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Abstract
Verifying how urban form impacts travel demand facilitates the design of urban development strategies of travel demand management and determining how improving the travel efficiency affects new urban planning paradigms. Previous deductions or empirical analyses on this issue were fragmentary, and could not comprehensively recognize the complex relationships between urban form and travel demand. This study adopts structural equation modeling to perform an empirical analysis of Taipei City. Latent and observed variables are used to clarify the complex relationships between urban form and travel demand. Urban development strategies for travel demand management are also proposed according to the total effects among latent variables. Based on the empirical findings of this study, we conclude the following: increasing density increases trip generation rate and reduces private-mode choice; balance of mixed land-use reduces trip generation rate but increases private-mode choice, and pedestrian-friendly design of built environment significantly reduces private-mode choice. This research recommends urban development strategies to reduce trip generation and restrain private-mode choice, based on the empirical results.
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1. Introduction

Since travel demand is derived from social and economic activities, the activity environment acts as an essential factor affecting travel demand. As is widely believed, development density, land use diversity and design of built environment contribute to decisions involving the amount, modes and destinations of travel. Scholars and planners of urban planning study the effect of urban form on travel demand not only to develop travel demand management measures, but also to verify the benefits of new urban planning paradigms, such as compact city, neo-traditional planning, new urbanism and transit-oriented development. These new paradigms emphasize the requirement for dense, mixed-use and pedestrian-friendly developments to encourage sustainable travel behaviors, which reduce energy consumption and pollution.

Many empirical studies on how urban form impacts travel demand have been performed in the United States (Bagley and Mokhtarian, 2002; Boarnet and Greenwald, 1999; Boarnet and Sarmiento, 1998; Cervero, 1988; Cervero, 1991, Cervero, 1996; Cervero and Kockelman, 1997; Cervero and Radisch, 1996; Crane and Crepeau, 1998; Ewing et al., 1996, and Giuliano and Small, 1993), UK (Stead, 2001), Holland (Dieleman et al., 2002), Hong Kong (Zhang, 2004) and Taiwan (Lin and Hsiao, 2006). Their conclusions contribute to policy development of local planning. Both aggregate data of traffic analysis zones (TAZs) and disaggregate data of households, or individuals, were adopted as samples in previous studies. The analysis methods depend on the attributes of variables. Continuous dependent variables, including trip generation of TAZ, generally adopt linear regression, while discrete dependent variables, such as mode choice of household, usually apply discrete choice models. Some early studies adopted simple description and inference statistics, leading to doubtful conclusions. Previous studies have considered diverse variables: trip number, traveling distance, mode split and ridership of private modes (passenger car and motorcycle) for travel demand; density, land use diversity and built environmental design for urban form, and land use, transportation systems and social-economic attributes for control variables. Most previous studies concluded that dense development, mixed land-use and pedestrian-friendly design reduce vehicle trip generation, shorten traveling distance and encourage the use of mass transit, walking and biking. However, some studies have contended that the relationships between urban form and travel demand are insignificant, indirect or contrary to the general recognition. For instance, Stead (2001) argued that social-economic conditions of individuals have larger effect than urban form on travel demand. Ewing et al (1996) found that land use and trip generation are insignificantly related.
A significant amount of empirical evidence has been discovered but many issues require further exploration, according to the reviews of Handy (1996), Crane (2000) and Boarnet and Crane (2001). A relevant important issue is how to clarify complex relationships between urban form and travel demand. Most previous studies applied the method with a single equation, by which the full relationships between urban form and travel demand could not be clearly presented. For instance, although dense development theoretically increases the number of vehicle trips, as depicted in Fig. 1 (a), some empirical evidence revealed a fall. These findings may have two possible reasons. Figure 1 (b) shows the first possible reason. Dense development generally causes mixed land-use, which reduces the number of vehicle trips due to the short traveling distance. Dense development thus has an indirect negative effect on vehicle trips. Another possible reason is displayed in Fig. 1 (c). Some individuals with specific socioeconomic conditions not only prefer dense environments, but also dislike driving. The relationships among urban form, travel demand, transportation systems and socioeconomic conditions are very complicated, as revealed in Fig. 1 (d), and must be clarified by an appropriate method.
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Fig. 1. Complexities between urban form and travel demand
Since traditional regression methods cannot satisfy the need to clarify complex relationships, Bagley and Mokhtarian (2002) applied structural equation modeling (SEM) to empirical analysis. By using SEM, they found that a resident’s preference simultaneously affects location choice and travel demand. Additionally, the resident’s preference affects travel demand more significantly than do the attributes of the chosen location. Two variables can be adopted in SEM: latent variables denoting concepts (such as dense development) and observed variables representing indicators (such as population density and employment density on measuring dense development). By integrating the capabilities of path analysis and factor analysis, SEM can analyze the complex relationships among many indicators by only a few concepts. Bagley and Mokhtarian (2002) applied SEM for the first time with respect to exploring how urban form and travel demand are related, while leaving two issues for further exploration. First, the urban form was classified by two neighborhood types, traditional and suburban. The urban form variable is too simple to clarify the individual effects of various characteristics, such as density, diversity and design. Second, the study only adopted observed variables and performed path analysis, rather than complete SEM analysis. Complete SEM analysis uses observed and latent variables simultaneously. The relationships among few latent variables are more useful than that among many observed variables on examining theoretical relationships. A concept in theoretical study generally implies multiple meanings. For instance, the meanings of density include population density, employee density and building density.

To clarify the complex relationships between urban form and travel demand and to supply clear information for planners, this study empirically studied the relationships by using the SEM approach and 173 TAZs in Taipei City as a sample. Nine latent variables and 23 observed variables were considered in modeling, by which the direct, indirect and total effects among latent variables were estimated, and urban planning strategies for managing travel demand were developed. The implications of the empirical results are limited to adoption of aggregate data in this study. The rest of this paper is organized as follows. Section 2 introduces the research design of this work. Section 3 then describes the data collection. Next, Section 4 presents the process and results of model calibration and the recommended strategies. Conclusions are finally drawn in Section 5, along with recommendations for future research.

2. Research design

This section begins by defining the latent and observed variables. The model specification and hypotheses are then described.

2.1. Determining latent variables

The latent variables are classified according to three aspects, travel demand, urban form and control factors. Reducing the number of private-mode trips is encouraged in order to achieve sustainability, by lowering energy consumption and pollution production. Accordingly, trip generation and private-mode choice are adopted as latent variables for travel demand, as revealed in the top-right part of Fig. 2. Trip generation and mode choice were commonly studied in the previously researches, such as Cervero (1996), Ewing et al (1996), Cervero and Kockelman (1997), Marlon and Sarmiento (1997), Cervero (1988), Stead (2001) and Dieleman et al (2002). The number of vehicle miles traveled was also essential and studied in the past, but is not appropriate for the aggregate data adopted in this study.

Three dimensions defined in Cervero and Kockelman (1997) are adopted as latent variables for urban form, as shown in the top-left part of Fig. 2. The development density is related to activity scale and traveling distance; land-use diversity is associated with traveling distance and possibility of multi-purpose trips, and pedestrian-friendly design encourages walking, biking and using transit systems. All three dimensions affect trip generation and mode choice. Besides urban form, other important factors also influence travel demand. Four latent variables, as shown in the lower part of Fig. 2, are considered as control factors in this study. For private-mode choice, transit service acts as a push factor, and parking lot supply serves as a pull factor. Social and economic conditions of residents both affect trip generation and mode choice.

Figure 2 considers nine latent variables. Each latent variable denotes a concept, and can be measured by the observed variables defined in the following subsection.
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Fig. 2. Studied latent variables
2.2. Defining observed variables

Defining observed variables began by reviewing indices developed in previous literature. The reviewed indices were screened by examining their description of latent variables, their relationships to research objectives, their ability to provide a scalar measure and the availability of their data. Moreover, the number of observed variables is related to the total number of samples, and is limited by a theoretical requirement
.

Figure 3 shows the final selection of observed variables. The observed variables are defined as follows. All of the variables are defined in terms of the base year of 2000, and are measured for an entire traffic analysis zone (TAZ).

[image: image16.bmp]
Fig. 3. Hypothetical path diagram for model specification
2.2.1. Urban form

Three latent variables for urban form must be measured. First, the density is measured by the following three observed variables:

· residential density = number of residents/area of residential floor, unit: people/100m2;

· building density = area of floor space/area of urban development land, without unit; and

· employment density = number of employees/area of non-residential floor, unit: people/100 m2.

These three variables measure the density of major urban activities (residence and employment) and building environment. Higher values for these variables indicate a denser TAZ. The numerators denote the volume of activities, and the denominators represent the area of land, or floor, that is available for the corresponding activities. Urban development land includes residential, commercial, industrial and public uses.

Second, diversity is measured by the following five observed variables:

· type-mix = number of land use types in a TAZ, unit: type;

· housing-job mix = 
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, where Ji denotes the number of employees in TAZ i; (i denotes the number of residents per employee; ( denotes the housing floor space needed by each resident, and Hi denotes the housing floor space in TAZ i, without unit;
· housing-retail mix = 
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· land-use entropy = 
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 denotes the percentage of floor space for land use type k in a TAZ, without unit.
The type-mix measures land use variety in a TAZ. To consider the significance of land use type, land use types with floor areas < 100m2 in a TAZ are omitted — the most common size of a Taiwanese apartment is 100m2. The housing-job mix represents an imbalance between the two activities of residence and employment. The term 
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 estimates the total demand for housing floor space. The deviation between housing demand and supply, given by | ( |, determines the imbalance in job-housing, and ranges between 0 and 1. The degree to which job-housing is balanced rises as the variable falls. The housing-retail mix measures the imbalance of residence and retail activities. If the ratio of the area of retail floor to the number of residents for a TAZ is close to the city’s ratio, then the variable value falls toward 0, and the mix between residential activity and retail activity becomes balanced. The retail-job mix has the same meaning as the housing-retail mix, but represents the balance between employment and retail activities. The three mix variables described above represent negative relationships within the concept of diversity, which means that a high variable value signifies a low level of land use diversity. The land-use entropy denotes the intensity of land-use diversity. If the percentages of different land uses are fairly evenly distributed, then the entropy value rises and the diversity of mixed uses becomes significant.

Third, design is measured by the following three observed variables:

· road density = road area/area of urban development land, without unit;

· grid network = number of four-way intersections/number of all intersections, without unit; and

· sidewalk density = length of sidewalks/area of total floor, unit: m/100m2.

All three variables are positively associated with pedestrian-friendly design. Boarnet and Crane (2001) posited that increasing road density theoretically simultaneously improves the accessibilities of all modes. However, the improvement in accessibility for pedestrians should be more significant than that for vehicles, because walking relies on manpower, and vehicles rely on fuel power. The grid network reduces travel distance and improves walking accessibility. The proportion of intersections that are four-way has been commonly adopted as the proxy for the grid pattern, for example by Cervero and Kockelman (1997). The sidewalk density is positively related to mobility, safety and convenience of walking. Since the sidewalk area is unavailable in Taipei City, this study measured the length of sidewalks for each TAZ to determine the sidewalk density.

2.2.2. Travel demand

Two latent variables about travel demand, trip generation and private-mode choice, are considered to be affected by urban form. The trip generation is measured by the trip generation rate, which is defined as daily sum of trip production and trip attraction in a TAZ divided by the total floor area in a TAZ, with the unit of trip/100m2. Conversely, the private-mode choice is measured by the modal split percentage of car-use and motorcycle-use in a TAZ. The Bureau of Transportation of Taipei City investigated both these observed variables in 2000.
2.2.3. Control factors

Besides urban form, other factors also influence travel demand, and these should be included in the model. This study adopted four latent variables as control factors. First, the transit service was measured with the following three observed variables:

· bus stop density = number of bus stops/area of urban development land, unit: stop/hectare;

· distance to metro station = the shortest travel distance from the geographical center of a TAZ to the nearest metro station, unit: kilometer; and

· bus route density = number of bus routes/area of total floor, unit: route/100m2.

All three variables denote the service quality of transit systems. Bus and metro are two backbones of the transit service in Taipei. Higher densities of bus stops and routes increase the convenience of and willingness to use the bus system. Moreover, since the Taipei metro system operates on only 70 kilometers of track with 69 stations, the difference in density among TAZs is insignificant. This study adopted the travel distance of TAZ to the nearest metro station to denote the convenience of using the metro. A shorter distance increases the willingness to use the metro.

Second, the parking space supply was measured by parking space density, which is defined as parking space divided by area of total floor, with the unit of passenger-cars per 100m2. A high value for the parking space density signifies an increased level of parking convenience, and encourages the use of private modes.

Third, the social condition is measured with the following three observed variables:

· alimentation ratio = number of residents/number of residents with jobs, without unit;

· student ratio = number of students/number of residents, without unit; and

· female ratio = number of female residents/number of residents, without unit.

These three variables denote the social conditions promoting dependence on non-private modes and reducing the number of trips. A high value for alimentation ratio implies a high portion of non-workers including children, teenagers and elders. Non-workers generally do not own licenses or vehicles for driving, and mostly produce fewer trips than do workers, because they have fewer needs and poor traveling skills. Students also have poor driving skills. In 2006, about 70% of students in Taiwan were younger than 18 years old, which is the minimum age for applying for car and motorcycle driving licenses. A higher student portion is assumed to imply a fewer private-mode split. Much empirical evidence in Taiwan, such as the investigations of Hsu (2001), Liu (2002) and Li (2003), indicated that females use less private modes than males. Therefore, the female ratio is expected to denote a negative association with modal split of private modes.

Finally, the economic condition was measured with the following three observed variables:

· household income = average yearly income per household, unit: 104 Taiwan Dollars/household;

· car ownership = number of passenger cars/number of households, unit: vehicle/household; and

· motorcycle ownership = number of motorcycles/number of households, unit: vehicle/household.

These three variables denote the economic conditions of generating trips and using private modes. Both household income and vehicle ownership are positively related to trip generation and private mode usage, as found in the past empirical studies, such as Cervero (1991), Ewing et al. (1996), Chiang and Liao (1998) and Hsu (2001).

Figure 3 shows the relationships between latent and observed variables, and the relationships among latent variables, which are explained below.

2.3. Hypotheses

The relationships between the latent variables in Fig. 3 are deduced from the literature review and through logical inference.

Previous studies referred in the first section of this paper have studied the relationships between urban form and travel demand. Most of them empirically found that development density increases trip generation, and reduces car use. Although the influence on trip generation is theoretically reasonable, the influence on mode choice is questionable. Intensifying development creates three consequences for the travel environment: it attracts diverse land uses and decreases travel distance between origin and destination; it generates more trips and increases congestion, and it increases the need for pedestrian facilities and transit services. All these three consequences restrain the use of private modes, but the restraining effects result indirectly, rather than directly, from density. Intermediate factors between density and mode split should exist. Therefore, Fig. 3 specifies the direct and positive effect of density on trip generation, and the indirect and negative effects of density on private-mode choice via trip generation, diversity, design and transit services.

Moreover, mixed land-use increases the number of pass-by and multi-purpose trips, and directly reduces trip generation. Additionally, mixed land-use reduces travel distances among activities, and lowers the need to adopt private modes. Figure 3 shows the direct and negative effects of diversity on trip generation and private-mode choice. Dense road and sidewalk systems and grid network create pedestrian-friendly environments, and encourage walking, biking and using transit systems. Accordingly, Fig. 3 specifies the direct and negative effect of design on private-mode choice.

The relationships between control factors and travel demand are obvious and well supported by the empirical evidence. Cervero (1991) concluded that improving transit accessibility increases the opportunity of adopting transit systems, and hence reduces the use of private modes. Both Cervero (1991) and Cervero and Kockelman (1997) argued that reducing parking space supply reduces the use of private modes. Conversely, social and economic conditions affect travel demand more significantly than do land-use factors (Stead, 2001). Non-workers, students and females are inactive in generating trips and using private modes. Household income and vehicle ownership are both positively related to traveling and private-mode usage. According to the above conclusions, Fig. 3 shows the negative effects of transit service and social conditions on travel demand, and the positive effects of parking and economic condition on travel demand.

From the hypothetical path diagram in Fig. 3, the complex relationships among concepts can be identified by integrating the direct and indirect effects. For instance, density affects trip generation along two paths, through the direct-and-positive effect, and through the indirect-and-negative effect, via diversity. Because the effects along two paths of influence are inconsistent, that is, not all effects are positive or negative, the integrated effect cannot be identified before empirical analysis, and the hypothesis that density influences trip generation is proposed. The following five hypotheses can be derived from the relationships in Fig. 3:

H1: density influences trip generation;

H2: diversity negatively influences trip generation;

H3: density influences private-mode choice;

H4: diversity influences private-mode choice; and

H5: design negatively influences private-mode choice.

3. Data

The study sample comprises 173 TAZs in Taipei City, whose location is shown in Fig. 4. Data for 23 observed variables were obtained from various sources for the base year 2000. Travel demand (trip generation and modal split), social conditions (resident, employee, worker, student and female) and economic conditions (income and vehicle ownership) were obtained from the published report of the Bureau of Transportation of Taipei City (2001). Other data were obtained directly from agencies in the Taipei City Government, including Taipei Revenue Service (building tax records and area of floor space), Department of Urban Development (land uses, road area, sidewalk length, intersections and geographic information system) and Department of Transportation (bus stops and routes, metro stations and parking spaces).

To solve the problem of different value ranges for observed variables, the original data were normalized into the range 0–1 by the equation:
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where yij denotes the normalized value of variable i and sample j; xij denotes the original value of yij, and xi* and xi* denote the worst and best values, respectively, in terms of the meanings of the corresponding latent variables
. The normalized variable values then provide a positive correlation for the meanings of corresponding latent variables. Hence, all relationships between latent variables and observed variables in Fig. 3 must be transferred into positive relationships (+) after the normalization process.

Following normalization, sample data were examined by the data-screening function in the Lisrel package. Since the data-screening results revealed that the data did not follow the multivariate normal distribution, the normal-scores function in the PRELIS package was adopted to transfer the sample data into the normal distribution pattern with the original means and variations. The details of the above two functions can be found in Joreskog et al (2000).
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Fig. 4. Location of Taipei City
4. Analyses

This section begins by describing the model calibrations. The analysis of the calibration results is then described, and the five hypotheses are examined. Urban form strategies on heading travel demand for sustainability are subsequently recommended based on empirical findings.

4.1. Model calibrations

Model calibrations were performed by the maximum likelihood method of Lisrel 8.5 package, and began with the initial model specification in Fig. 3. The model specification was then modified according to the signs and significances of calibrated parameters for observed variables. An insignificant parameter means that the corresponding observed variable does not contribute to the representation of the latent variable, and can therefore be removed from the model. If the signs of calibrated parameters for the observed variables belonging to the same latent variable are not consistently positive, then the observed variables have conflicting meanings, and some of them must be revised or removed from the model.

Six observed variables were removed from the initial model. In the observed variables belonging to the density, the residential density presents the opposite sign to employment and building densities, according to the definitions of variables. If the regulated upper bound of floor space and the numbers of residents and employees are fixed, then increasing the residential floor space reduces the residential density, increases the building density, reduces the non-residential floor space and increases the employment density. The sample data indicates that it is inadequate to use these three observed variables for representing the density simultaneously. Since the residential density is related to trip production, the building density is simultaneously associated with trip production and attraction, and employment density generally affects trip attraction, the residential density was removed from the model.

For the observed variables belonging to the diversity, variables of type-mix and land-use entropy, denoting intensity of mixture, have the opposite signs to the other three mix variables, which represent balance of mixture. It means that a conflict relationship exists between the intensity and balance of mixed land-use. Mixed land-use is very popular in Taiwan and other regions in Eastern Asia, but causes many difficulties with amenity, safety, health and compatibility. A balance of land use is more important than mixed intensity for restraining trip generation and private-mode choice. The empirical evidence of Lin and Hsiao (2006) indicates that mixed intensity enhances trip generation, but the balance of mixed land-use reduces the number of trips in Taipei. Therefore, this study removed mix-type and land-use entropy from the model, and defined the latent variable of diversity as balance, rather than intensity, of mixed land-use. Moreover, the observed variable of retail-job mix was also removed from the model due to its insignificance.

In terms of the observed variables belonging to the design, sidewalk density has the opposite sign to road density and grid network. This observation is due to the environmental attributes of city development history in Taiwan. Old developed areas generally have dense and grid road networks with poor pedestrian space. By contrast, new developed areas, such as suburbs, supply better pedestrian facilities than old developed areas with sparse and fragmentary road networks. Because dense and grid networks improve accessibility of walking, and sidewalk density is measured from the length, rather than area, of sidewalk, the sidewalk density was removed from the model. Finally, the alimentation ratio presents the opposite sign to the other two ratios for the observed variables belonging to the social condition. Because the non-workers in the alimentation ratio are less specified than the students and females in the other two ratios, it cannot confidently be adopted to infer the influence of non-workers on travel demand. Therefore, the alimentation ratio was also removed from the model specification.

Figure 5 shows the calibration results for the modified model. All relationships between latent variables and observed variables are significantly positive, and match with the expected relationships after normalizing the observed variables. Six relationships are insignificant, and can be ignored in the discussion of relationships in the following subsection. Table 1 shows the goodness of fit of model calibrations. All of the indices for determining goodness of fit move toward better situations through the model modification process. Since some of the indices have not reached the reference standards, the model specification needs further revision in the future. One of the possible revisions is to add accessibility variables for both transit and private mode in explaining mode choice.
4.2. Results analysis

In the analysis of the calibration results (Fig. 5), the implications of the latent variables (that is, concepts) are limited to consideration of those observed variable(s) that remained in the modified model after calibration. For instance, the concept of diversity only denotes the balances of housing-job mix and housing-retail mix. Therefore, the relationships among latent variables shown in Fig. 5 should be explained by the respective observed variables, rather than by the comprehensive meaning of the latent variables. This limitation is considered when discussing the analysis and strategies in this and the following subsection. The insignificant relationships in Fig. 5, such as the positive, but insignificant, effect of transit service on private-mode choice, have to be omitted in the following discussion.

*Significant at (=0.1; **significant at (=0.05; ***significant at (=0.02.
Fig. 5. Calibration results of the modified model

Table 1
Goodness-of-fit in model development

	Indices
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/dfa
	GFIb
	AGFIc
	RMRd
	SRMRe

	Reference standardsf
	p>0.05
	<2
	>0.9
	>0.9
	Smaller is better
	<0.08

	Initial model
	853.224(p=0.00)
	4.006
	0.705
	0.617
	0.003
	0.14

	Modified model
	391.315(p=0.00)
	3.836
	0.804
	0.706
	0.002
	0.093

	a Degree of freedom.

	b Goodness-of-fit index.

	c Adjusted goodness-of-fit index.

	d Root mean square residual.

	e Standardized root mean square residual.

	f Recommended by Chuo (2003).


Figure 6 shows the hypothetical and empirical path diagrams for the latent variables. The hypothetical and direct relationship between diversity and private-mode choice is insignificant, and is ignored in the empirical path diagram. This result implies that the effect of diversity on private-mode choice is indirect via trip generation. Only one relationship between control factors and travel demand is significant, namely the economic condition for trip generation. Transit service, parking and social condition do not have significant associations with travel demand. The insignificant results have three possible reasons: the observable variables might be inadequate for representing the corresponding latent variables; the relationships between control factors and travel demand might be less appropriate for study by aggregate data than by disaggregate data, and urban form and economic conditions affect travel demand more significantly than they do the other factors. This issue requires further exploration in the future.

The empirical relationship between density and diversity is negative, and is opposite to the hypothetical relationship. It results from the revision of observed variables belonging to diversity through model modification. Housing-job mix and housing-retail mix both denote the balance of mixed land-use. A dense area generally usually attracts commercial and retailing activities, and worsens the balance between housing and job (also retail). Density and balanced diversity are not positively correlated with each other in the dense environment of Taiwanese cities.

The effects of urban form on travel demand were confirmed on the basis of the empirical path diagram (see Table 2 under the limited meanings of the observed variables used in this study). First, the effect of density creates two positive influences on trip generation, one direct and the other indirect via diversity, and three indirect and negative influences on private mode choice: one via trip generation, one via diversity and trip generation, and one via design. Therefore, hypotheses H1 and H3 are both acceptable. Second, the diversity directly and negatively influences trip generation, and indirectly and positively influences private-mode choice. Consequently, hypotheses H2 and H4 are acceptable. Third, pedestrian-friendly design creates a direct and negative effect on private-mode choice, which means that hypothesis H5 is empirically proven acceptable.

Most of the empirical conclusions in Table 2 match the findings of past studies: increasing density increases trip generation and decreases private-mode choice; balanced diversity reduces trip generation, and pedestrian-friendly design reduces private-mode choice. Although the positive effect of mixed land-use on private-mode choice is opposite to the conclusions of most past studies in Northern America
, it is similar to the findings in Chinese societies. For instance, Hsiao (2003) found that mixed land-use reduces the modal split of transit systems in Taipei. The studies of Kuo (1999) in Taipei and Zhang (2004) in Hong Kong both indicated an insignificant relationship between mixed land-use and modal split. Because mixed land-use is already popular in Chinese societies, its effect on travel demand is somewhat different from that in Northern America, where separate land-use is popular. Moreover, both negative and positive effects of mixed land-use on private-mode choice follow theoretical inferences. First, mixed land-use shortens travel distance and hence encourages walking, biking and use of transit. Diversity thus has a direct and negative effect on private-mode choice. This negative relationship showed in the empirical model, but was insignificant. Second, mixed land-use reduces inter-TAZ trips and traffic loads, and thus induces additional vehicle trips. Thus, an indirect and positive effect exists from diversity, via trip generation, to mode choice. This positive effect is significant in the empirical evidence. The way to signify the direct and negative influence of diversity on private-mode choice is important for development of strategies for decreasing private-mode choice.


Fig. 6. Comparisons of path diagrams by latent variables
Table 2
Examination of hypotheses
	Influences
	Direct
	Indirect
	Total effect
	Conclusions

	
	
	
	
	

	Density → trip generation
	0.393
	(-0.371)×(-0.377)=0.140
(density → diversity → trip generation)
	pos.
	Accept H1

	
	
	
	
	

	 Diversity → trip generation
	-0.377
	--
	neg.
	Accept H2

	
	
	
	
	

	Density → private-mode choice
	--
	0.393 ×(-0.201)=-0.079

(density → trip generation → private-mode choice)
(-0.371)×(-0.377)×(-0.201)=-0.028

(density → diversity → trip generation → private-mode choice)
1.143×(-0.432)=-0.494

(density → design →private-mode choice)
	neg.
	Accept H3

	
	
	
	
	

	Diversity → private-mode choice
	--
	(-0.377)×(-0.201)=0.076

(diversity → trip generation → private-mode choice)
	pos.
	Accept H4

	
	
	
	
	

	Design → private-mode choice
	-0.432
	--
	neg.
	Accept H5

	
	
	
	
	

	neg.: negative

pos.: positive
	
	
	
	


4.3. Strategy development

As a typical densely developed city in Eastern Asia, Taipei City has considerable traffic congestion. Roughly 10,000 residents and 8,000 workers inhabit each square kilometer. Although the existing transportation system is dense — it has 5.6km of road, 16km of bus routes and 0.26km of metro per square km — travel demand exceeds infrastructure limits. Almost 90% of arterial routes, buses and metro vehicles achieve poor levels of service (E or F) during peak hours. Traffic congestion reduces sustainability by reducing efficiency, increasing energy consumption and pollution and reducing traveling quality. Consequently, reducing trip generation and private-mode choice is an important aim for managing travel demand in Taipei City.

Based on empirical findings, pedestrian-friendly design is still effective for reducing private-mode choice and worthy of being promoted, but intensification and mixed land-use both present bad effects on travel demand. Accordingly, this study proposes strategies for density and diversity developments that mitigate the bad and significant effects and enhance the good but insignificant effects on travel demand. The three strategies are as follows.

(1) Mitigate the positive influence of density on trip generation
To mitigate the direct and positive effect of density on trip generation, this study makes the following recommendations:

· The building density and employment density of an area should be restricted according to the capacities of public facilities and services, such as transportation systems.
· Because the trip generation rate rises with rising of density, the trip generation of an area should be estimated according to the generation rate corresponding to the area’s density.
· Reducing building and employment densities can be an efficient alternative to releasing traffic congestion in the area where the transportation service capacities can no longer be increased.

(2) Mitigate the negative effect of density on diversity
The empirical results indicate that increasing density attracts retail and employment activities, and reduces the balance with residential activity. Reducing the direct and negative effect of density on diversity reduced reduces the indirect and positive effect of density on trip generation. Therefore, strategies that reduce the negative effect of density on the balance of mixed land use, such as the following, are important:

· The living facilities, such as market, school, park, hospital, police station and community library, in dense areas should be reviewed and improved to attract residential activity for balancing the housing-job mix and the housing-retail mix.
· Environmental conflicts, such as noise, air pollution and traffic, between housing and retail and employment activities, should be minimized in dense areas.

(3) Enhance the negative effect of diversity on private-mode choice
Figure 5 indicates that diversity has an insignificant and negative effect on private-mode choice. If the significance of effect in this relationship is improved, then the indirect and positive effect of diversity on private-mode choice via trip generation would be traded off. Therefore, strategies that enhance the significance of the direct and negative effect of diversity on private-mode choice, such as those in the following recommendations, are important.

· The characteristics and prices of supplied housing should be planned to match the needs of employees, and the jobs in an area must be planned to match the capabilities of the residents, in order to reduce commuting distances, and hence reduce the need to use private modes.
· The supplied commodities and services of retailing activities should be planned to match the needs of residents in an area to reduce traveling distances of shopping trips, and thus reduce the need to use private modes.

5. Conclusions

The relationships between urban form and demand for travel are too complex to be analyzed by a single equation and few variables. Therefore, this study adopts a structuralized approach with multiple equations and many variables. By clarifying direct and indirect effects, the empirical evidence indicates that density is positively related to trip generation and negatively associated with private-mode choice; balance of mixed land-use reduces trip generation and then indirectly increases private-mode choice, and pedestrian-friendly design restrains private-mode choice. Although the positive effect of mixed land-use on private-mode choice is opposite to the conclusions of most previous studies in North America, it is consistent with the previous findings in studies on Chinese society, and should be considered when developing strategies.

This study recommends promoting pedestrian-friendly design strategies, on the basis of the empirical findings and the aim of reducing trip generation and private-mode choice. However, intensification and mixed land-use developments in Taiwan require some complementary strategies for mitigating the positive effect of density on trip generation, mitigating negative effect of density on diversity and enhancing the negative effect of diversity on private-mode choice. These strategies include, but are not restricted to, limiting development density according to the area’s capacities of public facilities and services; estimating the number of trips generated by an area from the generation rate corresponding with the area’s density; considering the decrease in density as an alternative to releasing traffic congestion of an area whose transportation service capacities cannot be increased anymore; improving the living facilities in dense areas to attract residential activity, thus balancing the housing-job mix and the housing-retail mix; mitigating the environmental conflicts between housing and retail and employment activities in dense areas, and reconciling the attributes of demand and supply among residential, employment and retailing activities within an area.

To identify the relationships between urban form and travel demand more precisely, the following issues should be studied in the future. First, besides the aggregate data adopted in this study, disaggregate data, such as households and individuals, is important for analyzing more items for travel demand, such as trip length, vehicle kilometers traveled and traveling schedule. Some important variables which affect travel demand, such as travelers’ attitudes, are adequate to be analyzed by disaggregate data. The comparisons and integrations of aggregate and disaggregate analysis results are useful for determining the full picture of the relationships between urban form and travel demand.

Second, some of the observed variables adopted in this study need further examination and revision. For instance, the observed variables for the diversity latent variable (housing-job mix and housing-retail mix) are measured for an entire TAZ rather than on a local scale. The spatial relationships among various land uses in a TAZ are not addressed in the model design. If the GIS data of land uses is available for every TAZ, then the observed variables can measure the spatial relationships, as well the quantity, of land uses. This study recommends adopting the indicators of spatial relationships, such as Moran’s I, to describe the mix of uses in further investigations.

Finally, since SEM is appropriate for analyzing complex systems, further latent variables, which are simultaneously associated with urban form and travel demand, can easily be added to the path diagram of Fig. 3. For instance, the application of information and communication technologies (ICTs) affects both urban form and travel demand in various time frames, and urban form and travel demand both affect) the physical activities and health of residents. ICTs and health are both essential considerations in present urban studies. If the sample size is suitably large, then the hypothetical path diagram could be extended to address important issues other than urban form and travel demand to permit more comprehensive studies.
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� According to SEM literature, such as Huang’s (2002) research, the ratio of the number of sample observations to the number of observed variables cannot be above five. Because this study uses 173 TAZs as the sample, the total number of observed variables should be kept under 33, or about three or four observed variables for each latent variable.


� xi*=min{xij, (j} (or max{xij, (j}) and xi*=max{xij, (j} (or min{xij, (j}) for + (or -) relationship between observed and latent variables.


� Cervero and Kockelman (1997), for instance, studied Bay Area in northern California and found that land use diversity decreases probability of travel by personal vehicle.
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