 476).  

 Trip-makers’ notion of distance is visual because they decide to select a route by 

understanding the on-site conditions, such as traffic rules, congestion, car following 

speed, etc. Second, this notion of distance is also geometrical because trip-makers also 

choose the direction of movement (or trip direction) to reach their destinations. Finally, 

the topological property of a layout helps trip-makers to understand which route 

connections need to be considered for travel and which ones to be rejected.  

 Furthermore, this research emphasizes that trip-makers’ notion of mobility cannot be 

understood by a specific measure of speed limit or posted speed limit (AASHTO 2004). 

It is rather the hierarchy of roads that helps them to understand which roads have greater 

mobility characteristics than others. Therefore, the notion of closeness between an origin 

and a destination needs to be understood by analyzing how the routes are embedded in 

the layout by addressing their visual, geometrical, and topological properties and their 

mobility characteristics instead of their metric lengths and travel speeds.  

3.4 Traffic analysis zones (TAZ)  

 In the theory of trip assignment, traffic analysis zones are the trip origins and/or 

destinations, and usually, the boundary of an analysis zone is set to coincide with the 

edges of census tracts (Fricker et al. 2004, 199). However, there is no underlying 

reasoning that could be explained to define the boundaries of these zones. Figure 2.2 



Texas Tech University, Abhijit Paul, August 2009 

 
 

22 

describes the scenario of boundary definition and explains how this zonal boundary can 

influence travel demands of settlement roads. 

 
Figure 2.2: Traffic analysis zone boundaries.   

 In Figure 2.2a, an analysis zone is shown as one land-use zone subdivided by internal 

residential streets, whereas Figure 2.2c describes a zone that comprises four such land-

use zones. It is also possible to consider each land-use as a zone (Figure 2.2d). This 

methodology of defining zones suggests that the larger the area considered to classify 

zones, the lesser the number of route connections are obtained. In this condition, it 

appears that the boundary of each zone is set with an understanding of to what extent the 

modeler intends to detail out the routes that connect the zones. This research point out 

that travel demand modeling using user-specified zones may not always provide accurate 

estimates with consistency.  

4. Discussion  

 While evaluating the appropriateness of the contemporary approaches to travel 

demand modeling, this section has identified that it is the understanding of route 

competency that helps to capture the traffic flows of O-D routes. Route competency is 

determined using two key parameters: O-D trip data and free-flow travel times of routes. 
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Now, because the collection of O-D trip data is cost intensive and time consuming, this 

research intends to develop an alternative approach that does not require these trip data. 

In this context, this section has highlighted that route competency needs to be understood 

by analyzing the network topology to understand the notion of trip makers’ route choice 

that, in reality, is comprised by the visual, geometrical, and topological properties of 

networks (Hillier et al. 2005).  

 An alternative to this trip assignment theory is space syntax. Space syntax performs 

spatial analysis to determine route accessibility by analyzing how the routes are 

embedded in a network topology. This research suggests that this notion of route 

accessibility can also be understood in terms of route competency for vehicular traffic 

estimation. The benefit is that the computation of route competency using accessibility 

measures of roads segments is significantly less cost intensive than determining the same 

using O-D trip data. The next section describes space syntax and evaluates its strengths 

and weaknesses for vehicular traffic estimation.  
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SECTION 2  

SPACE SYNTAX 

 The concept of accessibility measure, commonly known as space syntax, was first 

developed at the University College of London in the 1980s with an objective to 

understand the complexity of spatial arrangement in urban morphology (Hillier 1999) and 

its effect in urban life (Hillier et al. 1984; Hillier 1999). Along with other applications, 

space syntax has been found to be an alternative approach to transportation demand 

modeling, and this approach is significantly less cost intensive and more time efficient.  

 In several studies, it has been found that the accessibility measures of settlement 

roads (typically integration results) are positively correlated to their traffic volumes 

(Hillier 1998; Penn et al. 1998; Caria et al. 2003; Karimi et al. 2003; Eisenberg 2005). 

However, there are cases where these correlations are not very satisfactory (Peponis et al. 

1997; Kabut et al. 2005; Dawson et al. 2003).  

 This research suggests that space syntax can be considered an efficient alternative 

approach to vehicular travel demand modeling, but it needs to be more comprehensive to 

be considered for practical use. This section explains space syntax, and using the axial 

line method, it then shows how travel demands can be estimated through the accessibility 

measures of settlement roads. This section concludes by critically analyzing the pros and 

cons of axial analysis when applied for vehicular traffic estimation.  

1. Space syntax basics  

 In space syntax, the concept of accessibility is grounded in an understanding of 

quantifying and analyzing topological connections of a set of units depicting space 

arrangement in the built-environment. These units are the unit spaces, and using the 

graph theory, space syntax first quantifies how one unit is topologically connected to 

other units within a specified environment or “system.” Road layout of a settlement, 

neighborhood, or even a building interior with an operational boundary can be considered 

a system. Having established the topological connections of unit spaces, a set of 
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algorithm is then used to analyze how closely each unit is accessible23 from all other units 

of the system. This measure of accessibility is predominantly understood through the 

concept of “integration” (Hillier et al. 1984). An integrated unit is closely accessible from 

all other units in the system, whereas one that is not is termed a segregated unit. The 

following discussion elaborates the methodology of defining unit spaces and the 

computation of their accessibility measures or integrations.  

1.1 Unit spaces  

 Different researchers have introduced different types of unit spaces in space syntax. 

Convex space, axial line (Hillier et al. 1984), unit grid, segmented line, angular and new 

angular segmented line (Turner 2001-07), and continuity line (Figueiredo et al. 2005) are 

some examples of these units. Among all these unit types, axial line has been 

predominantly considered to measure accessibility of settlement roads for traffic 

estimation (Hillier et al. 1984; Hillier 1998; Penn et al. 1998; Caria et al. 2003; Karimi et 

al. 2003; Eisenberg 2005; Peponis et al. 1997; Kabut et al. 2005; Dawson et al. 2003).  

1.2 Axial line  

 An axial line (Hillier et al. 1984) is defined as the straight road segment through 

which trip makers find their extent of visibility, and thus, the only requirement to draw 

these lines is the road layout (Figure 2.3).   

 
Figure 2.3: Development of axial lines.  

                                                           

23 The accessibility of a space can be understood as to how that space is approachable from other connected 
spaces. For example, in order to access the director’s chamber of a company one needs to pass through 
his/her secretary’s chamber. In this case, the secretary’s chamber has greater accessibility than the director’s 
chamber. 
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 Figure 2.3a is a hypothetical road layout, in which building blocks are shown in solid 

boxes. This layout develops seven axial lines (or unit spaces), and together they comprise 

the axial map (Figure 2.3b) describing how they are topologically connected to one 

another. Using this network topology, space syntax determines accessibility measures of 

unit spaces.  

1.3 Accessibility of unit spaces: integration  

Space syntax typically describes the topological connections of unit spaces through 

the notion of depth analysis using the graph theory (Figure 2.4).  

 

 
Figure 2.4: Justified graphs. The graphs are drawn from roads 1, 2, 3, and 7. 

 Figure 2.4 describes the justified graphs of four axial lines, distinguishing their 

network topology from one another. For example, line 1 (the base line in Figure 2.4a) has 

the direct connections to five other lines (lines 2 to 6) and an indirect connection to line 7 

(via line 2). In space syntax, the direct connections of unit spaces are known as 

“connectivity” (Hillier et al. 1984) or connections at depth 1, and the strength of this 

connection is loosened (in terms of accessibility) as the units become distantly located 

from the base unit in the graph. All justified graphs in Figure 2.4 show that more lines are 

connected to line 1 at lower depths, and thus, line 1 is more closely accessible than other 
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lines in the system. In space syntax, this notion of accessibility is quantified through the 

concept of “mean depth” (Hillier et al. 1984).  

1.3.1 Mean depth  

 The mean depth of a unit space is the number of unit(s) that one, on average, needs to 

cross from one unit to reach all other units in a system (Hillier et al. 1984). In a justified 

graph, the value of a specific depth denotes the number of units one needs to cross to 

reach all units of that depth. For example, in Figure 2.4d, one needs to cross one line to 

reach line 2 because line 2 belongs to depth 1. Similarly, one needs to cross three lines to 

reach each of the lines (lines 3 to 6) at depth 3. Using this process of quantification of 

unit connections, space syntax determines how one unit space, on average, is connected 

to all other units using equation 2.5.    

 D = 
1

d.n
−

∑
k

   ……………………………….... (2.5)   

Where,  

 D = mean depth  

 d = depth (1, 2, 3, …….. etc.)  

 n  = number of unit spaces at a specific depth  

 k  = total number of unit spaces.  

 Moreover, along with the mean depth parameter, the composition and size (k value) 

of a system also influence accessibility measures of unit spaces.  

1.3.2 System composition: relative asymmetry 

 The previous discussion has pointed out that the locations of certain unit spaces make 

them more closely accessible than others. The lower the value of the mean depth of a 

unit, the more closely accessible the unit is. Hence, the measure of mean depth is relative 

in terms of how the unit is located in the system, and because of this relative measure, the 

mean depth of a unit space of a specified system cannot be compared with the others in 

that system unless they all are measured using a common scale. In space syntax, this 

scale is known as “scale of symmetricity” (Hillier et al. 1984). This is because, when 

keeping the number of unit spaces fixed (in a layout), the mean depth of any axial line 
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reduces when the layout itself tends to become more like a symmetric layout, and vice 

versa.  

 Space syntax defines the scale of symmetricity with the lowest and highest values of 

mean depths, and the relative location of a mean depth (of a unit space) within these 

limits represents how symmetrically the unit is connected to all other units of the system. 

The lower limit of the scale of symmetricity is the lowest mean depth of a unit space (or 

axial line) regardless of its system definition. Theoretically, the mean depth of a unit 

space becomes lowest when it provides a direct connection to all other units of the system 

(Figure 2.5). In this case, one needs to cross only one unit to reach any other unit.  

 
Figure 2.5: Lowest mean depth. 

 Figure 2.5a describes a system of k number of axial lines, and here, line 1 is directly 

connected to all other lines. In this layout, one, starting from line 1, only needs to cross 

one unit to reach any other unit. Therefore, the lowest value of mean depth is 1, and this 

lowest value can also be derived using equation 2.5.  

 D (lowest) = 
1

)1(1
−
−

k
k  = 1  

 Similarly, the upper limit of the scale is the highest mean depth of a unit space, and 

theoretically, the mean depth of a unit becomes highest when one needs to travel the 

longest topological distant to reach the destination (Figure 2.6).  

 
Figure 2.6: Highest mean depth. 
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 Figure 2.6a describes a system of k number of axial lines, in which all units are 

serially connected to each other. This composition develops the longest topological 

distance between the first and last units. In this situation, a trip maker, starting from line 

1, needs to cross all lines to reach line k (the last one). Using equation 2.5, the highest 

value of mean depth is determined k/2.   

 D (highest) = 
1

)1)(1(....................)1(3)1(2)1(1
−

−++++
k

k  = 
2
k

 

 The above analyses show that the mean depth of any unit space in any system cannot 

be smaller than 1 and larger than k/2, where k is the total number of unit spaces of the 

system. Using these two limits, the scale of symmetricity is defined (Figure 2.7).  

 
Figure 2.7: Scale of symmetricity. 

 The scale of symmetricity determines the relative measure of a mean depth (D), and it 

is the increment (in mean depths) from the lowest measure with respect to the range of 

the scale. When the actual mean depth of a unit is D, the increment is D – 1, and the 

range is (k/2) – 1. In space syntax, the relative measure of a mean depth is termed 

“relative asymmetry” or RA, and it is calculated using equation 2.6.   

 RA  = 
1)2/(

1
−

−
k
D  = 

2
)1(2

−
−

k
D  ………………………….... (2.6)   

 The relative asymmetry of a unit space describes the influence of system composition 

(symmetric or asymmetric) on the accessibility measures of its unit spaces quantifying 

how symmetrically each unit is connected to other units within the range of symmetricity 

that the composition could provide.  
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1.3.3 System size: real relative asymmetry   

 Along with the system composition, the size of a system (or k value) also influences 

accessibility measures of the unit spaces. That is, relative asymmetries (of unit spaces) of 

two different systems cannot be compared on the same scale unless both systems are 

made of an equal number of units regardless of their individual system compositions. 

Therefore, in order to develop a generalized formula of determining accessibility, it is 

also important to consider the system size (or k value). This measure of accessibility, in 

space syntax, is known as “real relative asymmetry” or RRA. The real relative 

asymmetry of a unit space is the ratio between its relative asymmetry and a factor 

(commonly known as Dk factor) that distinguishes the systems based on their sizes (or k 

values).  

 One way to determine this factor is to assume that, when the size of a system 

increases, the justified graph of each unit space tends to become more like a diamond 

shape (or ring shape). This phenomenon is measured by Dk value of a specified system, 

and it is calculated by equation 2.7 (Hillier et al. 1984).  

 Dk   =  
)2)(1(

]1}1)3/)2(({log[2 2

−−
+−+

kk
kk  ……………….... (2.7)   

 Therefore,  

 RRA   = 
kD

RA    ……………………………….... (2.8) 

1.4 Integration 

 The previous discussions have shown that a lower value of mean depth makes a unit 

space more closely accessible from all other units, whereas a higher value makes the unit 

distantly accessible. This notion of mean depth becomes more comprehensive when two 

spatial parameters, system composition and system size, are considered and described 

through the notion of real relative asymmetry or RRA.  

 The integration of a unit space is its reciprocal of RRA, and it describes how closely 

(or distantly) the unit is topologically accessible from all other units within a given 

system addressing its symmetricity and size. The map that distinguishes unit spaces based 
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on their integrations is the integration map. Figure 2.8 shows an example of integration 

map, and Table 2.5 tabulates the accessibility results.  

 
Figure 2.8: Axial analysis. (a) Mean depth map; (b) integration map.24  

Table 2.5: Space syntax analysis results.  
   (1)    (2)   (3) 

Line #  Connectivity   Mean depth   Integration  

1   5   1.16667  5.094740 
2   2   1.66667  1.273680 

3   1   2.00000  0.849123  

4   1   2.00000  0.849123   

5   1   2.00000  0.849123 

6   1   2.00000  0.849123  

7   1   2.50000  0.566082 
 

 Figure 2.8 describes the mean depth and integration maps, respectively, of the axial 

map shown in Figure 2.3b. The numerical results of connectivity, mean depth, and 

integration of each line are given in Table 2.1. Using Depthmap,25 a computer program of 

space syntax analysis, this research has also performed the axial analysis of the road 

layout of Lubbock (Texas) to determine integrations of its road segments (Figure 2.9). 

Here, the axial lines are the road segments of the city.  

                                                           

24 Mean depth and integration values reduce as the color of the lines changes from red to blue. 
 
25 Usually, computer programs are used to perform space syntax analysis, and Depthmap (Turner 2006) is 
well accepted in the space syntax community.   
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Figure 2.9: Axial analysis of Lubbock, Texas. (a) Axial map; (b) axial integration map. 
Integration of the lines reduces as their color changes from red to blue; accessibility 
reduces as their color changes from red to blue.  
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1.5 Global and local integrations  

 In the previous discussions, integrations of unit spaces (or axial lines) have been 

determined with an understanding as to how closely or distantly each unit is accessible 

from all other units of a system. This integration analysis is known as the global 

integration analysis. However, an integration analysis can also be restricted at a lower 

depth of connectivity to determine the accessibility of the units at a local or neighboring 

level (Hillier et al. 1984). For example, in an integration radius-3 analysis, only the units 

that are three depths away are considered in order to determine local integrations 

describing how each unit is accessible from all other units that fall within the restricted 

radius boundary (radius 3 in this case). Similarly, in the integration radius-2 analysis, 

space syntax will only take into account line connections that are two depths away from 

the base unit.  

2. Applications26  

2.1 Use of axial analysis in transportation demand modeling  

 Typically, space syntax determines accessibility measures of road segments through 

the concept of integration. The higher the value of integration of an axial line (road 

segment), the greater is its accessibility from all other segments. In reality, it has also 

been found that the integration results of road segments are positively correlated to their 

actual traffic volumes (Penn et al. 1998; Hillier et al. 1987; Caria et al. 2003; Dawson 

2003; Eisenberg 2005; Karimi et al. 2003; Peponis et al.1989; Hillier 1999; Mora 2003; 

Choi et al. 2005). These correlation results suggest that space syntax has the ability to 

capture traffic demands of settlement roads through their accessibility measures or 

integrations. In this case, the higher the traffic correlation (r), the greater is the predictive 

accuracy of the traffic estimates. Furthermore, it has also been found that the measure of 

global integration is predominantly positively correlated to the vehicular traffic, whereas 

the measure of local integration has the higher predictive accuracy for the pedestrian 

traffic. Table 2.6 reports some of these traffic correlation studies.  

                                                           

26 The application of space syntax is vast. However, this research only considers its relevance in vehicular 
travel demand modeling.   



Texas Tech University, Abhijit Paul, August 2009 

 
 

34 

Table 2.6: Correlation studies between integrations and traffic volumes.  

No.  Source   Study area    r-squared  Remarks 

1.   Hillier 1998  Baltic House area   0.773  (Pedestrian) 

2.   Penn et al. 1998  Bransbury, South Bank,  0.68  (Pedestrian,   
     Calthorpe Street, and South    with car  
     Kensington of London    parking)  

3.   Hillier 1998   Above areas but without  0.84  (Pedestrian)  
     car parking  

4.   Hillier et al. 1987 Golders Green (sub-urban) 0.645  (Pedestrian)  

5.   Hillier et al. 1987 Bransbury    0.641  (Pedestrian)  

6.   Caria et al. 2003 Avenidas Novas   0.608  (Pedestrian)  

7.   Hillier et al. 1987  St. Peter’s St., London  0.563  (Pedestrian) 

8.   Hillier 1998   Santiago    0.54  (Pedestrian) 

9.  Hillier et al. 1987 Islington    0.536   (Pedestrian)  

10.  Eisenberg 2005  Waterfront, Hamburg   0.523  (Pedestrian)  

11.  Peponis et al. 1997  Six Greek towns    0.49   (Pedestrian)  

12.  Karimi et al. 2003  City Isfahan    0.607  (Vehicular)  

13.  Dawson 2003  Arviat communities, Canada 0.551  (Vehicular)  

14.  Peponis et al. 1997  Downtown, Atlanta   0.336   (Vehicular)  

15.  Peponis et al. 1997  Buckhead, Atlanta   0.292  (Vehicular)  

16.  Paul 200927   City of Lubbock, Texas  0.18  (Vehicular)  

17.  Paul 200928  Tech Terrace neighborhood 0.026   (Vehicular)  
     Lubbock, Texas 

 

                                                           

27 Axial analyses of the road layouts of Tech Terrace and the city of Lubbock and their traffic correlation 
studies have been described in Chapters 4 and 5, respectively. 
 
28 Ibid.   
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3. Criticisms of space syntax: research scopes  

 Table 2.6 reports that the integration results of axial analyses are better correlated to 

the pedestrian traffic than the vehicular ones. The probable grounds of this irregularity 

are discussed next.  

3.1 The concept of axial line  

 Theoretically, the concept of an axial line is grounded in the understanding that trip-

makers intend to reduce the number of turns to reach their destinations but not the travel 

time as understood in the trip assignment theory. In this context, Penn (2001, 11.1) has 

pointed out:  

[r]ecent research using simulation agents with vision confirms that axial movement 
patterns follow from a simple random movement rule combined with a forward facing 
visual field.  

Assuming that the trip-makers’ notion of movement is the average number of changes of 

the direction encountered on routes, not to specific destinations, but to all possible 

destinations (Penn 2001), the only possible representation of a specified road layout 

ought to be the minimal set of lines that pass through the connecting roads within that 

layout. Each line here is an axial line.  

  From the trip assignment point of view, in which travel time is the critical 

consideration of trip-makers’ route choice (Fricker et al. 2004), the notion of axial line, as 

explained by Penn (2001), only seems to be reasonable if we accept the idea that trip-

makers’ travel speed always remains unchanged. Theoretically, when the travel speed 

remains unchanged (as in pedestrian movements), it is only the travel distance that is 

proportionally related to the free-flow travel time (refer to equation 2.1). Furthermore, if 

we also consider that our notion of distance is not metric but is comprised of visual, 

geometric, and topological properties of the networks (Hillier et al. 2005), then a road 

segment itself becomes a unit,29 not its metric length. Therefore, the number of unit 

spaces to be crossed is the key consideration here to understand the trip-makers’ notion of 

                                                           

29 This unit (or axial line) has been further modified by the notion of changes in direction (Turner 2001). In 
this case, a unit space starts and ends at the points where it changes its directions.  
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route choice, and the average number of such units to be crossed from one unit to reach 

all other units is the accessibility measure of the former unit.  

 However, from the vehicular trip-making point of view, this notion of route choice 

seems to be unrealistic because vehicular travel speed cannot be considered equal in 

settlement roads. Apart from traffic congestion, vehicular travel speed changes mainly 

because of local traffic rules, such as posted speed limits, stop and yield signs, etc. In this 

situation, it does not seem to be reasonable to accept the idea that vehicular trip-makers 

will always choose to cross the least number of unit spaces even if they will require 

higher travel time than an alternative route that is not made of as few a number of road 

segments. Because the travel speeds of all road segments are not equal, it is quite possible 

that trip-makers may select a topologically longer route with higher travel speed to 

reduce their overall travel times.  

 This research argues that the use of axial analysis for pedestrian and vehicular travel 

demand modeling cannot be viewed from the same perspective, and it suggests that the 

flow and mobility characteristics of road segments should be considered (in terms of time 

cost) the critical parameters of space syntax analysis for vehicular traffic estimation.  

3.2 Effect of network character  

 Axial integration results become “less deterministic” in determining movement when 

the network becomes more like a grid (Hillier et al. 1993, 30-2; Ratti 2004). 

Consequently, the correlation results between integrations and traffic volumes, in such 

cases, are expected to be low. Figure 2.10 explains the scenario.  

 
Figure 2.10: Deterministic and probabilistic approaches.  

 Figure 2.10a describes a pure branch-type road layout, in which there is only one 

route between an origin and a destination regardless of the route length and network 

geometry. In this situation, the question of route choice does not arise (Figueiredo et al. 
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2005); trip-makers follow the only route that the network provides to reach their 

destinations. Hence, it is deterministic.  

 On the other hand, Figure 2.10b and 2.10c describe the networks that are not purely 

branch-type; they have a loop or circuit30 inside. Any loop inside a network creates route 

choices, and in this situation, trip-makers need to consider some other parameters (such 

as travel time, congestion, physical condition of roads, number of turns, etc.) in order to 

decide which particular route they would consider for travel. Hence, it is probabilistic.  

 The above analysis reveals a critical dilemma of space syntax analysis, and this is the 

assumption that the above two philosophies of trip-making, deterministic and 

probabilistic, are the same, and thus, the accessibility of settlement roads can be 

determined using a unified form of unit space (axial line, convex space, etc.). This 

research points out that accessibility of road segments within a given layout cannot be 

understood using a unified form of unit space. The reason behind this is the layout itself. 

In a branch-type road layout, there is only one route between any pair of unit spaces 

(Figueiredo et al. 2005), whereas a grid-type layout offers route choices. These two 

distinct philosophies of trip-making, caused by network typology, cannot be addressed in 

space syntax analysis using a unified form of unit space.  

3.3 Land use, configuration, and movement relationship    

 Using the notions of trip attraction and configuration, Hillier et al. (1993, 31-2) 

introduced the concept of “natural movement” in the space syntax theory. They 

emphasized that, in addition to land-use-generated movement, there is natural movement: 

a type of movement that is generated by the configuration itself. Typically, configuration 

is the integration map of a road layout that advises which road segment is more integrated 

than others. In other words, it is implied in the concept of natural movement that the trip-

makers always tend to select the integrated segments that are identified by the 

configuration. Hillier et al., in this context, considered natural movement the primary 

generator of movement; however, they clarified that natural movement in a grid is the 

                                                           

30 In a circuit network, all edges (road segments) are connected to other edges at their two ends to complete 
a loop or circuit irrespective of the network shape and geometry (Hagget et al. 1969).  
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proportion of urban pedestrian movement determined by the grid configuration itself 

(Hillier et al. 1993, 32) but not the total movement of the grid.  

This research criticizes the argument of natural movement and clarifies that configuration 

cannot be considered the primary generator of movement. From the trip-generation point 

of view, land use is the primary generator of movement, and it influences the total 

movement of a road segment in two ways. First, the land-use-generated trips directly 

contribute to the total trips of the segment, and then they influence other connected 

segments. Syntactically, the closer the connection, the greater is the influence of the 

latter. However, with only the assumption that each road segment (or unit space) has 

equal or unit ability of generating trips, it can be said that the variations in the total trips 

of these segments are due to their accessibility measures. Theoretically, it does not seem 

to be reasonable to relate movement with the pure accessibility measures of road 

segments because all segments neither have equal trip-generation ability nor the 

configuration-generated trips can be separated from the total number of trips of the 

segments (in order to capture movements through their accessibility measures).  

3.4 Dilemma of through-movement  

 In the theory of trip assignment, movement is considered origin to destination (O-D) 

movement, whereas in space syntax, it is through-movement (Hillier et al. 1993). 

However, there is no clear definition of this through-movement in space syntax. Some 

researchers have considered this through-movement equivalent to the total number trips 

(vehicles or pedestrians) that pass through a specific point of a road segment; some 

counted the encounter rate while traveling with a uniform speed (Hillier et al. 1993).  

 This research suggests that the through-movements are the trips that neither start from 

nor end at a road segment. These trips pass through the segment only to access other 

connected segments (Figure 2.11). Moreover, through-movements can be segmented or 

complete. A segmented-through does not travel the entire length of a unit (Figure 2.11a), 

whereas a complete-through travels the entire unit (Figure 2.11b). 
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Figure 2.11: Through-movements. (a) Segmented-through; (b) complete-through.  

 Contrarily, all movements that start from or end at a unit space are the land-use-

generated movements. Therefore, a unit space that is connected to other segments only at 

one point cannot receive any through-movements. This is because trips that enter into or 

exit from such segments are the land-use-generated movements. Similarly, all movements 

of a unit space that is connected to other units (at least two units) but has no direct 

property (land use) access ought to be the through-movements. In the traditional 

approach of space syntax analysis, this separation of movements has not been considered 

for traffic estimation.  

3.5. Edge effect: influence of system consideration   

 In an integration map (or configuration), the peripheral unit spaces of a system are 

predominantly found to be segregated units (Hillier 1999; Penn et al. 1998; Peponis et al. 

1997; Ratti 2004). Now, if the boundary of the system is extended, these units usually 

become less segregated (or more integrated), but some other units that are now near the 

periphery or edges of the extended system become segregated. Therefore, the measure of 

integration depends on the system consideration, and the effect of the system 

consideration on the accessibility measures of unit spaces is known as “edge effect.” 

Because of this edge effect, traffic estimation (pedestrian or vehicular) using the concept 

of accessibility measures (or integrations) of road segments does not seem to be accurate. 
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However, space syntax researchers have recommended some techniques to solve the 

problem of edge effect. Penn et al. (1998, 61), in this context, have suggested that:  

[o]ne way of overcoming these edge effects involves calculating the mean depth of all 
nodes within some fixed radius of each node in turn.  

In a restricted radius analysis (local integrations), the edge effect of the units located 

outside of the radius becomes nil. Although this process of elimination of edge effect has 

been found effective in estimating pedestrian movements (Penn et al. 1998), it still cannot 

be generalized for vehicular traffic estimation. This is because vehicular movements are 

usually generated for longer trips, and they can be generated not only outside of a 

restricted radius but also outside of the entire system.  

4. Discussion  

This chapter has reviewed two approaches of vehicular travel demand modeling: (1) 

equilibrium analysis of the contemporary approach trip assignment theory and (2) axial 

analysis of space syntax. While analyzing the pros and cons of these approaches, this 

research has identified that the equilibrium approach is cost intensive and time 

consuming because this approach requires individual level O-D trip data. However, this 

approach considers travel time — a critical parameter that addresses the trip-makers’ 

notion of route choice. On the other hand, the axial line approach, an alternative, is 

significantly less cost intensive and time efficient. The problem of this approach is that it 

estimates movements using pure accessibility measures of settlement roads without (1) 

distinguishing the effect of network characters on the units’ accessibility measures, (2) 

addressing the vehicular trip-makers’ notion of route choice as understood in the trip 

assignment theory, and (3) considering other real world variables (local traffic rules, land 

use, etc.) that influence vehicular movements. The review of this chapter has suggested 

that both approaches are complementary to each other and need to be integrated to 

develop a comprehensive model for vehicular traffic estimation. The next chapter designs 

this research and describes how both approaches can be integrated.  
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CHAPTER 3 
RESEARCH DESIGN 

 

 The previous chapter has explained two approaches to travel demand modeling, 

equilibrium analysis and axial analysis, and has discussed their individual pros and cons. 

In brief, the surveyed O-D trip data are the primary input of equilibrium analysis, but 

these O-D trip surveys are cost intensive and time consuming. On the other hand, axial 

analysis is less cost intensive and more time efficient, but the estimates obtained from 

this analysis do not seem to be very accurate when applied to analyze a grid-type road 

layout. While examining the probable grounds of this poor traffic estimation, this 

research has identified a number of inconsistencies of axial analysis.  

 A thorough review of equilibrium analysis has suggested that the free-flow travel 

time of an O-D route is the primary consideration of the trip-makers’ decision of route 

choice; it is neither the traffic congestion (Penn et al. 1998) nor the straightness of road 

segments or “axiality.” The review has also identified that accessibility of road segments 

within a given layout cannot be measured with a unified form of unit space (for example, 

axial line). The reason behind this is the layout itself. This is because there is only one 

route between any pair of unit spaces (Figueiredo et al. 2005) in a branch-type road 

layout, whereas a grid-type layout provides route choices. These two philosophies of trip-

making cannot be addressed in a space syntax analysis without distinguishing unit spaces 

for two different networks.  

 This research suggests that the space syntax approach needs to be more 

comprehensive for more accurate traffic estimation. While doing so, this research 

emphasizes that the networks need to be distinguished following two distinct 

philosophies of trip making and that, when route choice arises, the notion of travel time 

needs to be considered in defining the unit spaces.  

 This chapter designs this research in two sections. Section 1 frames the research 

question with an objective of identifying a common ground that can be used to integrate 

these two theories. Then this section builds up a theoretical discussion in order to explain 

how this common ground can be used to introduce the notion of travel time into the space 
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syntax approach to vehicular travel demand modeling. This theoretical foundation 

grounds the hypothesis of this dissertation research. Section 2 formulates the 

methodology that has been used to test the research hypothesis.  



Texas Tech University, Abhijit Paul, August 2009 

 
 

43 

SECTION 1  

1. Research question   

 Can we develop a comprehensive vehicular travel demand model by integrating the 

theory of trip assignment with space syntax without using cost-intensive O-D trip data? 

The following set of subsidiary questions have been developed in order to explain how 

both approaches can be integrated on a common ground and, consequently, to answer the 

research question.  

(1) In the theory of trip assignment, trips are considered origin-destination (O-D) 

trips. These trips generate from a traffic analysis zone (origin) and end at another 

zone (destination). On the other hand, in space syntax, traffic estimations are 

made through the accessibility measures (typically integrations) of road segments 

or unit spaces. In order to integrate these two distinct approaches to travel demand 

modeling, we ask the fundamental question of this research: Can the notion of 

origin-destination trips be understood using the notion of unit spaces of space 

syntax analysis? If yes, how?  

(2) In the trip assignment theory, route competency is analyzed by comparing travel 

times of O-D routes. How can this notion of route competency be related to the 

accessibility measures of unit spaces of a space syntax analysis?  

(3) The previous chapter has discussed that the network character itself defines route 

choices embedded in a network topology. The space syntax approach of travel 

demand modeling does not distinguish this network character and, therefore, does 

not address the trip-makers’ understanding of route choice that is originated from 

the network topology itself. This research seeks to answer how the trip-makers’ 

notion of route choice can be recognized by analyzing the network topology, and 

then how this notion of route choice impacts the accessibility measures of road 

segments.  

(4) When network topology influences the accessibility measures of road segments, 

can the notion of travel time be considered to quantify this influence in 
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determining accessibility measures of road segments? If yes, how is this notion of 

travel time related to the unit travel distance (or unit space), as identified by 

Hillier and Iida in 2005, and to the mobility characteristic of road segments as 

usually perceived by the trip makers in a real situation?  

(5) In the theory of trip assignment, the land-use-generated trips are considered 

though the origin-destination (O-D) trip data. Although the objective of this 

research is to avoid these O-D trip data, the influence of land use on traffic flow 

cannot be disregarded (refer to Chapter 2 for an explanation). Is there an 

alternative way to consider this land-use influence in the space syntax approach of 

travel demand modeling that does not consider O-D trip data? If yes, how?  

(6) In space syntax, the definition of a system boundary is a critical concern for 

traffic estimation. Due to the change of a system boundary, the integration results 

of the unit spaces change. The influence of boundary consideration on the 

integration results of unit spaces is known as edge effect. How can the edge effect 

be solved with the proposed approach of space syntax analysis?  

2. Research scope  

 At this stage of development, this research only concentrates on showing that 

vehicular travel demands can be estimated without using O-D trip data, and this can be 

done by answering question 1 to 4. However, as mentioned before, land use is also a 

critical parameter that influences traffic flows of settlement roads, and while answering 

questions 5 and 6, this research developed an algorithm to introduce the land-use 

parameter into the proposed model of vehicular traffic estimation and has tested the 

validity of the algorithm with a hypothetical example. This research has left the proposed 

algorithm for future testing using real land-use and traffic data.  

3. Theoretical foundation  

 The critical task of this chapter is to develop a theoretical foundation by explaining 

how two existing approaches to travel demand modeling can be integrated on a common 

ground. This research has developed this common ground by analyzing the notions of 
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movements (as understood in both approaches) and their relationships with settlement 

spaces that generate and carry them.  

3.1 Notion of movement in the theory of trip assignment  

 In the theory of trip assignment, the notion of movement is understood through 

origin-destination (O-D) trips. These trips are also known as to-and-from trips. Having 

estimated (usually surveyed) the to-and-from trips between origins and destinations, the 

trip assignment theory determines trip volumes of all routes that connect those origins 

and destinations. Therefore, the notion of movement here is related to space in two ways: 

(1) analysis zone relation — origins or destinations generate movements and (2) route 

relation — routes carry movements.  

3.2 Notion of movement in space syntax  

 In the theory of space syntax, movement is understood through the accessibility 

measures of settlement roads, and in order to determine accessibility of any road 

segment, the first and foremost task (perhaps the most critical task) is to break the 

continuous channel of movement (a spatial parameter) into units or unit spaces with 

common characteristics.31 Having identified the unit spaces, space syntax determines the 

accessibility of each unit, typically with the concept of integration. Here it has been 

presumed that the higher the integration of a unit space, the greater the ability of the unit 

to receive movement.  

 As discussed before, in addition to land-use-generated movement, there is another 

kind of movement that is generated by the configuration32 itself:  natural movement.33 

                                                           

31 Among other developments, axial line has been predominantly considered as unit space in the space 
syntax approach to traffic estimation with a justification that the trip-makers’ perception of movement 
usually tends to be unobstructed within a network of topologically interconnected open spaces (Hillier et al. 
1984; 1993; Penn et al. 2003; Figueiredo et al. 2007, 006.01). However, Turner has further clarified this 
notion of movement through the degree of visual obstruction in his angular segment analysis (Turner 2007, 
540).   
 
32 The map that distinguishes unit spaces based on their integrations is known as an integration map or 
configuration (Hillier et al. 1993).  
 
33 “Natural movement in a grid is the proportion of urban pedestrian movement determined by the grid 
configuration itself” (Hillier et al. 1993, 32).  
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That is, the configuration has the ability to indicate which unit spaces will receive more 

trips than others. However, these configuration-generated movements are the through-

trips that only pass through the unit spaces to move to other connected units34 (Penn et al. 

1998, 82). This understanding of movement suggests that unit spaces only carry the 

through-movements. Figure 3.1 distinguishes the through and land-use-generated 

movements.  

 
Figure 3.1: Movement and configuration relationship; TR denotes through-movements. 
(a) Road segment between two intersections; (b) dead-end.  

 In Figure 3.1a, the road segment between two intersections is considered a unit space, 

and all trips that pass through the unit are the through-movements. On the other hand, 

Figure 3.1b denotes a road segment (unit space) that has a dead-end. All trips that enter 

into or exit from the unit are the land-use-generated movements, and they cannot be 

considered through-movement. Therefore, in space syntax, space is only considered to 

carry movements.  

3.3 Unit space: the common parameter 

 In both theories of travel demand modeling, space has been considered the channels 

of movements. In space syntax, these channels are the unit spaces, whereas in trip 

assignment, they are the O-D routes. The only difference of understanding of space in 

both theories is that space syntax does not distinguish unit spaces based on their ability of 

generating trips. Or, in other words, it has been assumed in space syntax that all unit 

spaces in a given system have an equal (or unit) ability to generate trips. This observation 

guides the development of the fundamental assumption of this dissertation research. That 

is, like the theory of trip assignment, unit spaces of the space syntax theory can also be 
                                                           

34 In space syntax, it has also been identified that through-movements and land-use-generated movements 
influence each other, and this mutual influence is known as multiplier effect (Penn et al. 1998).  
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considered trip origins and/or destinations. This research also suggests that the trips that 

are produced at a unit space are the from-trips, and ones that are attracted to a unit space 

are the to-trips. Therefore, the total movement of a unit space is the summation of its to-, 

from-, and through-trips. Figure 3.2b illustrates the notion of total movements with an 

example.  

 
Figure 3.2: Movement typology. (a) Trip generation within a unit space; TO denotes the 
to-trips, and FM denotes the from-trips; (b) total trips.    

 This new notion of unit spaces helps to explain, on one hand, how each unit can be 

considered a trip destination that can be accessed from all units (origins) within a given 

network topology.  On the other hand, this new notion of unit spaces also helps to 

introduce the other key parameters of the trip assignment theory into the framework of 

space syntax analysis for vehicular travel demand modeling. Moreover, this new notion 

of unit spaces also frames the second question of this research. That is, if unit spaces are 

considered trip origins and/or destinations, then how can the notion of route competency, 

as understood in the theory of trip assignment, be related to the accessibility measures of 

road segments?  

4. Route competency and accessibility  

 Route competency, from the trip assignment point of view, is a measure that 

distinguishes road segments (or O-D route segments) based on their ability to be 

considered by the trip-makers for travel. The higher the competency, the greater is the 

traffic expected. Free-flow travel time,35 here, is the primary consideration that decides 

which route is more competent than others. On the other hand, the competency of a unit 

space (or road segment), in space syntax, is judged by its measure of accessibility, 
                                                           

35 An explanation, showing why free-flow travel time is considered one of the primary factors of the trip-
makers’ decision of route choice has been given in Chapter2.  
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predominantly with its integration result. The higher the integration of a unit space, the 

greater is its probability of receiving trips from its connected units.36  

 The above comparison between route competency and accessibility seems to explain 

that they individually represent the trip-makers’ decision of route choice. However, in 

order to develop a thorough understanding of route competency in both approaches on a 

common ground, this research has chosen to explain the notion of O-D trips through the 

concept of justified graphs37 (Figure 3.3).  

 
Figure 3.3: Justified graphs representing O-D routes.  

 Figure 3.3a describes a justified graph of a hypothetical layout that comprises five 

unit spaces. Assuming that unit 1 is a trip origin and that unit 5 is a trip destination, two 

O-D routes (route A and route B) between them are drawn. These routes are shown in 

broken lines in Figures 3.3b and 3.3c, respectively.  

 From the trip assignment point of view, the competency of each route will depend on 

their individual free-flow travel times, in which free-flow travel time of an O-D route is 

the ratio of its metric length and free-flow travel speed. Now, if we assume both routes 

have equal free-flow travel speed, and our notion of distance is not metric but unit 

(Hillier et al. 2005), then route A (Figure 3.3b) is more competent than route B. This is 

becausea trip maker needs to cross one unit in route A to reach the destination, whereas 

in route B, there are three units. A contradictory result may be obtained if the flow speed 

of route B becomes significantly higher than that of route A.  

                                                           

36 These trips are not the land-use-generated trips; these are the through-trips that pass through a unit space 
to access other connected units.  
 
37 See the second section of Chapter 2 for the definition of a justified graph.  
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 On the other hand, in space syntax, route A will always be considered more 

accessible (or competent) than route B, as in the former case, the destination is fewer 

number of depth(s) away than the latter. Here, it has been assumed that trip-makers 

always tend to choose the shortest connections (in terms of units) regardless of the route 

speed between the pair of unit spaces. Therefore, it can be said that the notion of route 

competency in the theory of trip assignment and the notion of accessibility in space 

syntax are comparable to one another when  

(1) free-flow travel speeds of all probable routes between an origin and a destination 
are equal and  

(2) our notion of distance is not metric but unit.  

While developing a common understanding between the notion of competency and the 

notion of accessibility of road segments, this research emphasizes that, in a real situation, 

the free-flow travel speeds (vehicular) of road segments cannot be considered equal, and 

thus, accessibility measures of settlement roads from the traditional space syntax point of 

view cannot be considered as a comprehensive parameter to justify the hypothesis that 

trip-makers will always choose the shortest topological connection between unit spaces 

regardless of their travel speeds. Therefore, the space syntax approach may not always 

capture travel demands with accuracy.  

 This dissertation proposes that while determining accessibility measures (or 

integrations) of unit spaces, the units also need to be distinguished by their free-flow 

travel speeds when route choice arises.38 This observation grounds the hypothesis of this 

research.  

5. Research hypothesis  

 The hypothesis of this research is that the accuracy of the vehicular traffic estimates 

obtained from the space syntax analysis improves (from its traditional axial analysis) 

when the unit spaces are defined (1) by identifying route choices embedded in the 

network topology and (2) by distinguishing these units based on their free-flow travel 

                                                           

38 Route choice only arises in a road network that has a loop or circuit inside (refer to the second section of 
Chapter 2 for an explanation). In Figure 3.3, route choice arises between any pair of unit spaces that 
comprise the loop (for example, between units 1 and 5). Route choice does not arise between units 1 and 2.   



Texas Tech University, Abhijit Paul, August 2009 

 
 

50 

speeds (in terms of time costs). The next section develops the research methodology that 

will be used to test this research hypothesis.  
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SECTION 2  

DEVELOPMENT OF UNIT SPACE  

 The previous section has explained that the notion of O-D trips, as understood in the 

trip assignment theory, can be expressed through the notion of unit spaces of space 

syntax analysis. The section has also suggested that, when route choice arises, these units 

need to be distinguished by their free-flow travel speeds. This section introduces a 

theoretical discussion that explains how unit spaces of space syntax analysis can be 

developed by identifying route choices originated from the network topology and by 

explaining how these units are dissimilar based on their free-flow travel speeds. This new 

form of unit space is termed unit segment.  

 This section first develops a general form of a unit segment from the notion of the 

accessibility point of view and then moderates this general unit to best represent unit 

segments in branch-type and grid-type networks to distinguish route choices originated 

from the network topology. Finally, this section discusses how integrations of unit 

segments of both networks can be analyzed on a common ground using the theory of 

space syntax.  

1. The general form of unit segment  

 In space syntax, a unit space acts as a carrier of trips and provides access to other 

units. However, these trips can only access other units through a decision point. A 

decision point is a road intersection in which trip-makers decide which segment to access 

next. An intersection with two road segments develops a bend, and it cannot be 

considered a decision point. In Figures 3.4, A and B are the decision points, whereas the 

road segment in Figure 3.4b contains two bends. Since trips can only access other units 

through these decision points, they ought to be considered the end point(s) of a unit 

space. This research defines the general form of a unit segment is a road segment 

between two decision points.  
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Figure 3.4: Decision points and general form of a unit segment. (a) Straight road segment 
with varying road widths; (b) road segment with bends; (c) curvilinear road segment; (d) 
general form of a unit segment — road segment between two decision points: A and B. 

 Figures 3.4a, 3.4b, and 3.4c describe three types of routes between road intersections 

A and B. Although these routes have different geometry (linear, angular, and curvilinear) 

the unit segment representing these routes have the start and end points at intersections A 

and B (Figure 3.4d).  

2. Unit segment in a branch-type network  

 In a branch-type road networks, the question of route choice does not arise. Because 

there is only one route between an origin and a destination, the parameter of free-flow 

travel speed has no role in determining how much less time consuming these road 

segments are. Trip-makers, in this situation, are to follow the only route that the network 

provides to reach their destinations. Therefore, the unit segment in a branch-type network 

ought to be the shortest road segment between two decision points; in other words, a unit 

segment in a branch-type road network is the road segment between two immediate road 

intersections (Figure 3.5).  



Texas Tech University, Abhijit Paul, August 2009 

 
 

53 

 
Figure 3.5: Unit segments in branch-type networks. (a) Road layout; (b) unit segments; 
decision points are circled.   

3. Unit segment in a grid-type network  

 A grid-type network can be described as a composition of a set of circuits because 

each of its edges39 is connected to other edges at its two ends to complete a circuit 

regardless of the grid geometry (orthogonal, curvilinear, or deformed). Now, an O-D 

route that considers a circuit provides two (or more) route choices (refer to Figure 3.3). In 

this situation, trip-makers select a route that requires the least travel time. Assuming that 

the free-flow travel time is the primary consideration of this decision and that the notion 

of travel distance is unit (Hillier et al. 2005), the free-flow travel speed of a road segment 

becomes the primary consideration for trip-makers’ decision of route choice. This notion 

of unit identification is also supported by the concept of route choice used in the “all-or-

nothing” (AON) analysis of the trip assignment theory. Using the equation of free-flow 

travel time (equation 2.1) and assuming that the distance parameter ( L∆ ) is unit, the free-

                                                           

39 An edge is defined as the line segment between two immediate nodes of a grid-type network (Hagget et 
al. 1969).  
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flow travel time of a route is found to be inversely proportional to the routes’ free-flow 

travel speeds (equation 3.1).   

 t0 = ∑∆S
1

     ……………………………….... (3.1) 

 In equation 3.1, road segments are distinguished by their free-flow speeds (or ΔS) 

when segment length is considered unit instead of metric (ΔL = 1). Moreover, this 

research also suggests that the trip-makers’ notion of travel speeds cannot be specified by 

a numeric measure of speed limit. It is rather the hierarchy of roads that helps trip-makers 

to understand which road segments have higher mobility characteristics than others. Road 

hierarchy, in this context, can be considered to categorize the road segments based on 

their mobility characteristics. Table.2 describes a suggested categorization.  

Table 3.1: Road hierarchy with suggested speed ranges.  

 No.  Hierarchy      Travel speed range (MPH)  

 1.   Freeways and high speed arteries  55 and above   

 2.   Arteries (major and minor)   40 – 50 

 3.   Residential streets  

   3(a) Collectors     30 – 35  

   3(b) Locals      25 and below  

 

 The above understanding of route choice using the notion of roads hierarchy provides 

an additional condition to define the unit segments of a grid-type network, and this 

condition is defined using the following two rationales.  

3.1 Rationale 1  

 Assuming that all roads in a grid have equal free-flow travel speed (based on the 

suggested categorization), all equal length (or unit) of segments in the entire length of a 

route will require equal travel time, but in order to satisfy the general form of a unit 

segment, the segment ought to start from and end at decision points or road intersections. 
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This is because the road intersections are the decision points, where a trip-maker decides 

which unit to access next to reach the destination. The possible shortest segment in this 

case is the road segment between two immediate intersections. Therefore, the unit 

segment in a grid-type network, when all roads have equal free-flow travel speed, is the 

road segment between two immediate intersections. Figure 3.6 describes an example.  

 
Figure 3.6: Unit segments in grid-type networks; all roads have equal free-flow travel 
speed. (a) Grid-type road layout; (b) unit segments; the decision points are circled.  

 When a grid comprises roads with different travel speeds, each type of road can be 

segregated based on the suggested categorization as described in Table 3.1, and then 

using rationale 1, unit segments for each type of road network (freeways, arteries, etc.) 

can be defined. But, now the question is: How can the decision points be identified when 

two networks of different free-flow travel speeds meet? This develops rationale 2.  

3.2 Rationale 2 

 When the roads of different free-flow travel speeds meet at an intersection, the 

overlapping area is still considered to have higher free-flow travel speed, and the unit 

segment with lower travel speed only becomes discontinuous at that intersection. Figure 

3.7 explains the scenario.  
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Figure 3.7: Relationship between unit segments of two networks with varying mobility 
characteristics. (a) Road intersection; the wider road is assumed to have a higher free-
flow travel speed than the narrower one; (b) unit segments representing continuity and 
discontinuity of roads at the intersection; a road segment with a lower free-flow travel 
speed becomes discontinuous when it meets one with higher travel speed.   

 Using rationales 1 and 2, the definition of the unit segments in a grid-type network is 

drawn. The unit segment in a grid-type network is defined as the road segment between 

two immediate intersections that are formed by roads with (1) equal and/or (2) higher 

free-flow travel speeds.  Figure 3.8 details out how unit segments can be drawn in a grid-

type network in which the roads have different travel speeds.   

 
Figure 3.8: Unit segments in a grid-type network with varying mobility characteristics; 
(a) Grid-type network — the wider roads are the arteries, and the narrower ones are the 
locals; (b) and (c) show decision points of each network; (b) unit segments representing 
the local road network; (c) unit segments representing the arterial network; (d) unit 
segments map.  



Texas Tech University, Abhijit Paul, August 2009 

 
 

57 

4. Effect of accessibility on networks  

 In a system that comprises both networks, branch-type and grid-type, the accessibility 

measure of each unit segment of each network will have an effect on each unit of the 

other network(s). As an example, the accumulated traffic of a branch-type network will 

be distributed to the alternative routes of a grid-type network at the intersection where 

two networks meet, and vice versa. In order to consider this mutual effect of accessibility, 

both types of networks should be analyzed together. The map that describes the unit 

segments of a layout is termed unit segment map. Figure 3.9 is an example of a unit 

segment map.  

 
Figure 3.9: Unit segments map. (a) Road layout; (b) unit segment map.   

5. Discussion   

 Hillier et al. (1993) pointed out that axial analysis suffers for being less deterministic 

in estimating movement when the network becomes more like a grid. This is because 

grid-type networks provide route choices. On the other hand, transportation planners have 
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pointed out that vehicular trip-makers tend to select routes that require the least travel 

times when route choice arises.  

 This chapter has argued that the notion of free-flow travel time, as used in the trip 

assignment theory, is the key parameter of the trip-makers’ decision of route choice, and 

this parameter needs to be introduced into the space syntax approach to vehicular travel 

demand modeling. Assuming that unit spaces (road segments) are trip origins and/or 

destinations, this chapter has developed a theoretical foundation to show how free-flow 

travel speeds of road segments (in terms of time costs) influence their accessibility 

measures from the trip-making point of view. That is, trip-makers tend to select road 

segments that not only provide close connections to their destinations but are also less 

time consuming for travel. The higher the free-flow travel speed, the less is the travel 

time needed. Using this notion of trip-making, this research has hypothesized that space 

syntax estimates vehicular travel demands with greater accuracy than the traditional axial 

analysis when its unit spaces are distinguished by their free-flow travel speeds to address 

the trip-makers’ notion of route choice. The next chapter describes a pilot study with a 

road layout of a small residential neighborhood to verify if this hypothesis is true.  
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CHAPTER 4 
A PILOT STUDY 

 

 It has been argued in this research that the notion of free-flow travel time is the 

primary consideration of the trip-makers’ decision of route choice and that this notion can 

also be considered in the space syntax approach to vehicular travel demand modeling. 

Assuming that unit spaces (road segments) are trip origins and/or destinations and are 

also the channels of movements or trip routes (Turner 2007), a theoretical foundation has 

been developed in the previous chapter to show how mobility characteristics of these 

units, in terms of time cost, influence their accessibility measures or integrations. That is, 

trip-makers tend to select a set of road segments that not only provides close connections 

to their destinations but are also less time consuming. The higher the free-flow travel 

speed, the less time that is required for travel. Using this notion of route choice, this 

research has hypothesized that space syntax estimates vehicular travel demands with 

greater accuracy than its traditional axial line40 approach when unit spaces are 

distinguished by their mobility characteristics. These new unit spaces are the unit 

segment.  

 Using a road layout of a small residential neighborhood, this chapter shows that unit 

segment analysis is a better approach to vehicular traffic estimation than traditional axial 

analysis. The findings of the study, however, suggest that the predictive accuracy of the 

estimates improves when unit segments, representing residential streets of the 

neighborhood, are further distinguished by their flow characteristics.  

                                                           

40 The axial line approach of accessibility analysis (or space syntax, Hillier et al. 1984) is known as axial 
analysis. In space syntax, the concept of accessibility is grounded in quantifying and analyzing topological 
connections of a set of units depicting space arrangement in the built-environment. These units are the unit 
spaces, and a set of algorithms is used to evaluate how one unit is topologically connected to other units 
within a specified environment or “system.” Space syntax typically uses straight road segments or axial 
lines to define its unit spaces for travel demand modeling (Hillier et al. 1984; 1987; 1999; Hillier 1998; 
Penn et al. 1998; Caria et al. 2003; Karimi et al. 2003; Eisenberg 2005; Peponis et al. 1997; Kabut et al. 
2005; Dawson et al. 2003). A theoretical foundation of the development of axial line for travel demand 
modeling has been explained by Penn (2003) in “Space syntax and spatial configuration: Or, why the axial 
line?” Also refer to the second section of Chapter 2 for the criticism of axial analysis in modeling vehicular 
movement networks.  
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 The study is organized into three sections. Section 1 begins by explaining the study 

objectives and proceeds to identify the special working conditions of a unit segment 

analysis. The methodology is described in section 2 with three examples of space syntax 

analyses. In addition to traditional axial analysis, two unit segment analyses have been 

performed in order to show that along with the mobility characteristics of settlement 

roads, their flow characteristics also influence the trip-makers’ notion of route choice 

and, consequently, affect their travel demands. The accuracy of traffic estimates of each 

analysis has been determined through their traffic correlation results. Finally, section 3 

discusses the findings of this study through a comprehensive evaluation of the traffic 

correlation results of all three space syntax analyses.  

1. Study objectives and assigned conditions  

 The fundamental objective of this study is to show that unit segment analysis 

estimates vehicular travel demands with greater accuracy than does axial analysis. The 

intention is also to fine-tune the research methodology of unit segment analysis for more 

accurate traffic estimation. However, at the beginning of this study a few special working 

conditions of unit segment analysis have been identified by examining the previous 

works in the field.  

1.1 Grid-type road layout41  

 Theoretically, the integration results of an axial analysis become “less deterministic” 

(Hillier et al. 1993) in estimating movements when the layout (system) becomes more 

like a grid. As a result, in some cases, poor correlation between the integrations of axial 

lines and their corresponding traffic volumes may be obtained (Peponis et al. 1997, Ratti 

2004, Dawson 2003, and many others.). Therefore, one way, and perhaps the most 

legitimate way, to determine whether unit segment analysis estimates travel demands 

with greater accuracy than axial analysis is to compare the accuracies of traffic estimates 

of both analyses using a common grid-type road layout. Tech Terrace, a small residential 

                                                           

41 In a grid or circuit-type network, all edges (road segments) are connected to other edges at their two ends 
to complete a loop or circuit irrespective of the network geometry (Hagget et al. 1969). Any road layout, 
with loop(s) inside develops alternative routes between a trip origin and a trip destination (or unit spaces).  
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neighborhood located in the center of the city of Lubbock, Texas has appeared to be a 

suitable area for this pilot study because of its grid-type road layout (Figure 4.1).  

1.2 Road hierarchy  

 Unit segments are distinguished by their mobility characteristics when route choice 

arises.42 Route choice arises in grid-type networks (Figueiredo et al. 2007), and in such 

cases, a unit segment representing an artery differs from that of a residential street. 

Therefore, in order to develop a unit segment map from within a grid-type road layout, it 

is necessary to distinguish the road segments based on their mobility characteristics (or 

free-flow travel speeds). Tech Terrace has a distinct road hierarchy; all residential streets 

of the neighborhood are confined by its four peripheral arteries (Figure 4.1).43  

1.3 Land-use influence  

 While developing a relationship between the equilibrium analysis of trip assignment 

theory and space syntax (refer to Chapter 3), this research has relaxed the land-use 

parameter in order to develop a simplified travel demand model. However, several 

transportation studies have shown that land use also influences the vehicular travel 

demands of settlement roads (Hillier et al. 1993; Caria et al. 2003; Fricker et al. 2004; 

Choi et al. 2005; Eisenberg 2005; Perdikogianni et al. 2005; Darjosanjoto 2005; Barros et 

al. 2007).44 As the land-use parameter has not been considered in the proposed unit 

                                                           

42 Refer to Chapter 3 for the explanation and definition of unit segments in branch-type and grid-type road 
layouts.  
 
43 It was difficult to distinguish the collector and local roads from the set of residential streets of Tech 
Terrace.  On-site observations, however, suggested that travel speeds are higher in some residential streets 
(in both directions) where trip-makers face fewer stop or yield signs.  
 
44 Using the notions of trip attraction and configuration, Hillier et al. (1993) introduced the concept of 
“natural movement” into the space syntax theory. They emphasized that, in addition to land-use-generated 
movement, there is natural movement — a type of movement that is generated by the configuration itself. 
Configuration, typically, is the integration map of a road layout, and it advises which road segment (unit 
spaces, such as axial line) of the layout is more integrated than others. In other words, it is implied in the 
concept of natural movement that trip-makers tend to select the integrated segments that are identified by 
the configuration. Hillier et al. (1993) considered natural movement the primary generator of movement; 
however, they clarified that natural movement in a grid is the proportion of urban pedestrian movement 
determined by the grid configuration itself (Hillier et al. 1993, 32), not the total movement of the grid. Also 
refer to Chapter 3 for a detailed explanation of how land use, movement, and configuration are interrelated 
through the concept of purpose-based and non-purpose-based trips (Hillier et al. 1993; Penn 1998).  
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segment analysis, this research suggests to consider a study area, where the variations of 

(1) land-use typology (residential, commercial, etc.) and (2) their use density are minimal 

to avoid land-use influence on the study results. Tech Terrace, in this context, has mostly 

residential land uses (single detached houses), and the trips generated by these uses are 

assumed to have an equivalent influence on the neighborhood roads.45  

 
Figure 4.1: Tech Terrace. (a) Location of Tech terrace in Lubbock; (b) road layout of 
Tech Terrace.46  

                                                           

45 A methodology to introduce land-use influence into a unit segment analysis for vehicular movement 
network modeling has been discussed in Chapter 7 for the future developments of this research.   
46 The map has been obtained from 
http://maps.google.com/maps?hl=en&q=Lubbock,+TX,+USA&um=1&ie=UTF-
8&sa=X&oi=geocode_result&resnum=1&ct=image; accessed on 04/11/2008.  
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2. Methodology   

 Since the 1980s, space syntax researchers have intended to develop an alternative 

travel demand model that would capture the trends of vehicular travel demands only by 

analyzing accessibility measures of settlement roads (Hillier et al. 1993; Turner 2007; 

Penn et al. 1998). They typically considered straight road segments (or axial lines) as 

units of space syntax analysis to evaluate their accessibility through the concept of 

integration. With some exceptions, they found that the integration results of axial lines 

were positively correlated to their corresponding traffic volumes (Penn et al. 1998; Hillier 

et al. 1987; Caria et al. 2003; Dawson 2003; Eisenberg 2005; Karimi et al. 2003; Peponis 

et al. 1989; Hillier 1999; Mora 2003; Choi et al. 2005). Using regression equations of 

traffic correlations, they suggested estimating traffic volumes of settlement roads.  

 However, this research suggests that unit segment analysis is a better predictor of 

vehicular travel demands than its axial counterpart and seeks to establish this hypothesis 

by comparing the predictive accuracies of traffic estimates developed by both analyses 

using the common road layout of Tech Terrace.  

2.1 Axial analysis of Tech Terrace 

 The axial map of Tech Terrace is developed by drawing the minimal set of straight 

and unobstructed lines from within the road layout shown in Figure 4.1b. Then the map is 

analyzed with Depthmap (Turner 2006), and the integration results are determined. 

Figures 4.2a and 4.2b show the axial map and its integration map,47 respectively.  

                                                                                                                                                                             

 
47 Depthmap (Turner 2001-06) has been used to perform all integration radius-n analyses. Refer to Chapter 
2 for the explanation of integration radius-n analysis or global integration analysis.  
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Figure 4.2: Axial analysis of Tech Terrace. (a) Axial map; (b) axial integration map; 
integration reduces as the color of the lines changes from red to blue.  

2.2 Unit segment analyses of Tech Terrace  

 A unit segment in a grid-type network is defined as the road segment between two 

immediate intersections of roads with (1) equal and (2) higher mobility characteristics 

(refer to Chapter 3 for explanation). Therefore, the only requirement to draw these units 

from a given road layout is to distinguish road segments based on their mobility 

characteristics. For the case of Tech Terrace, two types of unit segments have been 

developed: (1) arterial unit segments with a speed range of 40-45 mph and (2) residential 

unit segments with a speed range of 20-35 mph (refer to Table 3.1 for the suggested 

categorization for all types of roads). Using these units, the first unit segment map is 

drawn. The map then is analyzed with Depthmap, and the integration results are 

determined. Figures 4.3a and 4.3b show unit segment map 1 and its integration map, 

respectively.  
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Figure 4.3: Unit segment analysis 1 of Tech Terrace. (a) Unit segment map 1; (b) unit 
segment integration map 1; integration reduces as the color of the lines changes from red 
to blue.   

 On-site observations have indicated that not of all the residential streets of Tech 

Terrace have equal mobility characteristics. Traffic flows of these streets get interrupted 

when they face stop or yield signs, and consequently, their mobility characteristics 

reduce. That is possibly why these residential streets are somewhat less considered for 

travel than those that face fewer such signs. In order to verify if the flow characteristics 

of settlement roads also influence their travel demands, this research has further 

distinguished these residential streets based on the locations of the stop or yield signs and 

have developed the second unit segment map. Figure 4.4 explains how unit segments are 

drawn using the locations of stop or yield signs.  

 
Figure 4.4: Development of unit segments using the flow characteristics of residential 
streets. (a) Residential-street network: solid dots represent the locations of stop or yield 
signs; (b) unit segments.   

 At intersection 1 of Figure 4.4a, the N-S bound street faces stop signs in both 

directions and becomes discontinuous, but the E-W bound street remains continuous 

(Figure 4.4b). Similarly, at intersection 2, both streets face stop signs in all four directions 
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and become discontinuous. At intersection 3, the E-W bound street ends. Using this 

methodology of defining the continuity or discontinuity of residential streets, unit 

segment map 2 of Tech Terrace is drawn. The map is then analyzed with Depthmap, and 

the integration results are computed.  Figures 4.5a and 4.5b show unit segment map 2 and 

its integration map, respectively.  

 
Figure 4.5: Unit segment analysis 2 of Tech Terrace. (a) Unit segment map 2: a unit 
segment becomes discontinuous when it faces a stop or yield sign at a road intersection. 
(b) Unit segment integration map 2: integration reduces as the color of the lines changes 
from red to blue.  

 Using intersection counts as marked in Figure 4.6, traffic volumes of the selected 

road segments48 of Tech Terrace have been determined49 and, finally, used to perform 

traffic correlation studies for each space syntax analysis. The correlation results are 

summarized in Table 4.1.  

 

                                                           

48 Selected roads are the selected arteries and residential streets that pass through the intersections shown in 
Figure 4.6.  
 
49 Traffic volumes at the morning and evening peaks of the selected intersections have been counted in 
fifteen-minute slots. These counts comprise the left turns, right turns, and through traffic of all four 
directions of each selected intersection. Traffic volumes of road segments are calculated by adding their 
outgoing and incoming traffic through their corresponding intersections. The outgoing traffic of a road 
segment is the downstream flow, and the incoming traffic comprises selected turns and through traffic that 
enter into the segment from its connected segments. An example has been illustrated in Appendix M. 
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Table 4.1: Traffic correlation results: integration (X) vs. traffic volume (Y).  

Case  Space Syntax analysis       r2     

#           all-roads    residential-streets    

1  Axial analysis       0.03 (10) p = 0.66  0.23 (7) p = 0.28    

2   Unit segment analysis 1   0.93 (23)   0.01 (20) p = 0.67    

3   Unit segment analysis 2    0.49 (16)   0.67 (13)  

The all-roads category comprises traffic data of arteries and residential streets, whereas 
the residential-street category only considers traffic data of residential streets. The sample 
counts are given in the parentheses, and p < 0.01 unless otherwise mentioned.   

 
Figure 4.6: Intersections of traffic counts. The hollow dots are the intersections, where 
traffic counts have been taken; segment IDs are given in parentheses.   
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3. Analysis of correlation results and study findings  

3.1 Axial analysis  

 The scatterplots in Figure 4.7 illustrate the traffic correlations of the axial analysis of 

Tech Terrace. Almost no relationship (r2 = 0.03) is found when all selected roads are 

considered for the study. The scatter, however, develops two outliers that separate the 

arteries from the residential streets. Three solid dots, shown in Figure 4.7a, represent the 

peripheral arteries, whereas the hollow dots are the residential streets. When the outlier of 

arteries is removed from the scatter, the correlation improves somewhat; r2 becomes 0.23.  

 
Figure 4.7: Scatterplots of integrations and traffic volumes of axial analysis. (a) All-roads 
category: samples include peripheral arteries; (b) residential-streets category.  

 The broken line in Figure 4.7a shows the relative positions of the solid dots among all 

hollow ones in terms of their integration results. This line indicates that some set of 

residential streets (the hollow dots that are located on the right side of the line) have 

higher integrations than the set of peripheral arteries, and as a result, the former set is 

expected to have higher traffic volumes than the latter. In reality, this trend of trip 

distribution seems to be unrealistic because the traffic volumes of arteries are, usually, 

significantly higher than that of residential streets (refer to Appendix A.1 for the traffic 

counts of all selected road segments). This contradictory relationship between the two 

outliers seems to be the main reason for the overall poor traffic correlation of the axial 

analysis of Tech Terrace.  

 As mentioned before, the axial correlation improves somewhat when the outlier of 

arteries is excluded from the scatter. One reason for this improvement could be the 
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greater accessibility of some axial lines in comparison to their connected lines. The 

integration map in Figure 4.2b also shows that the axial lines that run from one end to the 

other of the system in both directions (Flint Ave., Boston Ave., Elgin Ave., 26th St., etc. 

— refer to Appendix B.1) have higher integrations (accessibility) than ones that end 

within the system.  

  The critical observation of this correlation, however, is that integrations of some 

residential streets are even higher than the three peripheral arteries. This raises the key 

question of this research: When some of the residential streets (1) provide unobstructed 

accessibility from one system end to the other and (2) are more integrated than the 

peripheral arteries, why do the arteries receive more traffic than the residential 

streets? This research suggests two explanations for this contradiction.  

 First, since the arteries are located at the periphery of the system, space syntax has 

identified them as segregated axial lines. Extension of the system boundary could have 

made these lines more integrated. The effect of system consideration on integration 

results of unit spaces is known as “edge effect” (Hillier et al. 1993, Penn et al. 1998, Ratti 

2004). Because of this edge effect, integrations of unit spaces cannot be considered an 

absolute measure of accessibility of settlement roads; consequently, poor traffic 

correlations may be obtained.  

 Second, it is also possible that the trip-makers’ notion of movement is influenced by 

the travel times of road segments. That is, it is more likely that vehicular trip-makers tend 

to choose road segments that have higher free-flow travel speeds (instead of their 

straightness or axiality) to reduce their overall travel times. In this situation, the 

topological distance between one unit space (axial line) and all other units in a given 

system, as typically considered in space syntax analysis, should be understood through 

their free-flow travel speeds. That is, the higher the travel speed, the lower is the number 

of topological units to be crossed. Now, because the arteries provide higher travel speeds, 

they reduce the topological distance and are more likely to be considered for travel than 

the residential ones. This theoretical argument helps this research to develop the theory of 

unit segment analysis, by which the units are distinguished by their mobility 

characteristics (a range of free-flow travel speeds). Using traffic correlations of two unit 



Texas Tech University, Abhijit Paul, August 2009 

 
 

70 

segment analyses of Tech Terrace, this research shows next how mobility characteristics 

of settlement roads influence their vehicular travel demands.  

3.2 Unit segment analysis 1  

 In unit segment analysis 1, the units have been distinguished by their free-flow travel 

speeds, and their ability to estimate traffic has been described through the scatterplots 

shown in Figure 4.8. The scatter in Figure 4.8a indicates a significant high traffic 

correlation (r2 = 0.93) when the integration results of the arteries and the residential 

streets are correlated together with their corresponding traffic volumes. The scatter again 

develops two outliers that separate the arteries from the residential streets. The broken 

line, in this case, emphasizes that, because the arteries have higher integration results in 

the set, they are more likely to be considered for travel than the residential streets. 

However, the correlation drops drastically when the outlier of the arteries is removed 

from the scatter; r2 becomes 0.01 (Figure 4.8b).  

 
Figure 4.8: Scatterplots of integrations and traffic volumes of unit segment analysis 1. (a) 
All-roads category: samples include peripheral arteries; (b) residential-streets category.   

 The strong traffic correlation (Figure 4.8a) of unit segment analysis explains the fact 

that arteries and residential streets together have a strong ability to predict vehicular 

travel patterns through unit segment analysis. That is, syntactically, arteries will have 

high integrations that show greater ability to receive traffic, and residential streets will 

have low integrations that show relatively less ability to be considered for travel when 

they are analyzed together. This is because if we assume that trip-makers tend to choose 
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road segments with higher travel speeds to reduce their travel times, the high integration 

results of unit segments would reflect the high probability of trip-makers’ route choice, 

and consequently, these integrated segments would receive more traffic than ones that 

have low travel speeds, and vice versa.50 In order to cross-verify this argument, this 

research has developed a hypothetical system in which, unlike Tech Terrace, an artery 

has been placed in the center of a residential street network (Figure 4.9).   

 
Figure 4.9: Unit segment analysis 1 of a hypothetical road layout. (a) Road layout; solid 
boxes are the building blocks; the central wider road is an artery, and all others are the 
residential streets; (b) unit segment integration map 1: integration reduces as the color of 
the lines changes from red to blue.  

 When the unit segment map of the hypothetical layout is analyzed with Depthmap, 

the artery is again found to be the most integrated line in the entire system (Figure 4.9b), 

and the integrations of the residential streets reduce as they move away from the artery. 

This hypothetical example reinforces the argument that the integrated units are primarily 

the road segments with high free-flow travel speeds in unit segment analysis and that they 

are expected to have higher traffic volumes than the residential streets.  

 The correlation results of unit segment analysis 1, however, disclose two concerns of 

traffic estimation. First, the combined correlation of the arteries and the residential streets 

is so high (r2 = 0.92 at p < 0.01) that, as it appears, there is no edge effect in the system. 

But the traffic counts of the neighborhood roads show that the arteries have significantly 

higher traffic volumes than the residential streets. Volumes range from 2,030 to 2,860 
                                                           

50 This argument has been substantiated by comparing the traffic counts of the arteries and the residential 
streets of Tech Terrace. The comparison shows that the traffic volumes of the arteries are significantly 
higher than that of the residential streets (see Appendix A.1).  
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veh./hr. for arteries and 36 to 484 veh./hr. for residential streets (refer to Appendix B.1 

for traffic volumes of all selected roads). These ranges indicate that a large number of the 

trips of neighboring land-use zones only access the arteries of Tech Terrace to move to 

other connected zones without influencing the residential streets. The integration pattern 

of unit segments does not capture this external influence because no external system 

(zone) has been considered while performing the integration analysis. Therefore, the 

strong correlation of unit segment analysis 1 does not seem to reflect the pure traffic 

distribution of the roads of Tech Terrace in reality.  

 Second, as no traffic correlation has been found in each outlier (r2 is 0.01 for 

residential-streets category), the integration patterns of these outliers do not relate to their 

individual traffic volume pattern. In addition to edge effect, flow characteristics of the 

residential streets could be another reason for this poor or no relationship. It has been 

observed on-site that flow characteristics of the residential streets vary significantly from 

one another because of local traffic rules, primarily because of stop or yield signs. Traffic 

flow of a street gets interrupted when it faces such signs, and consequently, the travel 

time of the street decreases. It appears that the residential streets of Tech Terrace 

individually influence their travel speeds due to their flow characteristics, and thus, along 

with the mobility characteristics of these residential streets, the flow characteristics 

should also be considered for the development of their unit segments. Unit segment 

analysis 2 is an example that explains how flow characteristics (in terms of travel speeds) 

influence traffic volumes of residential streets.   

3.3 Unit segment analysis 2  

 In unit segment analysis 2, along with the mobility characteristics of the residential 

streets, their flow characteristics have also been considered to determine their 

accessibility or integrations. The scatterplots in Figure 4.10 show a significant high traffic 

correlation (r2 = 0.49) for all selected roads of this analysis. This correlation, however, is 

lower than what has been obtained in unit segment analysis 1.   

 The scatter also develops two outliers that separate the arteries from the residential 

streets. Again, the three solid dots represent the peripheral arteries, whereas all hollow 

ones are the residential streets. In this case, when the outlier of arteries is removed from 
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the scatter, unlike unit segment analysis 1, the correlation improves (r2 becomes 0.67), 

indicating a strong ability to capture the trend of traffic volumes of residential streets.   

 
Figure 4.10: Scatterplots of integrations and traffic volumes of unit segment analysis 2. 
(a) All-roads category: samples include peripheral arteries; (b) residential-streets 
category.   

 The traffic correlations of unit segment analysis 2 also seem to explain the critical 

concern of unit segment analysis 1 or edge effect. In this case, the combined correlation 

is lower than that of residential streets, and as the scatter in Figure 4.10a shows, the 

integrations of solid dots are statistically underestimated in relation to their actual traffic 

volumes. This observation suggests that the combined correlation is expected to improve 

if some of the arterial trips of the arteries are excluded from the correlation (Figure 4.11). 

These trips seem to be the ones that only access the arteries of Tech Terrace from its 

neighboring zones in order to move to other connecting zones without influencing the 

residential streets of Tech Terrace.  
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Figure 4.11: External influence (hypothetical). (a) External trips of the arteries of Tech 
Terrace; (b) external influence in traffic correlation.  

 Figure 4.11a shows the external trips of neighboring zones. These trips only pass 

through the arteries of Tech Terrace without accessing its residential streets. Now, if 

these external trips are segregated from the arterial volume counts (refer to Figure 4.11b) 

and removed from the correlation study, the positions of the solid dots in the scatter will 

drop (Figure 4.11b) and, consequently, will help to improve the overall traffic correlation 

of unit segment analysis 2.  

4. Recommendations  

 The strong traffic correlations of unit segment analysis 2 suggest that unit segment 

analysis is more efficient in capturing vehicular traffic volumes through the accessibility 

measures (or integrations) of settlement roads than axial analysis and recommends to 

proceed with a larger area to reinforce this research finding. The study also advises that 

along with the mobility characteristics of settlement roads, their flow characteristics also 

need to be considered in unit segment analysis for more accurate traffic estimation. The 

next chapter describes the case study of this dissertation research at an urban scale.  
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CHAPTER 5 
CASE STUDY 

 

 The pilot study in the previous chapter has shown that the proposed unit segment 

analysis is a better way to estimate vehicular travel demands than the traditional axial 

analysis for the roadways of Tech Terrace, a small residential neighborhood in Lubbock, 

Texas. In this chapter, the road layout of the entire city of Lubbock has been considered 

to reinforce the findings of the pilot study.  

 This chapter is divided into four sections. Section 1 briefly describes the land-use 

pattern of Lubbock form its trip-generation point of view and justifies why the road 

layout of the city has been chosen for the case study of this dissertation research. Section 

2 outlines the data requirements and then delineates stepwise methodologies to develop 

axial and unit segment maps of Lubbock. Finally, the section performs the space syntax 

analyses of these maps and determines the accessibility measures (integrations) of the 

city roads through integration results.  

 Like the pilot study, two unit segment maps have been analyzed for this case study. In 

unit segment map 1, the residential streets of the city have been assumed to have equal 

free-flow travel speeds; whereas in unit segment map 2, they are further distinguished by 

their flow characteristics (interrupted and uninterrupted flows) using the locations of stop 

or yield signs. Section 3 illustrates traffic correlation studies of each space syntax 

analysis described in section 2 to determine which of these analyses, in general, has 

greater predictive accuracy in traffic forecasting and how efficient the analysis is in 

predicting the same for each category of roads in the hierarchy and for different land-use 

zones of the city. Section 4 points out some limitations of unit segment analysis and 

describes how they have been dealt with in this case study.  
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SECTION 1 

CITY OF LUBBOCK, TEXAS 

1. Geographic location and socio-economic influence on city transportation  

 Lubbock is located in the northwest of Texas with a population of just over 200,000. 

Until 1925, the economy of the city was mostly dependent on the vast agricultural 

industry of the region that comprises twenty-three counties known as the South Plains of 

West Texas (Figure 5.1c). After the establishment in 1909, the city started getting a 

reputation of the hub of the South Plains as it became the marketing center of agricultural 

products (mainly cotton) in the region.51 The economy of the city gradually advanced due 

to the developments of various other manufacturing facilities along with the 

establishment of Texas Technological College, presently known as Texas Tech 

University.52 For all these reasons, the city itself generates a large number of daily traffic 

and brings the same from its neighboring counties and regions. Additionally, Lubbock 

occasionally hosts cultural events, which attract vehicular commuters not only from its 

neighboring settlements but also from the neighboring states of Texas, such as like New 

Mexico, Oklahoma, etc.  

                                                           

51 This information has been obtained from the official website of Lubbock (TX): 
http://www.ci.lubbock.tx.us/aboutLubbock.aspx; accessed on 05/01/2008.  
 
52 Ibid.   
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Figure 5.1: City of Lubbock.53 (a) Location of the city in Texas; (b) enlarged city map; 
(c) shaded blocks denote the South Plain counties. 
 

2. Land use  

 Apart from the agricultural industry of the county, Lubbock itself has various land 

uses (Figure 5.2). The residential use, however, is considered the major land use of the 

city. Table 5.1 reports the land-use divisions and their developments since 1973 to 1986. 

Column 1 in the Table describes the actual areas (in square-miles) of various land uses, 

                                                           

53 The map has been obtained from 
http://maps.google.com/maps?hl=en&q=Lubbock,+TX,+USA&um=1&ie=UTF-
8&sa=X&oi=geocode_result&resnum=1&ct=image on 05/01/2008.   

http://maps.google.com/maps?hl=en&q=Lubbock,+TX,+USA&um=1&ie=UTF-8&sa=X&oi=geocode_result&resnum=1&ct=image
http://maps.google.com/maps?hl=en&q=Lubbock,+TX,+USA&um=1&ie=UTF-8&sa=X&oi=geocode_result&resnum=1&ct=image
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and columns 2 and 3 are their percentages with respect to the total covered area and the 

total city area, respectively. The total covered area excludes right-of-way and vacant 

lands.   

 
Figure 5.2: Existing land-use map of Lubbock.54   

                                                           

54 The land-use map of Lubbock has been obtained from the website of the City of Lubbock, Planning, 
“1986 Lubbock Comprehensive Land-Use Plan;” accessed from 
http://planning.ci.lubbock.tx.us/1986Plan.aspx on 05/01/2008. 
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Table 5.1: Land-use divisions and developments, Lubbock, Texas.55  

    1973 1986 

   Area Area percentages Area Area percentages 

   (Sq-
Miles) 

Covered 
area 

Total 
city 
area 

(Sq-
Miles) 

Covered 
area 

Total 
city 
area 

No Land-uses  (1) (2) (3) (1) (2) (3) 

 

1 

 

residential  

 

14.1 

 

32.9 

 

17.1 

 

20 

 

46.7 

 

19.2 

2 Commercial  3.6 8.4 4.4 4.6 10.7 4.4 

3 Industrial 
including 
warehousing 

3 7 3.6 4.3 10 4.1 

4 Public use  10.4 24.3 12.6 13.9 32.5 13.4 

5 Right-of-way 10.8   13.1 14.6   14 

6 Vacant land 40.6   49.2 46.6   44.8 

  Totals  82.5     104     

 

 Table 5.1 shows that almost half of the city area (46.7%), as per comprehensive plan 

1986, is designated for the residential land use, and these are mostly single detached 

houses with low density (Figure 5.2). The second major land use of the city is the public 

use (32.5%). Public uses are the public facilities, such as schools, churches, parks, etc.   

 The land-use map (Figure 5.2) also shows that, with few exceptions, the residential 

use is fairly evenly distributed within the central region of the city. The region falls on 

the west side of Interstate 27 and is confined by Loop 289. The map also shows some 

new residential developments towards the south and southwest directions of the city. 

However, these developments are outside of the loop. The overall land-use pattern of the 

city is dense within the loop, and it gradually becomes scattered and disorganized 

towards the city periphery, mostly outside of the loop and east of Interstate 27. This land-

                                                           

55 This information has been obtained from the report of City of Lubbock Planning, Comprehensive Land-
Use Plan Policies – 1975, 9; accessed from http://planning.ci.lubbock.tx.us/pdf/LandusePlan1975-1986.pdf 
on 05/01/2008.  



Texas Tech University, Abhijit Paul, August 2009 

 
 

80 

use pattern of the city suggests that most of the city traffic is generated by its central 

region.56  

3. Road layout and city transportation  

 Like many of the North American cities, the road layout of Lubbock is mostly 

gridded. The city is encircled by a freeway (Loop 289) to provide access to its major 

arteries and land-use locations.57 The city is also connected to all its neighboring 

settlements by a number of highways, such as Interstate 27, Levelland, Brownfield, 

Clovis, Slaton, and Idalou. Additionally, Interstate 27 connects the city with a major 

East-West interstate system (I-40) in the north. All these highways are the major channels 

of commutation used to arrive in Lubbock from its neighboring settlements and states.  

4. City of Lubbock: the area of case study  

 The primary objective of this case study is to verify if the proposed unit segment 

analysis estimates vehicular travel demands with greater accuracy than its axial 

counterpart using a grid-type road layout. Because Lubbock has a grid-type road network 

(Figure 5.16), it is, at an urban scale, a suitable area of study for this research.  

 Second, in order to develop unit segments from within road layout, it is required to 

distinguish the roads based on their speed hierarchy. Lubbock has a distinct road 

hierarchy, and the free-flow travel speeds of the city roads are documented (refer to 

Appendix C) by the city traffic engineering office.  

 Third, the pilot study in the previous chapter has suggested that the traffic correlation 

of a unit segment analysis improves when the residential streets are further distinguished 

by their flow characteristics. Using the locations of stop or yield signs, the flow 

characteristics of the residential streets have been determined. This is because when a 

residential street faces a stop or yield sign at a road intersection, its traffic flow gets 

interrupted; consequently, free-flow travel speed of the street slows down in comparison 

                                                           

56 It is also important to note that almost 78% of the urban commuting trips of a North American city are 
made by privately owned vehicles (Fricker et al. 2004, 217). 
 
57 City of Lubbock Planning, Comprehensive Land Use Plan Policies, 1975: 
http://planning.ci.lubbock.tx.us/pdf/LandusePlan1975-1986.pdf; accessed on 12/12/2008.   
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to one that does not face such signs. Because this dissertation research has been 

conducted at Texas Tech University of Lubbock, the survey of these signs has been easy 

for most of the city’s residential streets.  

 Finally, the literature review of this research has suggested that the influence of land 

use on the city traffic cannot be avoided. Using O-D trip data, Chapter 2 has shown that 

the variation of O-D trips (land-use-generated trips) changes travel demands of settlement 

roads. This study, however, avoids the land-use influence in its traffic estimation and 

intends to capture the trends of traffic flow only by accessibility measures of settlement 

roads. Because this research, at this stage of development, does not consider the land-use 

influence, it is important to consider a study area where the variation of land-use 

typology and land-use density are minimal in order to avoid the land-use influence in the 

study results.58  

 In the pilot study, Tech Terrace that has mainly has detached single family residential 

units has been carefully chosen to avoid the variation of land-use influence in the area’s 

traffic flow. At an urban scale, since the major land use of Lubbock is also residential 

(single detached residences), and they are fairly evenly distributed throughout the central 

region of the city (Figure 5.2), it is expected that the land-use influence on the regions 

roads will be minimal.  

 On account of the above four reasons, the road layout of Lubbock has been 

considered for the case study of this dissertation research. The next section summarizes 

the data requirements and methodology of this case study.   

 

 

 

 

 

                                                           

58 Drastic variation in the trip-generation rates (due to various land-use typologies) is expected to influence 
actual traffic volumes of unit spaces, and consequently, the integration results, in such cases, are also 
expected to produce poor traffic correlations.  
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SECTION 2  

DATA AND METHOD  

1. Data requirements  

 Table 5.2 tabulates the maps and data (including their sources) that are required to 

perform the axial and unit segment analyses of the road layout of Lubbock and their 

traffic correlation studies.   

Table 5.2: Data and sources.  

 Description of data/ 
information  

Purpose Source  Enclosures 

1 Base map: speed limit 
ordinance of road 
layout of Lubbock 

Development of 
axial and unit 
segment  maps 

Website of the 
city traffic 
engineering office 

Annexure C 

2 Traffic counts and 
their locations  

For traffic 
correlation studies  

Same as above Annexure D 

3 Locations of stop or 
yield signs of 
residential streets  

Development of  
unit segment 2 
maps 

Survey  - 

2. Space syntax analyses of Lubbock: system definition  

 A system, in space syntax, refers to a set of unit spaces (axial lines or unit segments) 

that are confined by an operational boundary. In the pilot study, the system has been 

defined by the four peripheral arteries of Tech Terrace. In this case study, the political 

boundary of Lubbock has been considered to define the system.  

3. Development and analysis of axial map  

 An axial map comprises the minimal set of straight line segments among all possible 

combinations that can be developed from within a system (Hillier et al. 1984). Using this 

definition, the axial map of Lubbock has been drawn and then analyzed with Depthmap59 

                                                           

59 Along with other computer programs, Depthmap_60818r (Turner 2006) is well accepted in the space 
syntax community.   
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(Turner 2006). Figure 5.3 is the axial map Lubbock, and Figure 5.4 describes its 

integration map.  

 

Figure 5.3: Axial map of Lubbock.  



Texas Tech University, Abhijit Paul, August 2009 

 
 

84 

 
Figure 5.4: Axial integration map of Lubbock. Integration reduces as the color of the 
lines changes from red to blue.  
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4. Development and analysis unit segment maps  

 In a branch-type network, a unit segment is the road segment between two immediate 

intersections, whereas in a grid-type network, it is the road segment between two 

intersections that are formed by roads with equal or higher travel speeds. Using these 

definitions of unit segments, a stepwise methodology of drawing unit segment maps is 

described next.  

Step 1: Network separation  

 The first step to develop a unit segment map is to separate branch-type and grid-type 

networks from the entire road layout or system. Unlike a branch-type network, each road 

segment of a grid connects other segments at its ends to complete a loop or circuit. Figure 

5.5 shows an example.  

 
Figure 5.5: Network separation. (a) Road layout (system); (b) branch-type and grid-type 
networks; the red colored lines represent the branch-type network(s); the blue ones 
compose the grid-type network(s).  

 Figure 5.5a describes a small system with a set of road segments confined by four 

peripheral arteries. Figure 5.5b highlights branch-type and grid-type networks in two 

colors. It should also be noted here that these networks are also system dependent; that is, 

their formation may change if the system is altered. Figure 5.6 describes the scenario.  
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Figure 5.6: System-dependent networks. (a) Modified system; (b) unit segment map: 
three peripheral arteries (shown in broken lines) that were under the grid-type network 
category in Figure 5.5 now belong to the branch-type networks.  

 In Figure 5.6a, the system shown in Figure 5.5a has been changed by omitting the 

southern peripheral artery. In this case, some of the lines that were in the grid-type 

network category in Figure 5.5b now belong to the branch-type network category as they 

no longer complete a loop or circuit. In Figure 5.6b, they have been shown in broken 

lines.  

 The second section of Chapter 2 discussed why system definition is important in 

determining integrations of unit spaces. This section also identifies that system definition 

is also important to classify unit segments before computing their integrations. This 

research has already defined the system with the city limit (as an operational boundary) 

and has considered all road segments within the system to separate the branch-type and 

grid-type networks. Figure 5.7 delineates the branch-type and grid-type networks 

representing the road layout of Lubbock.  
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Figure 5.7: Network separation of the city roads. The red lines represent the branch-type 
network(s), whereas the blue lines denote the grid-type network(s).  

Step 2: Development of unit segments in branch-type networks  

 In branch-type networks, a unit segment is the road segment between two immediate 

road intersections. Figure 5.8 illustrates an example.   
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Figure 5.8: Unit segments in branch-type network(s). The road intersections of the 
branching network(s) are circled; a unit segment here is the line-segment between two 
immediate circles; a unit segment of a branching network becomes discontinuous when it 
meets a grid-type network.  

Step 3: Development of unit segments in grid-type networks  

 In a grid-type network, a unit segment is the road segment between two intersections 

that are formed by the road with equal and higher travel speeds. Figure 5.9 illustrates an 

example.  

 
Figure 5.9: Unit segments in grid-type network(s). The peripheral lines are the arteries, 
whereas the inner lines represent the residential streets; (a) unit segments; the hollow 
circles denote the intersections where roads with equal speed meet; a continuous unit 
passes through the circle; (b) an example of a continuous unit segment.  
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 As discussed in Chapter 3, the trip-makers’ notion of travel speed is not specified by 

the posted speed limits but by a range of such limits that can be described through the 

notion of mobility characteristics. Therefore, instead of using posted speed limits (or free-

flow speeds), this research suggests considering the road hierarchy to determine which 

category of roads has higher mobility characteristics than others. Figure 5.10 describes 

the hierarchy of roads of Lubbock.  

 
Figure 5.10: Grid-type networks of Lubbock. Road segments are distinguished by their 
mobility characteristics.60  

                                                           

60 The categorization has been developed from the speed limit ordinance (2006) of Lubbock’s roads, and 
the ordinance has been obtained from the website of the city traffic engineering department: 
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Step 4: Development and analysis of unit segment map 1 

 Having distinguished the city roads of Lubbock (Figure 5.10) based on their mobility 

characteristics and using the methodology illustrated in Figure 5.9, the unit segments of 

the grid-type networks of the city roads are drawn. Finally, all units of branch-type and 

grid-type networks are merged together to develop unit segment map 1 of Lubbock and 

the integrations of the unit segments are determined. The map is then analyzed by 

Depthmap. Figure 5.11 is unit segment integration map 1.  

Step 5: Development and analysis of unit segment map 2  

 In order to draw unit segment map 2, the residential streets of the city are further 

distinguished by their flow characteristics using the locations of stop or yield signs 

(surveyed data). Finally, unit segment map 2 is analyzed with Depthmap. Figure 5.12 is 

the stop or yield sign location map, and Figure 5.13 is unit segment integration map 2 of 

Lubbock.  

 Up to this point of the discussion, the integration results of the city roads have been 

determined using three approaches of space syntax analyses. The next section describes 

the traffic correlation studies to show which of these analyses estimates the travel 

demands with greater accuracy for the city roads of Lubbock.  

 

                                                                                                                                                                             

http://traffic.ci.lubbock.tx.us/pdf/SpeedMap.pdf; accessed on 09/01/2007. The ordinance has been included 
in Appendix C. 
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Figure 5.11: Unit segment integration map 1. Integration reduces as the color of segments 
changes from red to blue.   
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Figure 5.12: Stop or yield sign location map of Lubbock. (a) The system; (b) enlarged 
view of two residential zones showing the locations of stop or yield signs.  
 

 



Texas Tech University, Abhijit Paul, August 2009 

 
 

93 

 
Figure 5.13: Unit segment integration map 2. Integration reduces as the color of segments 
changes from red to blue.   
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SECTION 3  

TRAFFIC CORRELATIONS STUDIES  

 The previous section has shown space syntax integration analyses of the road layout 

of Lubbock in three ways: an axial analysis and two unit segment analyses. Using the 

integration results of these analyses, this section performs the traffic correlation studies to 

verify which of these analyses best captures the trends of vehicular traffic volumes of the 

city roads. The higher the correlation, the better is the trend in capturing traffic volumes 

and, consequently, the greater is the predictive accuracy in modeling vehicular travel 

demands.  

 This section first describes how the traffic volumes of the unit spaces (axial lines and 

two types of unit segments) are calculated from a given set of traffic dataset and then 

determines how the integration results of the unit space are correlated to their 

corresponding traffic volumes. The correlation results confirms that unit segment analysis 

better captures the trends of vehicular traffic volumes of the city roads of Lubbock than 

axial analysis (r2 has reached up to 0.63).  

 Finally, this section develops the predictability maps for each analysis to show how 

accurate the integration results are in traffic forecasting for each category of roads in the 

road hierarchy and in the city land-use zones that they belong to.  

 

1. Calculation of traffic volumes of unit spaces  

 Using a dataset of intersection counts of annual average daily traffic (AADT), the 

traffic volumes of three types of unit spaces representing the road segments of Lubbock 

are determined.61 However, this case study has modified the methodology of the pilot 

study while calculating the traffic volumes of the city roads. In the pilot study, the traffic 

volume of a road segment has been considered the summation of its outgoing and 

incoming traffic. At an intersection, the outgoing traffic is the downstream flow that exits 

                                                           

61 The AADT data set is published by the city Traffic Engineering Office of Lubbock in its website: 
http://traffic.ci.lubbock.tx.us/TrafficData/signalCounts.aspx; accessed on 09/01/2008. The locations of these 
intersections are described in Appendix D.  
 



Texas Tech University, Abhijit Paul, August 2009 

 
 

95 

from the segment to its connected segments, whereas the incoming flow comprises the 

specific turns and through traffic that enter into the segment.62  

 While examining the available AADT dataset of the city roads, it has been identified 

that, in many cases, the turns (left or right) and through traffic have been counted 

together. For example, as shown in Figure 5.14a, the northbound right turn and the 

through traffic have been counted together at the intersection of 19th St. and Flint Ave. of 

Lubbock. From this combined traffic count, it is not possible to isolate the exact number 

of turns and through traffic. 

 It is, however, possible to obtain the total downstream flow of each connected 

segment (of an intersection) from the dataset of intersection counts. Assuming 50% 

directional split in each direction of a two-way road segment,63 this case study has 

considered the total downstream flow of a road segment to determine its traffic volume. 

Figure 5.14b shows all the downstream flows at the intersection of 19th St. and Flint Ave.  

 
Figure 5.14: Traffic counts at the intersection of 19th St. and Flint Ave. (a) Northbound 
traffic — the right turns and through traffic have been reported together; (b) total 
downstream counts of each direction of traffic.64   

                                                           

62 A detailed methodology of traffic volume calculation of unit spaces has been discussed in Appendix M.  
 
63 Directional split is the directional distribution of hourly traffic volume expressed in percentages. Highway 
Capacity Manual 2000, 5.5.   
 
64 This information has been obtained from the website of the Traffic Engineering Office of Lubbock: 
http://traffic.ci.lubbock.tx.us/TrafficData/Counts/SignalCounts/quad1.htm; accessed on 11/01/2008.  



Texas Tech University, Abhijit Paul, August 2009 

 
 

96 

 Having calculated the traffic volumes of all possible road segments from the available 

AADT dataset, the axial lines and the unit segments that represent these road segments 

are separated, and their traffic volumes are determined. While determining the traffic 

volumes of the axial lines and the unit segments, it has been observed that most of the 

axial lines and a few unit segments comprise a number of road segments with traffic 

variations. In this situation, traffic volumes of the road segments that constitute each unit 

(axial line or unit segment) have been averaged.   

2. Correlation studies  

 The integration results of unit spaces (axial lines and unit segments) are correlated to 

their corresponding traffic volumes in different ways to understand how accessibility 

measures (or integrations) of the city roads are related to their traffic flows.  Traffic 

correlations of all roads have been determined first in order to understand the overall 

accuracy of the traffic estimation of each space syntax analysis, and then the same has 

been performed for each hierarchy of roads and different land-use zones of the city. Table 

5.3 summarizes the correlation results, and Tables 5.4, 5.5, and 5.6 outline the lists of 

tables that report these correlation studies. All these tables are included in Appendix E.  
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Table 5.3: Summary of traffic correlations.  

No.  Analysis     Category  r   r2  n  p value  

1  Axial     (a) All roads 0.42 0.18 112 < 0.01  

        (b) Freeways65 0.59 0.35 16     0.02 

        (c) Arteries  0.58 0.33 33  < 0.01 

        (d) Collector roads 0.42 0.18 13     0.15 

        (e) Local roads  -0.31 0.10 50     0.03 

2   Unit segment 1  (a) All roads 0.73 0.53 276 < 0.01 

        (b) Freeways 0.80 0.65 28  < 0.01 

        (c) Arteries  0.85 0.73 117 < 0.01 

        (d) Collector roads  0.68 0.46 33  < 0.01 

        (d) Local roads  0.36 0.13 98  < 0.01 

3   Unit segment 2   (a) All roads 0.79 0.63 270 < 0.01 

        (b) Freeways 0.81 0.65 28  < 0.01  

        (c) Arteries  0.86 0.73 116 < 0.01 

        (d) Collector roads 0.73 0.54 41  < 0.01 

        (e) Local roads  0.47 0.22 85  < 0.01 

 

Table 5.4: Traffic correlations of axial analysis.  

No. Description Category  Appendix 

1 Calculation of average traffic volume of 
selected axial lines  

Freeways and high 
speed arteries  

Table E.1 

2 - Same -  Arteries Table E.2 

3 - Same - (as per speed limit ordinance)  Collector roads  Table E.3  

4 - Same -  Residential streets  Table E.4 

5 Statistical analyses of the above 
correlation studies  

- Table F.1 

 
                                                           

65 The freeways category also includes the high-speed arteries with posted speed limits of 55 mph or higher.  
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Table 5.5: Traffic correlations of unit segment analysis 1.  

No. Description Category  Appendix 

1 Calculation of average traffic volume of 
selected segments of unit segment map 1 

Freeways and high 
speed arteries 

Table E.5 

2 - Same -  Arteries Table E.6  

3 - Same - (as per speed limit ordinance)  Collector roads  Table E.7  

4 - Same -  Residential streets  Table E.8  

5 Statistical analyses of the above 
correlation studies  

- Table F.2  

 

Table 5.6: Traffic correlations of unit segment analysis 2.  

No. Description Category  Appendix 

1 Calculation of average traffic volume of 
selected segments of unit segment map 2 

Freeways and high 
speed arteries  

Table E.9 

2 - Same -  Arteries  Table E.10  

3 - Same - (as per speed limit ordinance)  Collector roads  Table E.11  

4 - Same -  Residential streets  Table E.12  

5 Statistical analyses of the above 
correlation studies  

-  Table F.3 

 

3. Analysis  

 Like the pilot study, the case study of this research also confirms that unit segment 

analysis 2 is a more accurate way of vehicular travel demand modeling than axial 

analysis. For the road layout of Lubbock, the axial analysis has produced a significantly 

poorer traffic correlation (r2 = 0.18) than two unit segment analyses (r2 ranges from 0.53 

to 0.63). Moreover, the probability of occurrence of these results in all analyses has been 

found significantly high (p < 0.0001). These results show statistical evidence that the 

mobility characteristics of settlement roads is a critical parameter of travel demand 

modeling.   
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 This research has also pointed out that, along with the mobility characteristics, the 

flow characteristics of residential streets influence trip-makers’ decision of route choice 

and, consequently, influence travel demands of settlement roads. Local traffic rules, such 

as the locations of stop or yield signs, are the primary factors that influence the flow 

characteristics of these roads.  

 Using the traffic correlation results of all three space syntax analyses, this section 

next develops the predictability maps to ascertain the predictive accuracies of the traffic 

estimates for all categories of roads in the hierarchy (Table 3.1) and the land-use zones 

that they belong to.  

4. Predictability mapping  

 Using the concept of predictability maps, this section illustrates the accuracies of the 

traffic estimates of the space syntax analyses of this case study. The traffic correlations 

have been considered to express the accuracy of the predictions. The higher the 

correlation, the greater is the predictability. Two types of predictability maps have been 

generated using ArcGIS software:  (1) hierarchical predictability and (2) zonal 

predictability.  

4.1 Hierarchical predictability  

 The hierarchical predictability map is a road layout representing the city roads in 

hierarchy (freeways, arterials, collectors, and locals) distinguished by their coefficients of 

determination of traffic correlations. Figure 5.15 is the hierarchical predictability map of 

the axial analysis, and Figures 5.16, and 5.17 are the same of two unit segment analyses 

of Lubbock, respectively.  
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Figure 5.15: Hierarchical predictability map of the axial analysis. Predictive accuracy 
reduces as the color of the lines changes from red to blue.   

 
Figure 5.16: Hierarchical predictability map of unit segment analysis 1. Predictive 
accuracy reduces as the color of the lines changes from red to blue.  
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Figure 5.17: Hierarchical predictability map of unit segment analysis 2. Predictive 
accuracy reduces as the color of the lines changes from red to blue.  

 Three hierarchal predictability maps of Lubbock in Figures 5.15, 5.16, and 5.17 show 

a gradual development in predictive accuracy of vehicular traffic estimates of the city 

roads. Among all three maps, unit segment map 2 has overall greater predictability than 

others. Moreover, the freeways and city arteries of unit segment analysis 2 show the 

highest predictability (r2 ranges from 0.65 to 0.73). The predictive accuracy of the 

residential streets also improves somewhat in unit segment analysis 2 from unit segment 

analysis 1.  

 This section also analyzes the predictive accuracies of the freeway and artery based 

on their individual traffic correlations in order to further investigate whether their 

locations within the system have influenced their traffic volumes. Figure 5.18 is the 

predictability map of these freeways and arteries of unit segment analysis 2,66 and Tables 

5.7 and 5.8 tabulate the correlation results of these freeways and arteries, respectively.  

 

 

                                                           

66 Because of higher predictive accuracy, this research has proceeded next with unit segment analysis 2 
only.  
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Figure 5.18: Predictability map of the freeways and arteries. Unit segment analysis 2 has 
been considered to develop this predictability map. The predictive accuracy reduces as 
the color of the lines changes from red to blue; the residential streets (collectors and 
locals) are shown in gray lines.  
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Table 5.7: Traffic correlations of the freeways of Lubbock (refer to Appendix I) 

Name       r   r2   n  p value  

Loop 289     0.77  0.59  14  < 0.01 

IS 27      0.70  0.49  8  0.05  

Clovis Hwy    0.34  0.12  5  0.57  

Brownfield Hwy    0.57  0.32  6  0.23  

Levelland Hwy    0.88  0.78  6  0.02  

 

Table 5.8: Traffic correlations of the major arteries of Lubbock (refer to Appendix I)  

Name       r   r2   n  p value  

19th St.      0.91  0.83  10  < 0.01 

34th St.     0.82  0.67  13  < 0.01 

4th St.      0.75  0.57  14  < 0.01 

50th St.     0.94  0.88  11  < 0.01 

82nd St.     0.55  0.30  9  0.13 

98th St.     0.20  0.04  4  0.80 

Ave. A      0.52  0.27  4  0.45 

Ave. Q      0.91  0.82  7  < 0.01 

Erskine      0.22  0.05  5  0.72 

Frankford Ave.    0.37   0.13   9  0.33 

Indiana Ave.     0.96  0.92  9  < 0.01 

Milwaukee Ave.    0.26  0.07  6  0.63  

Quaker Ave.     0.86  0.74  13  < 0.01 

Slide Ave.      0.92  0.84  7  < 0.01 

University Ave.    0.81  0.66  11  < 0.01 

Upland Ave.     0.26  0.07  5   0.67 

 

 Although the freeways and the arteries, in unit segment analysis 2, have produced 

higher traffic correlations than the residential streets of the city (Table 5.4), they 

individually are not equally good in traffic forecasting (Figure 5.18). This is because the 

r2 values of some freeways and arteries (Clovis highway, MLK Blvd., Frankford Ave., 
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CR 1700, Upland Ave., 98th St., Erskine St., etc.) have remained below 0.20. The 

probable grounds for these low correlations are explained in Chapter 6.  

4.2 Zonal predictability  

 A zonal predictability map is defined as a set zones or local regions that are 

distinguished by their predictive accuracies in traffic estimation. These zones are mostly 

one square mile in area and confined by freeways and/or arteries.67 Using traffic 

correlations (r2 values) of the road segments that belong to a land-use zone, its zonal 

predictability is determined.  

 Figure 5.20 is the zonal predictability map of unit segment analysis 2, and  the 

accuracy of the travel demands (zonal) is distinguished by 10 categories of r2 ranges (see 

the color legends in Figure 5.19). The darker the shade of a zone, the higher is the 

predictive accuracy of the traffic estimates of the roads that belong to that zone. Finally, 

the zones with predictability of 30%, 50%, and 70% (refer to Figures 5.20, 5.21, and 

5.22) are also filtered out in order to show which zones have 30%, 50%, and 70% or 

higher predictive accuracy in vehicular travel demand modeling.  

 

 

                                                           

67 In order to increase the number of sample counts, a few zones have been considered larger than one 
square mile in area.  
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Figure 5.19: Zonal predictability map (overall estimate). The darker the shade of a zone, 
the higher is the predictability of the roads that are within that zone.  
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Figure 5.20: Zonal predictability map — 30% and higher accuracy. Roads within the 
shaded zones have predictive accuracy equal or higher than 30%.  
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Figure 5.21: Zonal predictability map — 50% and higher accuracy. Roads within the 
shaded zones have predictive accuracy equal or higher than 50%. 
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Figure 5.22: Zonal predictability map — 70% and higher accuracy. Roads within the 
shaded zones have predictive accuracy equal or higher than 70%.  
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SECTION 4  

LIMITATIONS OF DEVELOPING UNIT SEGMENT MAP  

 This research has identified three limitations of developing unit segment maps, and 

they might have affected the integration results of the space syntax analysis of the road 

layout of Lubbock and so as its traffic estimates. These limitations are described next.  

1. Directional traffic flow  

 In space syntax, a unit segment (and perhaps an axial line as well) is considered to 

carry traffic in both directions. But in reality, a road segment may operate with one-way 

traffic. Because space syntax does not recognize directional flows, it seems to be 

inappropriate to measure accessibility of road segments with varying traffic routing on a 

common ground. While developing the unit segment maps (and the axial map) of 

Lubbock, this research has identified this problem in three ways. However, the error due 

to these unidirectional flows has been assumed to be negligible in this case study.   

(a) One-way traffic routing  

 In reality, a road segment may operate only to carry one-way traffic throughout its 

right-of-way. As an example, in Figure 5.23, the horizontal road segment only allows 

eastbound traffic (one-way), and thus, at an intersection, it does not allow the northbound 

traffic to make left turns and the southbound traffic to make right turns.  

 
Figure 5.23: One-way traffic routing.   

 In the road layout of Lubbock, a few one-way road segments (Ave. K, Ave. L, Texas 

Ave., etc.) have been found in the downtown area of the city.  
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(b) Road divider  

 A road divider of a two-way road segment also creates the similar situation of 

independent one-way traffic routing. At a road intersection, a divider does not allow the 

through-movements and certain turns of its connecting segments. Figure 5.24 describes 

the scenario with an example of an intersection, and Table 5.9 lists the movements that 

are not allowed at that intersection.  

 
Figure 5.24: Distinct two-way traffic routing. (a) Traffic flows of the horizontal road 
segment are divided by a divider; (b) an example: intersection of Indiana Ave. and 24th 
St. of Lubbock.  

Table 5.9: Movement restrictions.  

Eastbound  Westbound Northbound Southbound 

L-turn Not 
allowed 

L-turn Not 
allowed 

L-turn Not 
allowed 

L-turn Not 
allowed 

Thru'  Allowed Thru'  Allowed Thru'  Not 
allowed 

Thru'  Not 
allowed 

R-turn Allowed R-turn Allowed R-turn Allowed R-turn Allowed 

 In the road layout of Lubbock, road dividers have been observed in almost all arteries 

that encompass the Texas Tech University.  
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(c) Freeway service roads  

 Another form of one-way traffic has been found in the service roads that run along 

with the city-freeways. In the road layout of Lubbock, Interstate 27 and Loop 289 are 

both accompanied by service roads on their two sides to help maintain the uninterrupted 

flow of the freeway itself. These service roads are not only unidirectional, but their travel 

speeds are lower than the freeways. However, in order to avoid the problem of 

unidirectional flow, this research has considered them as a part of the freeway system and 

drew the axial lines and unit segments for the system itself. Figure 5.25 describes the 

methodology of developing axial lines and unit segments from such freeway systems.  

 
Figure 5.25: Freeway system. (a) Freeway and service roads; (b) freeway system; (c) 
axial map; (d) unit segments map.   

2. Continuity of unit segments   

 An important characteristic of a unit segment is that the unit may represent a 

curvilinear line or may comprise a set of serially-connected straight line segments. But, a 

unit segment ought to start from and end at decision points (road intersections). In this 

scenario, a curvilinear line (or a set of serially-connected segments) needs to be 

considered one object to represent the unit segment. Typically, polylines are used to draw 

serially connected lines as one object. However, in its present form, Depthmap does not 

support a polyline as one object. Therefore, a curvilinear unit segment cannot also be 

considered one object. While developing the unit segment map of Lubbock, quite a few 

curvilinear road segments have been found, and most of these lines have been converted 
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to straight line segments without changing their connections to the other lines. However, 

a few bends have been introduced as errors (Figure 5.26). The cumulative error due to 

these bends has been assumed to be negligible in this case study.  

 
Figure 5.26: Continuity error.  
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3. Parallel continuation of unit segments  

 As discussed before, a unit segment needs to be the road segment between two road 

intersections. However, in reality, two parallel road segments may meet at same the 

intersections at their ends. In this case, unit segments cannot be drawn without the bends. 

Figure 5.27 describes the scenario.  

 
Figure 5.27: Parallel continuation of unit segments. (a) Road layout of two parallel 
segments meeting at the same intersections at their ends; (b) unit segments developed 
with polylines (each poly is an object); (c) three unit segments are considered when the 
parallel segments have equal free-flow travel speed; (d) one unit segment is considered 
when one of the parallel segments has higher travel speed than the other.  

 In Figure 5.27a, road segments 1 and 2 meet at the same intersections at their ends. 

This type of formation can only be solved if unit segments are drawn with polylines 

(Figure 5.27b) because a polyline can represent a number of serially connected line 

segments as one object. As Depthmap does not consider polylines, this research has 

considered two parallel lines as one unit segment (or three segments — refer to Figures 

5.27c and 5.27d for explanation). This error has also been assumed to be negligible 

because very few such cases have been found while developing unit segment maps of 

Lubbock.  

4. Discussion   

 In the pilot study, it has been found that unit segment analysis is a better way to 

estimate traffic volumes of settlement roads than axial analysis, and the accuracy of the 

traffic estimates improves when the residential streets are further distinguished by their 

flow characteristics. Using the entire road layout of Lubbock as the case study, this 

research has reinforced the findings of the pilot study and verified the research 
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hypothesis: unit segment analysis models vehicular traffic demands with greater accuracy 

than traditional axial analysis. The next chapter delineates a comprehensive analysis of 

the statistical results of the pilot study and this case study.   
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CHAPTER 6 

FINDINGS 

 

 This chapter summarizes the findings of this research by performing a comprehensive 

evaluation of the statistical results of the pilot study and the case study. The findings 

confirm that unit segment analysis is a better approach to vehicular travel demand 

modeling than the traditional ones for the city of Lubbock. The findings also suggest that 

land use is a critical parameter of vehicular traffic estimation, and it needs to be 

considered in unit segment analysis for more accurate traffic estimations.  

1. Traffic estimation and road hierarchy  

 Two studies in the previous chapters have shown statistical evidence that unit 

segment analysis is a better approach to vehicular travel demand modeling than axial 

analysis. Furthermore, because unit segment analysis does not require origin-destination 

trip data, this approach is less cost intensive and more time efficient.  

 Although the axial analysis of the case study has shown somewhat good traffic 

correlation (r = 0.58) for the city arteries, the correlation has become negative for the 

local roads (r = - 0.31). This contradictory outcome can also be observed in the axial 

integration map of Lubbock (refer to Figure 5.4). The map shows that some of the 

centrally located residential streets have significantly higher integrations than some major 

city freeways and arteries, and thus, syntactically, the residential streets will have higher 

traffic volumes than the freeways and city arteries. In reality, this hypothesis seems to be 

unrealistic.68 This contradictory relationship between the integrations of the city roads 

and their traffic volumes seems to be the main reason for the poor overall traffic 

correlation (r2 = 0.18) of the axial analysis of Lubbock.  

 On the contrary, the unit segment integration map of Lubbock seems to show a trend 

of capturing road-hierarchy by categorizing the freeways and arteries with high 

integrations and the residential streets with low integrations. This integration pattern of 

                                                           

68 The traffic volumes of the freeways and arteries of Lubbock are significantly higher than that of the 
residential streets. Appendix K reports the variation of their actual traffic volumes.  
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unit segments also seems to match the actual traffic volume pattern of the city roads and, 

consequently, produces a high overall traffic correlation (r2 = 0.63).  

2. Busiest interchange   

 The southern interchange between Interstate 27 and Loop 289 is the busiest 

interchange of Lubbock; it operates a daily traffic of about 64,000 vehicles in its all four 

directions.69  

 
Figure 6.1: Busiest interchange of Lubbock.   

 Figure 6.1 highlights the busiest interchange in the unit segment integration map of 

Lubbock. The map indicates that two unit segments that pass through that specific 

interchange are the most integrated lines in the entire system. The axial integration map 

did not recognize this interchange with high integration results of axial lines.  

3. Variation in traffic counts  

 In a typical North American city, where road network is mostly grid-type, axial lines 

representing the roads may run from one city end to the other. For the case of Lubbock, a 

number of such lines (mostly arteries) can be found in both directions (E-W and N-S). 

While determining the average traffic volumes of these axial lines, a significant variation 
                                                           

69 Ibid.  
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in traffic counts has been noticed. The peripheral counts are considerably lower than the 

central counts. It seems inappropriate to represent an artery that runs from one city end to 

the other with one average traffic volume when it has a significant variation in traffic 

counts throughout its length. Similarly, the average estimation of vehicular traffic of 

these arterial segments with one integration value seems to be inappropriate.  

 On the contrary, a little variation in traffic counts has been noticed while determining 

the average traffic volumes of the unit segments representing the arteries of Lubbock. 

This is because although these arteries run from one city end to the other, their unit 

segments are comparatively less lengthy than axial lines. This observation suggests that 

for any grid-type road network, traffic forecasting with unit segment analysis is more 

appropriate than axial analysis.  

4. Land-use influence  

 In several space syntax literatures, the influence land use in trip-making has been 

identified in different ways (Hillier et al. 1993; Caria et al. 2003; Darjosanjoto 2005; 

Penn et al. 1998; 2005; Eisenberg 2005). The unit segment analysis of Lubbock also 

suggests that the traffic volumes of the city roads are not free from their land-use 

influences.  

 Land-use-generated trips are the trips that start from or end at a road segment (or unit 

segment), whereas configuration-generated trips are the through-trips that use the road 

segment to access other connected segments. Thus, a unit segment that has more property 

access will have more land-use-generates trips than one that has less property access. In 

this situation, it is expected that the former unit will have poor correlation between its 

integration and traffic volume than the latter unit, and vice versa. This is because the 

integration results only tend to capture the through-trips, but not the land-use-generated 

trips.  

 From the functional classification of roads point of view,70 property access (or land-

use density) of a road segment increases when its mobility characteristics reduces. 

                                                           

70 The functional classification of roads is a process by which streets and highways are grouped into classes 
in accordance with the character of traffic service that they are intended to provide. There are three highway 
functional classifications: arterial, collector, and local roads. All streets and highways are grouped into one 
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Freeways provide the highest travel speed and no property access. Arteries also carry 

high speed traffic with a very few property access. Collectors service at a lower speed for 

shorter distances by collecting traffic from local roads and connecting them with arteries, 

whereas locals primarily provide access to their connected properties with a little or no 

through-movement.71   

 In order to verify if land-use influences the traffic volumes of Lubbock’s roads, this 

research has performed traffic correlation studies for each category of roads in the 

hierarchy using the integration results of unit segment analysis 2 (refer to Table 5.4). 

These studies show that the traffic correlations of the city roads gradually decrease as 

their travel speeds reduce. The arteries of Lubbock have shown the highest correlation (r2 

= 0.73) among all categories, whereas the locals have produced the least traffic 

correlation (r2 = 0.22). Now, because integration results of unit segments do not consider 

land-use-generated trips, it appears that the traffic correlations of Lubbock’s roads have 

reduced when their property accesses have increased. The units that have shown the 

lowest traffic correlations are mostly the residential streets of the city, and they primarily 

provide access to their connected properties (or land uses) with a little or no through-

movement. This poor traffic correlation of the residential streets suggests that land-use 

influences traffic volumes of settlement roads.  

 An alternative way to trace the land-use influence on traffic volume could be to 

compare the traffic correlations of the city roads (that comprise a number of unit 

segments, such as city freeways and arteries) with one another. In this case, if it is 

assumed that the land-use types and the land-use density influence traffic volumes of the 

roads, then there should be a noticeable pattern in the accuracies of traffic estimates of 

the city roads indicating their variations of land-use influences with one another. For 

example, an artery that passes through an area, where land-use types are similar and they 

are more or less uniformly distributed, will have less variation of land-use influence on 
                                                                                                                                                                             

of these classes depending on the character of the traffic (i.e., local or long distance) and the degree of land 
access that they allow. This information has been obtained from an online literature of Federal Highway 
Administration (FHA), “Functional Classification:” http://www.fhwa.dot.gov/environment/flex/ch03.htm; 
accessed on 11/01/2007.  
 
71 Ibid.  
 

http://www.fhwa.dot.gov/environment/flex/ch03.htm
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its traffic, and consequently, the artery is expected to produce high traffic correlation. 

Contrarily, the traffic correlation is expected to become low if the artery passes through 

an area, where the land-use types are different and the uses are disorganized.  

 The comprehensive plan of Lubbock (Figure 5.2) shows that the city’s land-use types 

are more or less similar (detached residential) only within the west quadrant of Loop 289 

(separated by Interstate 27), and these uses are also fairly uniformly distributed 

throughout the region. The land-use density at the peripheral regions of the city 

(including the east quadrant) is not only low, but they are very scattered. Therefore, the 

arteries that pass through the west quadrant of the city are expected to be influenced by 

its dense and uniformly distributed detached residences, and this influence is also 

expected to gradually diminish toward the peripheral regions of the city.  

 In order to verify if there is any noticeable pattern in traffic correlations due to 

locational variation of land uses and their densities, the integration results of most of the 

arteries of unit segment analysis 2 have been correlated individually with their 

corresponding traffic volumes. The lower the correlation, the lower is the predictive 

accuracy. 

 The predictability map in Figure 5.18 identifies the variation of traffic correlations of 

the city arteries in both directions (E-W and N-S). The arteries that run mostly within the 

west quadrant of Loop 289 have yielded high traffic correlations. As mentioned before, 

these arteries pass through the zones, where land uses are primarily residential and they 

are fairly uniformly distributed. The correlations of the arteries have gradually decreased 

when their locations moved towards the periphery of the city. At the periphery of the city, 

the land uses are disorganized.  

 The zonal predictability analysis in the previous chapter also supports the findings 

above. In the zonal predictability analyses, the traffic correlations of unit segments of 

different land-use zones of Lubbock have been determined to examine which of these 

zones more accurately predict traffic volumes than others. In Figure 5.19, most of the 

zones within the west quadrant have shown higher traffic correlations than the peripheral 

zones. Figures 5.20, 5.21, and 5.22 also verify that the accuracy of traffic estimates 

increases as the zones move toward the center of the west quadrant. Thus, it can be 
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inferred that land-use influences traffic volumes of settlement roads, and it needs to be 

addressed in a unit segment analysis for more accurate vehicular traffic estimation.  

5. Edge effect  

 As discussed in the literature review of space syntax, the unit spaces (axial lines or 

unit segments) that are located at the periphery (or edge) of a system are predominantly 

found to be segregated units (Hillier 1999; Penn et al. 1998; Peponis et al. 1997). Now, if 

the system boundary is extended, these units no longer remain at the periphery, and they 

usually become less segregated (or more integrated) units. However, some new units that 

fall near the edges within the extended system become segregated. Therefore, integration 

results of unit spaces are dependent on system consideration. The effect of system 

consideration on the integration results of unit spaces is known as edge effect.  

 However, it is noticeable in unit segment analysis that, if the boundary of a system is 

extended, the integration pattern of the units seems to remain more or less unchanged. 

Roads with high travel speeds, such as freeways and arteries, show high integrations, 

whereas the segregated units are predominantly the residential streets. In the pilot study, 

when the system boundary was shifted in order to locate the artery in the center of the 

system, the artery was still found to be the most integrated unit segment in the entire 

system. This means that the alteration of a system boundary in unit segment analysis does 

not radically change its integration pattern. In order to verify this theoretical argument, 

the traffic correlations of a smaller system have been compared with the same taken from 

a larger system. This is because edge effect will only be proved to diminish when the 

traffic correlation of a specific layout will remain unchanged regardless of its boundary 

(or system) consideration.  

 The road layout of Tech Terrace has been chosen as the area of study to verify the 

above argument of edge effect. Tech Terrace itself is a system in the pilot study, and it is 

a part of a larger system in the case study. For clarity the former is named “smaller 

system,” and the latter is named “larger system.” The integration pattern of the larger 

system has been extracted from the system of the case study and then compared with the 

same of the smaller system. This comparison has been made for both analyses: (1) axial 



Texas Tech University, Abhijit Paul, August 2009 

 
 

121 

analysis and (2) unit segment analysis 2 (Figures 6.2 and 6.3). Table 6.1 summarizes the 

traffic correlation results of each analysis.  

 
Figure 6.2: Integration patterns of the axial analyses of Tech Terrace; integration reduces 
as the color of the lines changes from red to blue. (a) Larger system; (b) smaller system.  

 
Figure 6.3: Integration patterns of unit segment analyses 2 of Tech Terrace; integration 
reduces as the color of the lines changes from red to blue. (a) Larger system; (b) smaller 
system.  
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Table 6.1: Traffic correlations of larger and smaller systems72   

    Axial analysis       Unit segment analysis      

    (1)      (2)      (3)      (4) 
Tech Terrace Larger   smaller     larger    smaller    
    r2       r2      r2       r2      

All-roads   0.89(10)    0.03(10) p=0.66 0.65(16)    0.49(16)  

Residential-  0.04(7)  p=0.68 0.23(7) p=0.28  0.22(13) p=0.11 0.67(13)      
streets   

p < 0.01 unless otherwise mentioned; sample counts are in parentheses.  

 The same set of road segments that was used in the pilot study has been considered to 

examine the edge effect in the system of Tech Terrace, and traffic correlations have been 

determined for each analysis under two categories: (1) all-roads and (2) residential-

streets. The all-roads category denotes all road segments of the set of selected arteries and 

residential streets, and the residential-streets category denotes the same set but excludes 

the peripheral arteries of the neighborhood. In Table 6.1, columns 1 and 3 report the 

traffic correlations of the larger systems of axial and unit segment analyses, respectively, 

and columns 2 and 4 report the same of the smaller systems.  

 Table 6.1 shows that the variation of traffic correlations in unit segment analyses is 

comparatively lower than that of axial analyses. For example, the axial analysis shows a 

high traffic correlation (r2 = 0.89) when integration results of the larger system are 

considered, but this correlation drops significantly (r2 = 0.03) in the smaller system. Low 

correlations in both systems of axial analyses can also be observed when the arteries are 

excluded from the set. These statistical results suggest that the variation in traffic 

correlations in the axial analyses of Tech Terrace has been influenced by the alteration of 

the system boundary.  

 In unit segment analyses, the variation of traffic correlations in both systems is 

comparatively low (refer to columns 3 and 4 of Table 6.1). In column 3, the relation 

between arteries and residential streets becomes stronger (r2 = 0.65) when the integration 

results are taken from the larger system. The set of residential streets also shows 

                                                           

72 The traffic correlation results of the smaller systems have been taken from Table 4.2, and the traffic 
correlation studies of the larger systems are included in Appendix G.  
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improved correlation (r2 = 0.67) when the integration results are taken from the smaller 

system. The correlation only drops for the residential-streets category (r2 = 0.22) when 

their integrations are taken from the larger system. On average, the traffic correlation 

stays within a range of 0.22 and 0.54 for all residential streets in the entire city (refer to 

Table 5.4). Even though the number of samples is not large enough to draw a statistical 

inference, this low variation in the traffic correlations seems to explain that edge effect in 

the unit segment analysis has somewhat reduced in comparison to that of an axial 

analysis. In order to substantiate this argument, the following two tests have been 

performed.  

5.1 TEST. 1: comparison of integration patterns  

 Ratti (2004, 469) pointed out “edge-effect … has pervasive consequences over the 

whole urban network and affects results even in remote locations.” In other words, 

integrations of unit spaces may vary substantially when the system size (number of unit 

spaces) is increased or decreased, and this variation may occur anywhere in the system. 

One way to trace this edge effect could be to compare the integration patterns of two 

systems of a preset layout (such as the smaller and larger systems tested above) by 

correlating their integration results with one another. This will verify how the patterns of 

integration maps of both systems differ from each other. The higher the correlation, the 

lower is the variation and, consequently, the lower is the edge effect.  

 Table 6.2 summarizes the correlation results between two integration patterns of Tech 

Terrace. The first pattern has been taken from the larger system and the second from the 

smaller system. Both patterns are then correlated separately for the all-roads and 

residential-streets categories.  

Table 6.2: Correlation results between two integration patterns: larger and smaller.   

       Axial analysis       Unit segment analysis  

       (1)     (2)      (3)     (4)  
Tech Terrace    r2      p-value    r2      p-value   

All-roads      0.06(10)  0.51    0.54(16)   < 0.01 

Residential-streets   0.27(7)   0.23    0.34(13)   0.05 

Samples counts are given in parentheses. Correlation studies are included in Appendix H.  
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 In the axial analyses, only the residential-street category have shown some correlation 

(r2 = 0.27), whereas in the unit segment analyses, both correlations are not only relatively 

high (refer to column 3 in Table 6.2), but they are relatively more close to one another (r2 

ranges from 0.34 to 0.54). These relatively high correlations of the unit segment analyses 

suggest that the integration patterns of both systems (larger and smaller) are more 

identical than that of the axial analyses. Moreover, because both correlations in the unit 

segment analyses are close to each other, it seems that the omission (or inclusion) of the 

peripheral arteries of Tech Terrace did not greatly influence the integration patterns of the 

unit segment integration maps — smaller and larger.  

5.2 TEST. 2: traffic correlations of freeways and arteries  

 From the trip-making point of view, another way of tracing edge effect in a system 

could be to differentiate the unit segments based on their ability to bring traffic from 

outside of the system and to distribute them into the system. This differentiation can be 

made by analyzing how well these units (predominantly the freeways and city arteries) 

correlate with their traffic volumes. Here, it has been assumed that the unit segments that 

go beyond the system to connect external units will have a greater external influence than 

those that are distantly connected from the external units in the graph.73 The distantly 

located units are, usually, the residential streets. In this scenario, the lower the 

correlation, the greater is the influence.  

 For the case of Lubbock, the freeways (except Loop 289) that connect the 

neighboring settlements are expected to have greater external influence than ones that 

only run within the system or city limit, and this difference of influence can be traced by 

analyzing the individual traffic correlations of the freeways and the city arteries.74  

 For the case of freeways, Loop 289, which circles only within the city, has produced 

the highest correlation (r2 = 0.59), and the correlation has reduced a little for Interstate 27 

(r2 = 0.49), which passes through Lubbock and connects other settlements in the north. 

                                                           

73 Graph is the justified graph. Refer to the second section of Chapter 2 for a detailed explanation of 
justified graphs.  
 
74 External influence in the residential streets seems to be minimal because they, usually, remain distantly 
located (in the graph) from the external units.   
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Other freeways mostly start outside of Loop 289 and connect the neighboring 

settlements, and they, individually, have shown very poor traffic correlations (refer to the 

predictability map in Figure 5.19).  

 On the other hand, the city arteries that run within Loop 289 have shown very strong 

traffic correlations. Moreover, 19th St. (an artery) that generates two highways at the 

ends, Levelland Hwy. in the east and Idalou Hwy. in the west, has yielded an r2 of 0.83. 

But the correlations have decreased for the arteries as they have moved towards the 

peripheral region of the city, where the land-use density is significantly low. Now, if we 

accept the fact that some poor traffic correlations of the city arteries are mainly due to 

their connections to the land uses that are disorganized, then it can be said that the traffic 

correlations of the city arteries have gradually increased, diminishing edge effect, when 

they have stayed distantly located from external units in their individual justified graphs.  

6. Discussion  

 The findings of this research confirm that unit segment analysis is a better approach 

to modeling vehicular travel demands than axial analysis, and because the former 

approach does not require origin-destination trip data, this approach is less cost intensive 

and more time efficient. The findings have also advised that land use influences vehicular 

travel demands of settlement roads and that unit segment analysis is not totally free from 

edge effect. However, edge effect seems to be somewhat reduced in unit segment 

analysis in comparison to its axial counterpart.  

 The following chapter describes the future developments of this research by 

proposing an algorithm that introduces the land-use parameter into unit segment analysis. 

The chapter then theoretically shows how this algorithm can also be used to address the 

problem of edge effect in a unit segment analysis.  
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CHAPTER 7 
FUTURE DEVELOPMENTS 

 

 In the equilibrium analysis of trip assignment theory, land use has been considered 

one of the critical parameters of vehicular traffic estimation, and it has been considered 

through trip-distribution data or origin-destination (O-D) trip data. Chapter 2, in this 

context, has shown that user equilibrium of O-D routes changes when their O-D trip data 

are altered, and consequently travel demands of the routes change. In several other space 

syntax studies, it has been identified that land-use typology and land-use density 

influence movement (Barros et al. 2007; Perdikogianni et al. 2005; Darjosanjoto 2005; 

Hillier et al. 1993). The findings of the unit segment analysis in Chapter 6 have also 

verified that some poor traffic correlations of the city roads of Lubbock are most likely 

due to their various land-use connections.  

 Fundamentally, it is argued in this chapter that unit segment analysis will estimate 

vehicular travel demands with even higher accuracy when its units are further 

distinguished by their ability to generate trips. Using a hypothetical layout of unit 

segments, this chapter has theoretically shown that unit segments with high accessibility 

measures get polarized in the areas of a layout where the trip-generation rates are also 

high. In order to distinguish this new measure of accessibility from its traditional notion 

of integration, this research has introduced the concept of trip integration. Trip integration 

distinguishes unit segments based on how close each unit is located to all other units that 

have a high ability of trip generation.  

 This chapter begins by reporting some space syntax studies, in which land use has 

been identified as an independent parameter of travel demand modeling. It then develops 

a theoretical foundation explaining how this land-use parameter can be introduced into a 

unit segment analysis through its (land uses) relationship with movement and 

configuration. Using trip-generation rates of land uses, this chapter then (1) distinguishes 

unit segments based on their trip-generation abilities and (2) analyzes how generated trips 

of all unit segments can access each unit (within a given system) using the concept of 
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depth analysis.75 A new algorithm has been presented to perform the proposed depth 

analysis. The analysis results in a numerical value that distinguishes unit segments based 

on how closely (or distantly) they are located in the graph in relation to all other units that 

have a high ability of trip generation; this numerical result is the trip integration.  

 Finally, using a hypothetical road layout with property connections, this research has 

theoretically shown that accessibility measures of unit segments are influenced by their 

trip-generation abilities. However, the proposed algorithm of trip integration has been left 

for future testing with real traffic and land-use data.  

1. Literature review: land-use influence in travel demand modeling  

 In several space syntax studies, the influence of land use on traffic demands has been 

identified in various ways. In an axial analysis of Avenidas Novas in Lisbon, Caria et al. 

(2003) found that the concentration of pedestrian movement was the result of new 

commercial activities in the area and, consequently, the integration results of the axial 

lines (road segments of Avenidas Novas) could not accurately capture their pedestrian 

traffic. Theoretically, axial lines are assumed to have a unit (or equivalent) trip-

generation rate, and their integration measures, in this context, reflect how closely 

accessible each line is from all other lines. In reality, because the trip-generation rates of 

these lines differ from each other, their integration results cannot be considered a strong 

indicator of their traffic volumes. However, it may be said that the through-trips of road 

segments may relate to their accessibility measures only for those areas where the 

variation of land-use typology is less and where they are more or less evenly distributed 

(Penn et al. 1998).  

 In the case of Avenidas Novas, the new commercial uses developed an enormous 

difference in trip generation between the units that were close to the shops and others that 

were not; consequently, polarization of pedestrian traffic was observed near the 

commercial uses. Because the traditional integration results of axial lines (road segments) 

do not reflect land-use-generated trips, the concentration of the pedestrian movement was 

not captured by the axial analysis of Avenidas Novas.  

                                                           

75 See the second section of Chapter 2 for the explanation of depth analysis through justified graphs. 
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 In the Hamburg study, Eisenberg (2005) observed that the historical features of places 

attract more pedestrians and vehicles than others. The study pointed out that, historically, 

the relationship between configuration and movement was loosened when the two centers 

of the city, Ludwig-Erhard-Strasse and MÄonckebergstrasse, started taking on two 

different roles: (1) transit (harbor) and (2) commerce. Consequently, a locational 

discrepancy between the actual city centers and their representation in the configuration76 

was observed.  

 The axial analysis of Hamburg developed one global center and a number of local 

centers instead of two. The global center (or global core) comprises 5 – 10% of the 

highest integrated lines when integration radius-n analysis (or global integration analysis) 

is performed. Local centers (or local cores) also represent 5-10% of the highest integrated 

lines when integration radius-3 analysis (usually) is performed. None of these analyses 

produced centers that distinctly described the two actual centers of the city. The reason 

behind this locational discrepancy could be because of the concentration of activities due 

to two different primary land uses (harbor and commerce) in certain areas of axial lines 

that was not addressed in the axial analysis of the Hamburg study.  

 In a GIS-based traffic correlation study, it was found that the movement pattern of a 

specific part of Clerkenwell (London) was dominated by the presence of an underground 

station. The high rate of trip generation of the station “distorted the correlation between 

configurational measures and actual movements” of the nearby roads of the station 

(Perdikogianni et al. 2005, 759), and the study also suggested that the “interdependence 

between spatial and occupational patterns” of land uses should not be neglected while 

using accessibility measures of unit spaces for travel demand modeling.  

 Choi et al. (2005) observed that tall structures maximize use efficiency, leading to a 

concentration of human activities in certain spaces. The study found that, in addition to 

configurational measures, the channels of movement that connect tall structures and 

subway nodes had higher pedestrian traffic than others (Choi et al. 2005, 8) and 

                                                           

76 In space syntax, configurationally-generated centers are global and local cores; see the second section of 
Chapter 2 for an explanation of these cores.  
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emphasized that, along with land-use typology, use density is also an important 

consideration of travel demand modeling.  

 The findings of the case study of this research also suggested that land use is a critical 

consideration of travel demand modeling. When the integration results of the unit 

segments representing the city arteries were correlated to their corresponding traffic 

volumes, higher traffic correlations were found only in those areas of the city, where the 

variation of land-use typology and their density were minimal. Contrarily, traffic 

correlations of the arteries loosened at the periphery of the city, where land uses are 

disorganized. All these studies suggest that land use is a critical parameter of vehicular 

traffic estimation and that it needs to be introduced in the unit segment approach of space 

syntax analysis for more accurate traffic estimations.  

 In this chapter, this research claims that land use can be considered for vehicular 

travel demand modeling without using O-D trip data, and it can be done by addressing 

the trip generations of various land uses in unit segment analysis. A theoretical 

foundation has been presented next to show how the land-use parameter can be 

introduced into the framework of unit a segment analysis.77   

2. Theoretical foundation  

 In “Natural movement: or, configuration and attraction in urban pedestrian 

movement,” Hillier et al. (1993) identified retail (or land use) as an attractor of movement 

and analyzed how retail was related to both through-movement and configuration. 

Primarily, movements or trips that start from and end at retail establishments (shops) are 

land-use-generated trips, and they are categorized in two groups. The first group 

comprises a set of trips that solely generate to end at the shops; these trips can generate 

from anywhere within or outside a layout. These trips are the purpose-based trips. Here, 

the relationship among movements, land use, and configuration is that land-uses-generate 

movements (for example, trips start from a home and end at a shop) and that these 

movements are carried by road segments or unit spaces. Configuration, in this context, 

                                                           

77 Also see Hillier et al. (1993) for a detailed understating of how land use, movement, and configuration are 
interrelated to each other.  
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advises which road segments will have more through-movement than others, typically 

using the concept of integration.  

 There is a second group of trips. These trips are the non-purpose-based trips, but they 

generate from the purpose-based trips. That is, when there are through-trips within a unit 

space, the shops that are connected to that unit attract those trips, and consequently, some 

of the through-trips decide to end at the shops (Penn et al. 1998, 82). These non-purpose-

based trips are further explained in Figure 7.1.  

 
Figure 7.1: Purpose-based and non-purpose-based trips. T denotes through-trips, P 
denotes purpose-based trips, and N denotes non-purpose-based trips.   

 Figure 7.1 explains how through-trips influence trip attractions. A unit space that has 

a high rate of through-trips provides greater probability that the retailers will attract them. 

Configuration, in this context, advises which unit spaces would have a higher rate of 

through-trips than others through the integration results (Penn et al. 1998, 82). This 

relationship among movement, land use, and configuration itself makes clear that the 

pure accessibility measure (or integration) of a unit space is not a comprehensive 

representation of its traffic volumes. This is because integration results only address the 

through-trips of unit spaces but do not include their land-use-generated trips (purpose 

based and/or non-purpose-based trips). The findings of the case study of this research 

also have reinforced this argument. Table 5.4 in Chapter 5 has shown that the traffic 

correlations of Lubbock’s roads reduce when their land-use connections increase. Since 

the freeways and arteries of the city have no or very few property accesses, they have 

produced better traffic correlations (0.65 < r2 < 0.73) than the residential streets: 

collectors and locals. Traffic correlations have gradually reduced for the city collectors 
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(r2 = 0.54) and then for the locals (r2 = 0.22). The collectors provide some property 

access, whereas the locals primarily provide access to properties with a little or no 

through-movements.78  

 This research suggests that, in order to capture total traffic volumes of settlement 

roads using space syntax, a combined measure of accessibility of unit spaces (addressing 

through-movements) and their land-use-generated trips (purpose-based and/or non-

purpose-based) needs to be developed. One way to develop this combined measure could 

be to analyze the accessibility of unit spaces from their trip-generation point of view. 

That is, a unit space with a high rate of trip generation will influence all other units (in 

terms of traffic flow) more than one that has a low trip-generation rate. In order to 

differentiate this land-use influence, this research proposes to distinguish unit spaces (unit 

segments in this research) based on their trip-generation abilities. Using trip-generation 

rates of different land uses (properties) that are directly connected to a unit space, the 

trip-generation ability of that unit can be determined. Before this research derives the 

algorithm of trip-generation abilities of unit segments, a brief explanation of trip 

generation and how it quantifies land-use typology and use density in terms of generated 

trips are discussed next.  

3. Trip generation  

 Trip generation is the rate of trips (produced and/or attracted) that a land use can 

generate (Fricker et al 2005). The built-up area, population (after driving age), vehicle 

ownership, household incomes, etc. are the parameters of trip generation. Trip generation 

is divided into two broad categories: trip productions and trip attractions. Trip production 

is the number of trips that a land use can produce (start), whereas trip attraction denotes 

the number of trips that a land use can attract (end).79  

                                                           

78 Freeways do not have property access, but in both unit segment analyses, their traffic correlation reduced 
a little (refer to Table 5.4) from that of the city arteries (r2 = 0.65). External trips, trips that come from 
neighboring settlements, seem to cause this decrease in the traffic correlation of city freeways.   
 
79 Trip-generation models are further refined by home-based or non-home-based trips. However, in this 
dissertation research, trip-generation rates are the only requirements.  
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 The Institute of Transportation Engineers (ITE) did extensive surveys (through 

consultants, government agencies, and ITE students) and developed the trends of trip 

generation rates of various land uses (ITE 1997) through traffic correlation studies. Some 

of these rates are summarized in Appendix J.80 Typically, traffic analysis zones are 

considered to estimate their trip generations, and the cumulative trips generated by 

different land uses of each zone are estimated using equation 7.1.  

 T = ∑ Xa'  ……………………………….... (7.1) (Fricker et al. 2004)  

Where,  

 T  = trip generation of a traffic analysis zone  

 a'  = a factor that distinguishes land-use typology  

 X  = parameter (demographic) that quantifies trip-generation density  
     (e.g. built up area, population density, vehicle ownership, etc.).  

 This research proposes that this concept of zonal trip generation can also be used for 

the estimation of trip-generation abilities of unit segments.  

4. Methodology  

4.1 Trip-generation ability  

 The ability to generate trips (or land-use influence) of a unit segment is defined as its 

total generated trips (produced and/or attracted) with respect to the total trips in the entire 

system. Equation 7.2 is developed to estimate the trip-generation ability of a unit 

segment.  

 u  = 
U

∑ Xa'      ……………………………….... (7.2) 

Where,  

 u  = trip-generation ability of a unit segment  

 a’  = factor that distinguishes land-use typology (residential, commercial, etc.)  

 X  = parameter (demographic) that quantifies land-use density  
                                                           

80 The trip-generation rates of various land uses have been summarized by the Transportation Department of 
Palm Beach County, Florida (2007) from the ITE trip generation report, 7th edition, and published online: 
http://www.pbcgov.com/eng/pdf/traffic_counts/Trip_Generation_Rates.pdf ; accessed on 03/17/ 2008.   
 

http://www.pbcgov.com/eng/pdf/traffic_counts/Trip_Generation_Rates.pdf
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     (built-up area, population density, etc.)  

 U  = total trips of the system  

 Having distinguished unit segments based on their trip-generation abilities, this 

research proposes to consider each unit segment for two distinct functions: (1) to quantify 

the unit’s land-use influence in terms of generated trips and then (2) to determine its 

capability to carry this influence (trips) to other units.  

 Moreover, it seems that the notion of distinguishing unit segments based on their trip-

generation abilities can also be used to solve the problem of edge effect.81 Using 

surveyed data of externally-generated trips (in addition to land-use-generated trips), the 

total trip-generation ability of a unit segment can be determined. Externally-generated 

trips are the incoming and outgoing trips of a peripheral unit segment that connects road 

segments outside of a system.  

4.2 External influence  

 Trips that generate from outside of a system also influence the traffic flows of the 

system itself. One way to trace this influence, this research suggests, is to survey the 

average number of trips that enter into and exit from the system through the peripheral 

units. With this notion of external influence, the trip-generation ability of an externally 

connected unit segment can be estimated (equation 7.3). Figure 7.2 illustrates the trip-

generation abilities of internal and peripheral units with examples.  

 ue  = 
U

∑ + e Xa'     ……………………………….... (7.3) 

Where,  

 ue = trip-generation ability of a unit segment with external connection/s.  

 e  = total trips that enter and exit through the unit segment.  

 

                                                           

81 The problem of edge effect has been described in Chapter 2.  



Texas Tech University, Abhijit Paul, August 2009 

 
 

134 

 
Figure 7.2: Trip-generation ability. (a) Internal unit; (b) peripheral unit.    

 In Figure 7.2a, unit segment 1 provides access to four properties (P1, P2, P3, and P4), 

and altogether they generate 2,000 trips per day. Also assuming that the total trip 

generation in the entire system is 1,000,000, the trip-generation ability (u) of unit 

segment 1 is calculated as 0.002 or 0.20 %. In Figure 2(b), unit segment 2 is assumed to 

be located at the periphery of a system, and it also connects to units outside of the system. 

Along with the same four properties, an additional 10,000 trips enter into and exit from 

the system through unit segment 2. Using equation 7.3, the trip-generation ability (ue) of 

unit segment 2 is calculated as 0.012 or 1.20 %.  

 Having calculated the trip-generation abilities (u values) of all unit segments, this 

research suggests analyzing how each unit is influenced by the trip-generation abilities (u 

values) of all other units using the concept of depth analysis and then determining 

weighted mean depth82 of each unit segment to quantify how these segments are 

influenced by the land-use-generated trips of all other units.  

4.3 Weighted mean depth (Ū)  

 The weighted mean depth of a unit segment is the combined measure of its 

accessibility and the cumulative influence of trip-generation abilities of all other units on 

the unit itself. For example, a unit segment that, on average, is closely connected to other 

segments that have high trip-generation abilities will have greater potential to draw 

through-trips than others that have closer connection to units with low trip-generation 

                                                           

82 Other space syntax researchers have also used the term “weighted mean depth” in their studies (Turner 
2007).   
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abilities. The weighted mean depth of a unit segment, in this context, quantifies how 

closely (or distantly) all generated trips of other units can access the former unit.  

 The algorithm of weighted mean depth is drawn from the concept of mean depth (D) 

as described in the space syntax theory (equation 2.5).83 While calculating mean depth, 

the n value has been considered the total number of unit segments in a particular depth in 

the graph assuming that each unit segment has equal (or unit) trip-generation ability. In 

mean weighted depth calculation, this research proposes to consider the actual trip-

generation abilities of the unit segments instead. Therefore, replacing the n value in 

equation 2.5 with the total trip-generation ability at each depth (or ∑u), the weighted 

mean depth (Ū) of each unit segment is determined (equation 7.4).  

 Ū   = 
1

))(ud(
−

∑ ∑
k

   ……………………………….... (7.4) 

4.4 Trip integration   

 Trip integration distinguishes unit segments based on how close they are located to all 

other units that have a high ability of trip generation. A higher value of the weighted 

mean depth (Ū) of a unit segment indicates that all other units with high trip-generation 

abilities are, on average, distantly located from the original segment and that a lower 

value makes the unit segment closely accessible. Weighted mean depth can be considered 

as the measure of trip integration, and thus, trip integration of a unit segment is the 

reciprocal of the unit’s weighted mean depth (equation 7.5).  

 Trip integration = 1 / Ū   ……………………………….... (7.5) 

 Example 7.1 theoretically shows that how the trip integration of a unit segment 

captures its traffic volume and the how it differs from the traditional concept of 

integration when used for vehicular traffic estimation.  

 

                                                           

83 See the second section of Chapter 2 for a detailed explanation of mean depth.  
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Example 7.1  

 A hypothetical grid-type road layout of eleven unit segments (Figure 7.3a) has been 

considered to theoretically verify if the trip-generation abilities of unit segments 

influence their travel demands. In this layout, the central horizontal road is an artery and 

all others are residential streets. Table 7.1 describes trip-generation abilities (or u values) 

of all these units. These u values are also hypothetical.  

 

 
Figure 7.3: Land-use influence. (a) Hypothetical road layout showing land-use 
connections — the central horizontal road is an artery; all others are the residential 
streets; (b) unit segment map.84   

Table 7.1: Trip-generation ability.   

Unit segments   Type       u value   Remarks    

1      Artery      0.00               

2      Residential    0.50    Highest    

3, 5, 8, 9,     Residential    0.00   Nil  

4, 6, 7, 10, 11   Residential     0.10        

              ∑ u = 1.00      

 The trip-generation ability (u) of unit segment 2 is the highest in the set (Table 7.1).  

Contrarily, unit segments 1, 3, 5, 8, and 9 have no property access (or u = 0); they only 

act as the connectors in between other units of the layout. Using equations 2.5, 7.4, and 

7.5, mean depth, weighted mean depth, and trip integration of unit segments 1 and 2 are 

                                                           

84 A detailed methodology of developing unit segments from a given road layout has been discussed in 
Chapter 3.  
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determined. Table 7.2 summarizes the results, and their accessibility maps are shown in 

Figure 7.4.  

Table 7.2: Mean depth, weighted mean depth, and trip-integration results  

Unit segments   D     Ū      Trip integration  
      (eqn. 7.4)    (eqn. 7.5)   (eqn. 7.6)  

1      1.40     0.17    5.88 

2      2.00     0.11     9.09  

 

 
Figure 7.4: Land-use-accessibility maps. (a) Unit segment integration map; (b) unit 
segment trip-integration map  

 Table 7.2 shows that the mean depth of unit segment 1 is lower than that of unit 

segment 2. This means that the integration of the former unit is higher than the latter. 

Consequently, unit segment 1 is expected to have a higher traffic volume than unit 

segment 2. On the other hand, the trip integration of unit segment 1 is lower than that of 

unit segment 2. This suggests that unit segment 2 will have higher traffic instead. This is 

because, although unit segment 2 is more segregated than unit 1 based on the existing 

space syntax theory, unit 2 may draw more vehicles due to its close connections to the 

properties of all the other segments that have greater trip-generation abilities.  

 Because the trip integration of a unit segment reflects its (1) accessibility (addressing 

the unit’s through-movements) and (2) land-use-generated movements (movements that 

start from and end at that unit), it seems to be a more comprehensive measure of 
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vehicular traffic estimation than the contemporary ones.85 As a result, it is expected that 

trip integration will estimate vehicular travel demands with even higher accuracy than 

that what has been obtained in this research case studies of unit segment analyses. 

However, this hypothesis has been left for future testing with real traffic and land-use 

data.  

5. Discussion  

 In the equilibrium analysis of trip assignment theory, the influence of land use on 

traffic flows has been considered through trip-distribution data or O-D trip data. 

Although these O-D trip data are cost intensive and also difficult to obtain, the findings of 

this research have emphasized that land use plays a vital role in modeling vehicular travel 

demands.  

 This chapter has described a methodology to introduce the land-use parameter into 

the unit segment analysis of vehicular travel demand modeling. This has been done by 

distinguishing unit segments based on their trip-generation abilities. Unlike O-D trip data, 

trip-generation rates are more easily available from the trip-generation reports. Using a 

hypothetical road layout, this chapter has theoretically shown that a segregated unit 

segment, identified by the traditional space syntax theory, may draw more vehicles from 

the other units that have greater trip-generation abilities.  

 

 

 

                                                           

85 The total volume of a unit space (or unit segment) is the summation of its land-use-generated movement 
and through-movement; refer to Chapter 3 for an example.  
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CHAPTER 8 
SUMMARY AND CONCLUSION 

 

1. Summary  

 This dissertation research has developed an alternative approach to modeling 

vehicular travel demands, and this model does not require origin-destination (O-D) trip 

data. Surveyed O-D trip data are the primary input of the equilibrium analysis, the 

contemporary approach, but these trip surveys are cost intensive and time consuming. On 

the other hand, several studies in the field show that space syntax is one of the alternative 

approaches that can be used for vehicular traffic estimation by using only accessibility 

measures of settlement roads. However, using the traditional axial line approach, this 

research has found that space syntax does not accurately estimate vehicular travel 

demands for the city roads of Lubbock. Poor traffic correlation (r2 = 0.18) has been 

obtained between the accessibility measures (integrations) of the roads and their 

corresponding traffic volumes.  

 While analyzing the probable grounds of this poor traffic correlation, a number of 

inconsistencies have been identified in the axial line approach of space syntax analysis. A 

thorough investigation of axial analysis and equilibrium analysis has suggested that free-

flow travel time is the primary consideration of the trip-makers’ decision of route choice 

but not the straightness of road segments or axiality or the traffic congestion. Second, trip 

estimation cannot be made accurately with the accessibility measures of settlement roads 

with a unified form of unit space. The reason behind this is the layout itself; that is, in a 

branch-type road layout there is only one route between any pair of unit spaces 

(Figueiredo et al. 2005), whereas a grid-type layout offers route choices. These two 

distinct philosophies of trip-making cannot be addressed in an axial analysis without 

distinguishing unit spaces for two different networks. Finally, along with other space 

syntax studies, this research also shows that the land-use parameter cannot be disregarded 

for vehicular traffic estimation.  

 Assuming that unit spaces (road segments) are the trip origins and/or destinations, this 

research has developed a theoretical foundation showing how free-flow travel speeds of 
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road segments (in terms of time cost) influence their accessibility measures and, 

consequently, affect their traffic volumes. In other words, trip-makers tend to select road 

segments that not only provide close connections to their destinations (or closely 

accessible) but are also less time consuming for travel. The higher the free-flow travel 

speed, the less is the time needed for travel. Using this notion of trip-making, this 

research has hypothesized that space syntax estimates vehicular travel demands with 

higher accuracy than its traditional axial analysis when unit spaces are distinguished by 

their free-flow travel speeds. These new unit spaces are the unit segments in this research. 

 Using a road layout of a small residential neighborhood, as a pilot study, this research 

has found a higher traffic correlation (r2 = 0.49) between the accessibility measures of 

unit segments and their corresponding traffic volumes than that of axial lines (r2 = 0.02). 

The study, however, has suggested that along with free-flow travel speeds of settlement 

roads, their flow characteristics should also be considered to distinguish the unit 

segments for overall improved traffic correlations. Local traffic rules, primarily the stop 

and yield signs, need to be considered to analyze the flow characteristics of these roads. 

Using the road layout of Lubbock, a city in West Texas, as a case study, this research has 

reinforced the findings of the pilot study. Also in this case study, the unit segment 

analysis has shown a significantly higher traffic correlation (r2 = 0.63) than axial and 

equilibrium analyses (r2 = 0.18 and 0.05, respectively).  

 The critical finding of this research is that unit segment analysis is a better way to 

model vehicular travel demands using the space syntax theory. Moreover, because unit 

segment analysis does not require O-D trip data, this approach is cost effective and more 

time efficient. The findings, however, have suggested that land-use typology and use-

density influence travel demands of settlement roads, and externally generated trips that 

access a system’s units cannot be disregarded for vehicular traffic estimation.  

 Finally, this research has developed a theoretical foundation to introduce the land-use 

parameter into the proposed unit segment analysis by distinguishing the unit segments 

(road segments) based on their ability to generate trips. Using a hypothetical road layout, 

this research has also shown that a less integrated unit segment might draw more vehicles 

than an integrated unit due to its close connections to the properties (or land uses) that 
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have high trip-generation rates. However, this hypothesis has been left for future testing 

with real traffic and land-use data.  

2. Conclusion 

 Hillier et al. (1993) pointed out that axial analysis suffers for being less deterministic 

in estimating movement when the network becomes more like a grid. This is because, 

unlike a branch-type network, grid-type networks offer route choices. On the other hand, 

the contemporary approach of equilibrium analysis considers travel time of O-D routes to 

address this route choice but does not address route accessibility embedded in a network 

topology. This research identifies that both approaches are complementary to each other 

and that they should be integrated for the development of a comprehensive approach to 

modeling vehicular movement networks.  

 This research has a potential payoff in developing evacuation plans during 

emergencies. First, it has the ability to identify the major evacuation links without using 

historical O-D trip data. Using trip-generation rates, the proposed model of unit segment 

analysis can generate GIS-based roadmaps with their predicted traffic volumes. This 

evidence-based approach to modeling transportation demands will also help 

transportation planners to compare evacuation demands before and after emergency 

warnings and, consequently, will optimize infrastructural preparedness before disasters 

strike.  

 Second, the proposed model can be considered a handy tool for quick traffic 

estimation, and, consequently, it can be used to develop and manage evacuation plans 

more efficiently during emergencies, when time itself becomes a critical consideration for 

the transportation planners to estimate evacuation demands with the surveyed O-D trip 

data.  

 Finally, during evacuation, gridlock causes mass frustration and panic, and some 

evacuees decide to turn back to the catastrophic situation. In this condition, assuming 

gridlock will occur in each probable link to the rehabilitation areas (one at a time), unit 

segment analysis can optimize traffic volumes of all alternative links and determine link 

capacity for better safety of evacuees.  

 The objective of this research, as identified in the Task Force report, is to guide 

transportation planners in making recommendations as to how to improve evacuation 
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plans and evacuation execution in order to better protect evacuees in the event of future 

emergencies. This research, in this context, contributes to the planning field by 

developing a robust planning tool that will guide planners in justifying their planning 

decisions with data-based evidence in designing transportation policies for infrastructure 

developments of urban settlements, including the development of evacuation plans for 

emergencies.  

-- 
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APPENDIX A 

TRAFFIC VOLUME  

Table A.1: Traffic volume of selected road segments   

Segment              Volume (veh./hr.) 
ID    Road name   Direction  Slot 1 Slot 2   Avg. of slots     

Intersection: Boston Ave and 22nd Street   
(1)    Boston Ave   North    105 137  484 
(2)    Boston Ave   South    102 137  478 
(3)    22nd Street   West    32 16  96 
(4)    22nd Street  East    33 16   98 
 
Intersection: Elgin Ave and 24th Street  
(5)    Elgin Ave    North    10 10  40 
(6)    Elgin Ave    South    8 9  4 
(7)    24th Street   West   5 13  36 
(8)    24th Street   East   8 11  38 
 
Intersection: Flint Ave and 26th Street  
(9)    Flint Ave    North    95 98  386 
(10)   Flint Ave    South    97 98  354 
(11)   26th Street   West   37 31  136 
(12)   26th Street   East   33 24   114 
 
Intersection: Flint Ave and 22nd Street (Source: City of Lubbock, Traffic Engineering 
Department, 09/19/2007)   
(13)   Flint Ave   North    -  -   324 
(14)   Flint Ave    South    - -   320 
(15)   22th Street   West   - -  71  
(16)   22th Street   East   - -  64  
 
Intersection: Flint Ave and 32nd Street (Source: ibid)    
(17)   Flint Ave   North   - -  252 
(18)   Flint Ave    South   - -  252 
(19)   32th Street   West   - -  69 
(20)   32th Street   East   - -  77 
 
Traffic volume of road segments were calculated from surveyed peak traffic flow at the 
intersections mentioned in Figure 4.6 in 15 minutes slots unless otherwise mentioned.  
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Table A.1: Continued    

Segment              Volume (veh./hr.) 
ID    Road name   Direction  Slot 1 Slot 2   Avg. of slots     

Intersection: Indiana Ave and 19th Street  

(21.A)   Indiana Ave   South    241 477  1,970  (2,518) Avg.  

(22)   19th Street   East    533 897  2,860 

Intersection: Indiana Ave and 34th  Street  

(21.B)   Indiana Ave   North    474 919  3,066  (2,518) Avg. 

(23)   34th Street   East    363 652   2,030  
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APPENDIX B 

CORRELATION STUDIES  

Table B.1: Correlation between integration of axial analysis of the pilot study and traffic 
volume  
No Road name(s)  Reference Integration Volume 

    ID radius-n veh./hr. 

      

1 19th Street 22 3.01488 2,860 

2 Indiana Ave. 21 3.01488 2,518 

3 34th Street 23 2.90322 2,030 

4 Boston Ave. 1, 2 3.01488 481 

5 22nd Street 3, 4, 15, 16 3.01488 82 

6 Elgin Ave.  5, 6  2.90322 37 

7 24th Street 7, 8 2.41191 37 

8 Flint Ave.  9, 10, 13, 14, 17, 18 3.19947 315 

9 26th Street 11, 12 3.13548 125 

10 32th Street 19, 20 2.90322 73 

          

Average traffic volume was considered when an axial is comprised of multiple road 
segments.   

R-squared       = 0.03 (all roads, n = 10) 
        = 0.23 (residential roads, n = 7)  

P value for all roads    = 0.33 (one-tailed) 
        = 0.66 (two-tailed) 

P value for residential streets  = 0.14 (one-tailed) 
        = 0.28 (two-tailed)  
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Table B.2: Correlation between integration of unit segment 1 analysis of the pilot study 
and traffic volume  
No Road name(s)  Reference Integration Volume 
    ID radius-n veh./hr. 
      
1 19th Street 22 2.06609 2,860 
2 Indiana Ave. 21 2.05548 2,518 
3 34th Street 23 2.05197 2,030 
4 Boston Ave N 1 1.25303 484 
5 Boston Ave S 2 1.21498 478 
6 22nd Street W 3 1.23118 96 
7 22nd Street E 4 1.36409 98 
8 Elgin Ave N  5 1.15981 40 
9 Elgin Ave S  6 1.16770 34 
10 24th Street W 7 1.15981 36 
11 24th Street E 8 1.20281 38 
12 Flint Ave N 9 1.19324 386 
13 Flint Ave S 10 1.20281 354 
14 Flint Ave N 13 1.20643 324 
15 Flint Ave S 14 1.20040 320 
16 Flint Ave N 17 1.21868 252 
17 Flint Ave S 18 1.35028 252 
18 26th Street 11 1.22866 136 
19 26th Street 12 1.24394 114 
20 22nd Street W 15 1.23244 71 
21 22nd Street E 16 1.19562 64 
22 32nd Street W 19 1.26625 69 
23 32nd Street E 20 1.18852 77 
          

Average traffic volume was considered when an axial is comprised of multiple road 
segments.  
 
r-squared       = 0.93 (all roads, n = 23);  
        = 0.01 (residential roads, n = 20)  
 
P value for all roads    < 0.0001 (one-tailed) 
        < 0.0001 (two-tailed) 
 
P value for residential streets  = 0.33 (one-tailed)  
        = 0.67 (two-tailed) 
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Table B.3: Correlation between integration of unit segment 2 analysis of the pilot study 
and traffic volume  
No Road name(s)  Reference Integration Volume 

    ID radius-n veh./hr. 

      

1 19th Street 22 2.96264 2,860 

2 Indiana Ave. 21 2.85392 2,518 

3 34th Street 23 3.09530 2,030 

4 Boston Ave N 1, 2 2.68170 481 

5 22nd Street W 3, 16 2.42084 80 

6 22nd Street E 4 2.10900 98 

7 Elgin Ave N  5 1.77759 40 

8 Elgin Ave S  6 1.94423 34 

9 24th Street W 7, 8 2.07385 37 

10 Flint Ave N 9, 13, 14 2.85392 343 

11 Flint Ave S 10, 17, 18 2.92092 286 

12 26th Street 11 2.47871 136 

13 26th Street 12 2.42084 114 

14 22nd Street W 15 2.11617 71 

15 32nd Street W 19 2.19843 69 

16 32nd Street E 20 2.04656 77 

          

 

Average traffic volume was considered when an axial is comprised of multiple road 
segments.   
 
R-squared = 0.49 (all roads, n = 16); = 0.67 (residential roads, n = 13)  
 
P value for all roads    = 0.0014 (one-tailed) 
        = 0.0027 (two-tailed) 
 
P value for residential streets  = 0.0004 (one-tailed) 
        = 0.0007 (two-tailed)  
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APPENDIX C 

SPEED LIMIT ORDINANCE  

Figure C.1: Speed limit ordinance of roads of Lubbock, Texas   

 
(Source: Accessed from http://traffic.ci.lubbock.tx.us/pdf/SpeedMap.pdf on 09/01/2007)   

http://traffic.ci.lubbock.tx.us/pdf/SpeedMap.pdf
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APPENDIX D 

INTERSECTION COUNTS MAP86  

Figure D.1: Intersection counts map; intersections, where counts were taken, are 
highlighted with red dots.  

 
                                                           

86 Accessed from http://traffic.ci.lubbock.tx.us/TrafficData/Counts/SignalCounts/allquad.htm on 
09/01/2008 
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APPENDIX E 

AVERAGE TRAFFIC VOLUME  

Table E.1: Calculation of average traffic volume of selected axial lines representing 
freeways and high speed arterials  
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Table E.1: Continued  
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Table E.2: Calculation of average traffic volume of selected axial lines representing 
arterials 
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Table E.2: Continued  
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Table E.3: Calculation of average traffic volume of selected axial lines representing 
collector roads (as identified in speed limit ordinance 2006) 
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Table E.4: Calculation of average traffic volume of selected axial lines representing 
residential streets  
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Table E.4: Continued  
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Table E.5: Calculation of average traffic volumes of selected unit segments (of unit 
segment map 1) representing freeways and high speed arterials   
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Table E.6: Calculation of average traffic volumes of selected unit segments (of unit 
segment map 1) representing arteries  
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Table E.6: Continued  

 



Texas Tech University, Abhijit Paul, August 2009 

 
 

167 

Table E.6: Continued  
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Table E.6: Continued  
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Table E.7: Calculation of average traffic volumes of selected unit segments (of unit 
segment map 1) representing collector road (as identified in speed limit ordinance)  
 

 
 



Texas Tech University, Abhijit Paul, August 2009 

 
 

170 

Table E.8: Calculation of average traffic volumes of selected unit segments (of unit 
segment map 1) representing residential streets  
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Table E.8: Continued  
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Table E.8: Continued  
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Table E.9: Calculation of average traffic volumes of selected unit segments (of unit 
segment map 2) representing freeway and high speed arterials 
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Table E.10: Calculation of average traffic volumes of selected unit segments (of unit 
segment map 2) representing arteries  
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Table E.10: Continued  
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Table E.10: Continued  
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Table E.10: Continued  
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Table E.11: Calculation of average traffic volumes of selected unit segments (of unit 
segment map 2) representing collector roads (as identified in speed limit ordinance) 
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Table E.11: Continued  
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Table E.12: Calculation of average traffic volumes of selected unit segments (of unit 
segment map 2) representing residential streets (collectors and locals)  
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Table E.12: Continued  
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Table E.12: Continued  
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APPENDIX F 

STATISTICAL ANALYSIS  

Table F.1: Correlation studies and calculation of p-values with t-tests for axial analysis     

 

 
Data sets:  (1) Integrations of axial lines  
   (2) Average traffic volume 
 
Variables:  (1) X = Integration (independent) 
   (2) Y = Average traffic volume (dependent)  
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Table F.2: Correlation studies and calculation of p-values with t-tests for unit segment 1 
analysis     
 
 

 
 

Data sets:  (1) Integrations of unit segments (of unit segment map 1)   
   (2) Average traffic volume 
 
Variables:  (1) X = Integration (independent) 
   (2) Y = Average traffic volume (dependent)  
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Table F.2: Correlation studies and calculation of p-values with t-tests for unit segment 2 
analysis.     
 
 

 
 
Data sets:  (1) Integrations of unit segments (of unit segment map 2)   
   (2) Average traffic volume 
 
Variables:  (1) X = Integration (independent) 
   (2) Y = Average traffic volume (dependent)  
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 APPENDIX G 

CORRELATION STUDIES  

Table G.1: Correlation between integration of axial analysis of the case study and traffic 
volume (Larger system) 
 
No Road name(s)  Reference Integration Volume 
    ID radius-n veh/hr 

      

1 19th Street 22 3.48826 2,860 
2 Indiana Ave. 21 3.17371 2,518 
3 34th Street 23 3.19745 2,030 
4 Boston Ave. 1, 2 2.70266 481 
5 22nd Street 3, 4, 15, 16 2.64042 82 
6 Elgin Ave.  5, 6  2.86852 37 
7 24th Street 7, 8 2.57253 37 
8 Flint Ave.  9, 10, 13, 14, 17, 18 2.81739 315 
9 26th Street 11, 12 2.67318 125 
10 32th Street 19, 20 2.69476 73 
          

 

Average traffic volume was considered when an axial is comprised of multiple road 
segments.  
 
Summary of correlation results of Table G.1    

             p value   
Road type      r2    n  1-tailed 2-tailed  
 
All-roads      0.89  10  < 0.0001 < 0.0001 
Residential-streets   0.04  7  0.3408  0.6815 
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Table G.2: Correlation between integration of unit segment 1 analysis of the case study 
and traffic volume (Larger system) 
 
No Road name(s)  Reference Integration Volume 
    ID radius-n veh/hr 
      
1 19th Street 22 1.66392 2,860 
2 Indiana Ave. 21 1.76106 2,518 
3 34th Street 23 1.58320 2,030 
4 Boston Ave N 1 1.16427 484 
5 Boston Ave S 2 1.13417 478 
6 22nd Street W 3 1.13430 96 
7 22nd Street E 4 1.26424 98 
8 Elgin Ave N  5 0.96210 40 
9 Elgin Ave S  6 0.99879 34 
10 24th Street W 7 0.99856 36 
11 24th Street E 8 1.02911 38 
12 Flint Ave N 9 1.07489 386 
13 Flint Ave S 10 0.98158 354 
14 Flint Ave N 13 1.14417 324 
15 Flint Ave S 14 1.08487 320 
16 Flint Ave N 17 1.10554 252 
17 Flint Ave S 18 1.22868 252 
18 26th Street 11 1.07462 136 
19 26th Street 12 0.99889 114 
20 22nd Street W 15 1.18945 71 
21 22nd Street E 16 1.08491 64 
22 32nd Street W 19 1.19731 69 
23 32nd Street E 20 1.10530 77 
          

Average traffic volume was considered when an axial is comprised of multiple road 
segments.  
 

Summary of correlation results of Table G.2    
             p value   
Road type      r2    n  1-tailed 2-tailed  
 
All-roads      0.84  23  < 0.0001 < 0.0001 
Residential-streets   0.04  20  0.2059  0.4118 
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Table G.3: Correlation between integration of unit segment 2 analysis of the case study 
and traffic volume (Larger system)  
 
No Road name(s)  Reference Integration Volume 
    ID radius-n veh/hr 
      
1 19th Street 22 1.77433 2,860 
2 Indiana Ave. 21 1.89540 2,518 
3 34th Street 23 1.67707 2,030 
4 Boston Ave N 1, 2 1.51833 481 
5 22nd Street W 3, 16 1.35302 80 
6 22nd Street E 4 1.49343 98 
7 Elgin Ave N  5 1.19655 40 
8 Elgin Ave S  6 1.24491 34 
9 24th Street W 7, 8 1.32520 37 
10 Flint Ave N 9, 13, 14 1.51953 343 
11 Flint Ave S 10, 17, 18 1.44812 286 
12 26th Street 11 1.60528 136 
13 26th Street 12 1.41435 114 
14 22nd Street W 15 1.40704 71 
15 32nd Street W 19 1.60328 69 
16 32nd Street E 20 1.40098 77 
          

Average traffic volume was considered when an axial is comprised of multiple road 
segments.  
 

Summary of correlation results of Table G.3    
             p value   
Road type      r2    n  1-tailed 2-tailed  
 
All-roads      0.66  16  < 0.0001 < 0.0001 
Residential-streets   0.22  13  0.0528  0.1055 
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APPENDIX H 

CORRELATION STUDIES  

Table H.1: Correlation between integration results of two systems, smaller and larger, for 
axial analysis using Tech Terrace as area of study  

      Integration Integration 

No Road name(s)  Reference ID  
Smaller 
system 

Larger 
system  

1 19th St. 22 3.01488 3.48826 
2 Indiana Ave. 21 3.01488 3.17371 
3 34th St. 23 2.90322 3.19745 
4 Boston Ave. 1, 2 3.01488 2.70266 
5 22nd St. 3, 4, 15, 16 3.01488 2.64042 
6 Elgin Ave.  5, 6  2.90322 2.86852 
7 24th St. 7, 8 2.41191 2.57253 
8 Flint Ave.  9, 10, 13, 14, 17, 18 3.19947 2.81739 
9 26th St. 11, 12 3.13548 2.67318 
10 32th Street 19, 20 2.90322 2.69476 
          

 

Summary of correlation results of Table H.1   
             p value   
Road type      r2    n  1-tailed 2-tailed  
 
All-roads      0.06  10  0.2552  0.5104 
Residential-streets   0.27  7  0.1142  0.2283 
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Table H.2: Correlation between integration results of two systems, smaller and larger, for 
unit segment analysis using Tech Terrace as area of study  

      Integration Integration 

No Road name(s)  Reference ID  
Smaller 
system 

Larger 
system  

1 19th St. 22 2.96264 1.77433 
2 Indiana Ave. 21 2.85392 1.89540 
3 34th St. 23 3.09530 1.67707 
4 Boston Ave N 1, 2 2.68170 1.51833 
5 22nd St. W 3, 16 2.42084 1.35302 
6 22nd St. E 4 2.10900 1.49343 
7 Elgin Ave N  5 1.77759 1.19655 
8 Elgin Ave S  6 1.94423 1.24491 
9 24th St. W 7, 8 2.07385 1.32520 
10 Flint Ave N 9, 13, 14 2.85392 1.51953 
11 Flint Ave S 10, 17, 18 2.92092 1.44812 
12 26th St. 11 2.47871 1.60528 
13 26th St. 12 2.42084 1.41435 
14 22nd St. W 15 2.11617 1.40704 
15 32nd St. W 19 2.19843 1.60328 
16 32nd St. E 20 2.04656 1.40098 

          
 
Summary of correlation results of Table H.2  
             p value   
Road type      r2    n  1-tailed 2-tailed  
 
All-roads      0.54  16  0.0006  0.0011  
Residential-streets   0.34  13  0.0183  0.0366 
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APPENDIX I 
CORRELATION RESULTS OF INDIVIDUAL FREEWAYS AND ARTERIES  
 
Table I.1: Correlation between integration results of unit segments of Loop 289 and their 
traffic volume.   

        Avg       n  
ID Integration Vol 1 Vol 2 Volume r r2 p value Counts 

         
29 2.02856 84350 64030 74190 0.77 0.59 0.0013 14 
31 1.81921 66640 - 66640     
14 1.73341 25210 - 25210     
15 1.65979 26300 - 26300     
34 1.49960 23000 - 23000     
33 1.45647 26070 - 26070     
32 1.43088 20360 - 20360     
22 1.34213 13430 - 13430     
21 1.29634 9500 - 9500     
16 1.32634 10540 - 10540     
35 1.40014 11470 10990 11230     
17 1.50249 11920 11620 11770     
16 1.65715 9610 - 9610     
19 1.82102 21020 - 21020     

                  
 
Table I.2: Correlation between integration results of unit segments of IS 27 and their 
traffic volume.   

        Avg       n  
ID Integration Vol 1 Vol 2 Volume r r2 p value Counts 

         
288 1.81394 24650  24650 0.7 0.49 0.0522 8 
287 1.86886 63970  63970     
291 1.75553 62290 57340 59815     
25 1.53862 48640  48640     
24 1.46233 30010  30010     
23 1.40039 32640  32640     
26 1.32425 25130  25130     

7105 1.06147 18460 16390 17425     
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Table I.3: Correlation between integration results of unit segments of Clovis Hwy. and 
their traffic volume.   

        Avg       n  
ID Integration Vol 1 Vol 2 Volume r r2 p value Counts 

         
7112 1.18284 12440 10700 11570 0.34 0.12 0.5724 5 

41 1.23608 9010  9010     
40 1.37578 8720 11110 9915     

116 1.40766 13010  13010     
115 1.36484 11110  11110     

         
                  

 
Table I.4: Correlation between integration results of unit segments of Brownfield Hwy. 
and their traffic volume.   

        Avg       n  
ID Integration Vol 1 Vol 2 Volume r r2 p value Counts 

         
56 1.37777 1870 4310 3090 0.57 0.33 0.233 6 
39 1.58788 14100  14100     
38 1.66115 6300  6300     
48 1.67626 12000  12000     

121 1.65558 25000  25000     
122 1.64533 16400  16400     

                  
 
Table I.5: Correlation between integration results of unit segments of Levelland Hwy. 
and their traffic volume.   

        Avg       n  
ID Integration Vol 1 Vol 2 Volume r r2 p value Counts 

         
30 1.61197 26870  26870 0.88 0.78 0.0203 6 

7100 1.41763 12000  12000     
7101 1.25226 11000  11000     
7102 1.12036 12200  12200     
142 1.63945 25000  25000     
140 1.70975 24000  24000     
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Table I.6: Correlation between integration results of unit segments of 19th Street and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
30 19th St 1.611968 10235 0.91 0.83 0.0003 10 

7100 19th St 1.417632 8067      
141 19th St 1.609005 14843      
140 19th St 1.709748 14518      
135 19th St 1.356114 7185      

1226 19th St 1.774334 21409      
139 19th St 1.778471 20784      
213 19th St 1.633398 14064      
214 19th St 1.510978 12783      

7123 19th St 1.524796 10318      
                

 
Table I.7: Correlation between integration results of unit segments of 34th Street and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
94 34th St 1.508021 6131 0.82 0.67 0.0006 13 
93 34th St 1.364449 3037      

225 34th St 1.539515 8215      
95 34th St 1.524132 4877      

224 34th St 1.297153 4455      
1227 34th St 1.677067 12848      
223 34th St 1.492043 12523      
221 34th St 1.674406 14011      
222 34th St 1.562339 10889      

7126 34th St 1.567266 10830      
220 34th St 1.529398 10582      
219 34th St 1.414482 6429      
217 34th St 1.389780 4522      
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Table I.8: Correlation between integration results of unit segments of 4th Street and their 
traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
80 4th St 1.540901 10740 0.75 0.56 0.0019 14 

294 4th St 1.324770 9136      
81 4th St 1.379155 9489      
82 4th St 1.309969 8135      

126 4th St 1.519053 16654      
127 4th St 1.419958 16141      
128 4th St 1.518604 11131      
268 4th St 1.301668 2026      
125 4th St 1.597129 16131      
138 4th St 1.434100 9398      
129 4th St 1.544732 15694      

7121 4th St 1.420429 10537      
202 4th St 1.456470 8283      
269 4th St 1.285678 6186      

                
 
Table I.9: Correlation between integration results of unit segments of 50th Street and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
180 50th St 1.826242 18923 0.94 0.88 <0.0001 11 
181 50th St 1.751938 17366      
179 50th St 1.819513 16746      
178 50th St 1.687426 14657      
177 50th St 1.632187 12943      
176 50th St 1.567075 11528      
175 50th St 1.382794 6988      
173 50th St 1.317902 5091      
174 50th St 1.269470 5195      
182 50th St 1.717295 12284      
720 50th St 1.464055 3924      
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Table I.10: Correlation between integration results of unit segments of 82nd Street and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
146 82nd St 1.629322 12820 0.55 0.30 0.1253 9 
151 82nd St 1.418467 15406      
152 82nd St 1.330352 9866      
153 82nd St 1.289509 8092      
145 82nd St 1.564783 3870      
149 82nd St 1.635444 21166      
147 82nd St 1.664097 15393      
148 82nd St 1.698140 20056      
150 82nd St 1.580742 17008      

                
 
Table I.11: Correlation between integration results of unit segments of 98th Street and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
163 98th St 1.457104 8251 0.20 0.04 0.8012 4 
164 98th St 1.506369 9859      
162 98th St 1.412278 5004      
165 98th St 1.528487 4835      

                
 

Table I.12: Correlation between integration results of unit segments of Avenue A and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
293 Ave A 1.455809 6534 0.52 0.27 0.4773 4 
250 Ave A 1.397140 6755      
249 Ave A 1.376026 4001      
292 Ave A 1.396633 2206      
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Table I.13: Correlation between integration results of unit segments of Avenue Q and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
117 Ave Q 1.363073 3076 0.91 0.83 0.0048 7 
211 Ave Q 1.497933 13991      
212 Ave Q 1.534791 16827      
290 Ave Q 1.510801 10971      
118 Ave Q 1.336098 3661      
210 Ave Q 1.483995 16067      
207 Ave Q 1.400315 9752      

                
 
Table I.14: Correlation between integration results of unit segments of Erskine Street and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
64 Erskine St 1.304600 4195 0.22 0.05 0.7194 5 
63 Erskine St 1.452570 3691      
66 Erskine St 1.376371 7796      

252 Erskine St 1.319844 3338      
253 Erskine St 1.325112 2395      
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Table I.15: Correlation between integration results of unit segments of Frankford Avenue 
and their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
276 Frankford Ave 1.288409 5852 0.37 0.14 0.3329 9 
275 Frankford Ave 1.410545 12535      
50 Frankford Ave 1.434875 14623      

274 Frankford Ave 1.487922 10798      
7130 Frankford Ave 1.543432 12699      

51 Frankford Ave 1.413237 9124      
273 Frankford Ave 1.534485 9224      
272 Frankford Ave 1.487348 4005      
271 Frankford Ave 1.376690 3365      

                
 
Table I.16: Correlation between integration results of unit segments of Indiana Avenue 
and their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
230 Indiana Ave 1.874412 24258 0.96 0.92 <0.0001 9 
229 Indiana Ave 1.668964 12188      
228 Indiana Ave 1.468548 5355      
114 Indiana Ave 1.418076 7139      
113 Indiana Ave 1.349746 5450      
231 Indiana Ave 1.931612 25766      
232 Indiana Ave 1.895396 21396      
461 Indiana Ave 1.467709 11087      
462 Indiana Ave 1.430930 9572      
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Table I.17: Correlation between integration results of unit segments of Milwaukee 
Avenue and their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
111 Milwaukee Ave 1.337838 3160 0.26 0.07 0.6257 6 
279 Milwaukee Ave 1.426003 7409      
278 Milwaukee Ave 1.417945 8226      
283 Milwaukee Ave 1.398230 6696      
284 Milwaukee Ave 1.298574 6350      
280 Milwaukee Ave 1.463971 4776      

                
 
Table I.18: Correlation between integration results of unit segments of Quaker Avenue 
and their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
7116 Quaker Ave 1.489850 7756 0.86 0.74 0.0002 13 

77 Quaker Ave 1.384982 5227      
67 Quaker Ave 1.215372 2568      

7111 Quaker Ave 1.315112 2568      
75 Quaker Ave 1.591453 20514      
74 Quaker Ave 1.686835 18000      
70 Quaker Ave 1.643084 12382      
76 Quaker Ave 1.562403 10414      
69 Quaker Ave 1.361724 2797      
73 Quaker Ave 1.666545 16683      
71 Quaker Ave 1.618504 11455      
72 Quaker Ave 1.669145 15332      

308 Quaker Ave 1.655692 9851      
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Table I.19: Correlation between integration results of unit segments of Slide Avenue and 
their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
60 Slide Ave 1.394964 6051 0.92 0.85 0.0034 7 
59 Slide Ave 1.578119 13114      
58 Slide Ave 1.764822 20905      
57 Slide Ave 1.796346 24972      
56 Slide Ave 1.730255 20650      
54 Slide Ave 1.629908 10918      
55 Slide Ave 1.675899 13138      

                
 
Table I.20: Correlation between integration results of unit segments of University Avenue 
and their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
243 University Ave 1.372814 4977 0.81 0.66 0.0024 11 
242 University Ave 1.443100 7992      
235 University Ave 1.768103 21202      
234 University Ave 1.581358 18741      
237 University Ave 1.724368 16662      
236 University Ave 1.775847 17779      

1228 University Ave 1.743295 16144      
241 University Ave 1.462943 8337      
238 University Ave 1.632014 15943      
240 University Ave 1.430797 14221      
239 University Ave 1.501583 14912      
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Table I.21: Correlation between integration results of unit segments of University Avenue 
and their traffic volume.   

      Avg.       n 
ID Name  Integration Volume r r2 p value Counts 

                
109 Upland Ave 1.420953 1173 0.26 0.07 0.6716 5 
107 Upland Ave 1.461721 4755      
106 Upland Ave 1.431436 4796      
105 Upland Ave 1.300789 2512      
108 Upland Ave 1.436106 1275      
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APPENDIX J 

TRIP-GENERATION RATES  

Table J.1: Land use trip-generation rates  
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Table J.1: Continued   

 
Source: Trip-generation rates of Palm Beach County, Florida (2007). These rates were 
summarized from ITE trip generation report, 7th edition. Accessed from 
http://www.pbcgov.com/eng/pdf/traffic_counts/Trip_Generation_Rates.pdf on March 17, 
2008 
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APPENDIX K 

TRAFFIC ESTIMATION MAP87 (TransCAD) 

                                                           

87 Source: Lubbock Metropolitan Planning Organization, Lubbock, TX.   
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APPENDIX L 

AVERAGE TRAFFIC VOLUME AND TRAFFIC CORRELATIONS  

Table L.1 Calculation of average traffic volume and traffic correlation of selected road 
segments representing freeways and high speed arteries; traffic estimates obtained from 
Lubbock MPO.    
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Table L.2: Calculation of average traffic volume and traffic correlation of selected road 
segments representing arteries; traffic estimates obtained from Lubbock MPO.  
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Table L.2: Continued.  

 
 



Texas Tech University, Abhijit Paul, August 2009 

 
 

207 

Table L.2: Continued. 
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Table L.2: Continued. 
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Table L.3: Calculation of average traffic volume and traffic correlation of selected road 
segments representing collectors (30-35 mph); traffic estimates obtained from Lubbock 
MPO. 
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Table L.3: Calculation of average traffic volume and traffic correlation of selected road 
segments representing locals (20-25 mph); traffic estimates obtained from Lubbock 
MPO.  
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APPENDIX M 

CALCULATION OF TRAFFIC VOLUME OF ROAD SEGMENTS  

 Figure M.1 illustrates the outgoing and incoming traffic at the intersection of 19th 

St.and Indiana Ave., and Table 4.1 reports the traffic counts of the two intersections of 

Indiana Ave. with 19th St. and 34th St. Appendix A.1 reports all traffic volumes of the 

selected road segments shown in Figure 4.6.  

 
Figure M.1: Outgoing and incoming traffic.   

 

Table M.1: Traffic counts at the intersections of Indiana Ave. with 19th St. and 34th St.  
 
E-Bound  W- Bound   N- Bound   S- Bound  
LT  TH  RT LT TH  RT LT TH  RT LT TH  RT  
 
with 19th St.:   
150 1,168 158 456 812 92 152 528 214 118 462 86 
 
with 34th St.:  
216 480 126 292 596 178 232 986 142 342 1,008 222 
 
All 15-minute counts are converted into hourly counts in the Table M.1.  

Traffic flows of Indiana Ave. when it intersects with 19th St.:   

(1) Outgoing traffic  = NB (left turn + through + right turn)   = 894  

(2) Incoming traffic  = WB(left turn) + EB(right turn) + SB(through) = 1,076 
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Appendix M: Continued.  

 

Therefore, at the intersection of Indiana Ave. and 19th St., the traffic volume of  

Indiana Ave.   = Outgoing traffic + Incoming traffic  

     = 894 + 1,076   

     = 1,970 veh./hr.  

Similarly, at the intersection of Indiana Ave. and 34th St., the traffic volume of  

Indiana Ave.  = 3,066 veh./hr.  

Therefore, the average traffic volume of Indiana Ave. is 2,518 veh./hr.  
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APPENDIX N 

GLOSSARY  

Branch-type network: A branch-type network is a road network in which a road 
segment is only connected to other segments at one of its ends.   

 
Configuration: In space syntax, the map that describes the unit segments distinguished 

by their measures of accessibility is known as configuration (Hillier et al. 1993).  
 
Directional split: Directional split is the directional distribution of hourly volume on a 

highway expressed in percentages (HCM 2000, 5-5). 
 
Edge effect: Edge effect, in space syntax, is a phenomenon that occurs when the routes 

that lie along the periphery of the axial map become segregated purely as a function 
of the size of the boundary selected for analysis (Dawson 2003, Hillier 1997, Penn et 
al. 1998).  

 
Flow characteristics: Using the notion of flow characteristics, this research distinguishes 

the residential streets based on their interrupted and uninterrupted flows caused by 
stop and yield signs they face.  

 
Free-flow travel speed: Free-flow travel speed is (1) the theoretical speed of traffic, in 

miles per hour, when density is zero; (2) the average speed of vehicles over an urban 
street segment without signalized intersections under conditions of low volume; and 
(3) the average speed of passenger cars over a basic freeway or multilane highway 
segment under conditions of low volume (HCM 2000, 5-6).  

 
Gravity model: Gravity model is a trip-distribution method that is based on the relative 

spatial separation of traffic analysis zones and the relative amount of activity in the 
destination zones (Fricker et al. 2004, 241).  

 
Grid-type network: A grid-type or a circuit network is a road network in which all road 

segments are connected to other segments at their two ends to complete a loop or 
circuit irrespective of the geometry of the network (Hagget et al. 1969). In a grid-type 
road layout, each unit can be linear and/or curvilinear road segment.  

 
Integration: The integration value of a unit space (road segment in this research) is a 

function of the minimum number of other units that must be used in order to reach all 
other parts of the system considered for space syntax analysis (Peponis et al. 1997, 
342).  

 
Level of service: Level of service is a qualitative measure describing operational 

conditions within a traffic stream based on service measures such as speed and travel 
time, freedom to maneuver, traffic interruptions, comfort, and convenience (HCM 
2000, 5-8).  
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Mobility characteristic: Mobility characteristic is the functional classification of roads 
that distinguishes the character of traffic (i.e., local or long distance) and the degree 
of land access that they allow (AASHTO, Green Book).  

 
Mode choice: Mode choice determines how many trip-makers will choose each mode of 

transportation, such as privately-operated vehicles, bus, rail transit, etc. (Fricker et al. 
2004, 217).  

 
Natural movement: Natural movement in a grid is the proportion of urban pedestrian 

movement determined by the grid configuration itself. Natural movement, although 
not always quantitatively the largest component of movement in urban spaces, is so 
much the most pervasive type of movement in urban areas that without it, most 
spaces will be empty for the majority of the time (Hillier et al. 1993, 32).  

 
Traffic analysis zone: A geographic subset of a study area; it is considered as a trip 

origin and a trip destination (Fricker et al. 2004, 241). It is a geographic aggregation 
defined by land use that generates trips within a corridor (HCM 2000, 5-18).  

 
Trip assignment: Trip assignment determines which route will be taken by each trip 

maker between a trip origin to a trip destination (Fricker et al. 2004, 228).  
 
Trip distribution: Trip distribution determines how many trips that begin at a given trip-

origin will end at a given destination (Fricker et al. 2004, 206).  
 
Trip generation: Trip generation determines how many trips a traffic analysis zone or 

TAZ can generate, produce and attract (Fricker et al. 2004, 198).  
 
Trip influence: The notion of trip influence is used in this research to distinguish 

different portions of a traffic analysis zone based on their trip-generation abilities.  
 
Trip integration: Trip integration, in this research, is considered a combined measure of 

integration of a unit space (unit segment to be precise) and its ability to generate trips. 
Trip integration distinguishes the unit spaces (unit segment in this research) based on 
how close they are to all other units with respect to their ability of trip generation.  

 
User equilibrium: Travelers choose routes so that no change of route will improve their 

travel times (Fricker et al. 2004, 242).  
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