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35 ABSTRACT

36  Transit-oriented development (TOD) has gained popularity worldwide as a sustainable form of
37  urbanism by concentrating developments near a transit station so as to minimize auto-

38  dependency and maximize ridership. Existing travel behavior studies in the context of TOD,

39  however, are limited in terms of small sample size, lack of consistency in TOD classification

40  method, and failure to control for residential self-selection. This study examines various travel
41  outcomes — VMT, auto trips, transit trips, and walk trips — in different types of station areas in

42  eight American urban areas using cluster analysis and propensity score matching methods. From
43 cluster analysis with three built environment factors commonly referred as D variables —

44  activity density, land use diversity, and street network design — in %2 mile (about 800 meter)

45  buffer, this study classifies existing station areas as TOD, TAD (transit-adjacent development),
46 and Hybrid types. Literally hundreds of studies have related D variables to household travel

47  outcomes (Ewing & Cervero, 2010). After controlling residential self-section, the result shows
48  that a TOD motivates its residents to walk more and take transit more while driving less. The

49  VMT, however, is not significantly different between TOD and TAD households, implying that a
50 TOD may convert only internal auto trips into walk or transit trips. Travel behavior in the Hybrid
51  type is also examined for the potential outcome of gradual and practical change.

52

53  Keywords: Transit-oriented development, Transit adjacent development, Station area types,
54  Residential self-selection

55
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s6 INTRODUCTION

57  Expenditures on transportation have increased from the sixth largest share (less than 2%) of

58  household budgets in 1917 to the second largest share since the 1970s (17% in 2014; U.S.

59  Bureau of Labor Statistics, 2014). Under this circumstance, transit-oriented development (TOD)
60  has gained popularity worldwide as a sustainable form of urbanism by concentrating

61  developments near a transit station so as to minimize auto-dependency and maximize ridership.
62 A TOD project should give people more transportation options and in turn, decrease their

63  transportation cost.

64 Much of the literature verifies that TODs enhance the use of public transport and reduce
65  carusage (Cervero, 1993, 2004; Langlois et al., 2015; Nasri & Zhang, 2014; Olaru & Curtis,

66  2015; Venigalla & Faghri, 2015). Existing TOD studies, however, have limits in terms of 1)

67  small numbers of study sites, 2) lack of systematic methodology to distinguish TOD from other
68  types of station areas, and 3) lack of control for the impact of residential self-selection on travel
69  behavior. There are many exceptions to the above limitations, but no study overcomes all three
70  limitations. As a result, it is hard to generalize the findings from the literature to other regions.
71  Also, the current distinctions between TODs and TADs limit the practical implication for transit
72  officials and planners. Finally, when it fails to control self-selection effect, the result might

73 overestimate the impact of TOD urban form on travel behavior.

74 Thus, this study asks two research questions. First, how can we distinguish between

75  Transit oriented development (TOD) and Transit-adjacent development (TAD)? Second, how do
76  travel behaviors vary between TODs and TADs? To answer these questions, we utilize cluster
77  analysis to classify station area types and propensity score matching to control for residential

78  self-selection. For better generalizability, the data is collected from household travel surveys in
79  eight urban areas across the U.S. with exact XY coordinates for households and trip ends. For
80  greater policy relevance, the data is used to analyze various travel outcomes such as automobile,
81 transit, and walk trips at household level for different station area types. By doing so, this study
82  seeks to examine the pure impact of living in TOD — versus a TAD — on travel behavior.

83 There is broad interest in the planning and policy communities for accurate tools to

84  predict the consequences of TOD on the generation of transit ridership and reduction of

85 automobile usage. Our analysis will help guide transportation planners and decision makers to
86  evaluate TOD projects relative to their economic, social, and environmental impacts.

87 LITERATURE REVIEW

88 TOD/TAD Classification

89  Bernick and Cervero (1997, p.5) define TOD as “a compact, mixed-use community, centered
90 around a transit station that, by design, invites residents, workers, and shoppers to drive their cars
91 less and ride mass transit more.” Kamruzzaman et al. (2015) state that TOD is a neighborhood
92 thatis served by public transit services and offers amenities such as density, walkable, well-

93  connected street patterns, and diversified land uses. TAD is often defined as a failure of a TOD.
94 A TAD is a non-compact, segregated neighborhood development that calls for auto uses instead
95 ofinviting walk trips (Belzer & Autler, 2000; Cervero and Duncan, 2002; Dittmar & Ohland,
96  2004). This study defines Transit-oriented development (TOD) as any area of dense, mixed-use,
97 and walkable development around a transit station, and Transit-adjacent development (TAD) as
98 any area of low density, single use, and car-dependent development around a station area.
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99 The most frequently studied factors for distinguishing a TOD from other types of station
100 areas has been residential and employment density (Renne & Ewing, 2013; Kamruzzaman et al.,
101  2015; Laaly, 2014; Pollack et al., 2014; Jeihani & Zhang, 2013; Canepa, 2007; Cervero &

102  Kockelman, 1997; Cervero & Gorham, 1995), land use diversity (Renne & Ewing, 2013;

103  Kamruzzaman et al., 2015; Vale, 2015; Jeihani & Zhang, 2013; Cervero & Kockelman, 1997;
104  Cervero & Gorham, 1995), street network design or street connectivity (Renne & Ewing, 2013;
105  Vale, 2015; Pollack et al., 2014; Laaly, 2014; Ngo 2012; Kamruzzaman et al., 2014; Brown &
106  Werner, 2011; Werner et al., 2010). Recent studies trying to classify TOD and TAD deal with all
107  three factors in the analysis (Renne & Ewing, 2013; Kamruzzaman et al., 2015; Jeihani & Zhang,
108  2013). There are several ways to distinguish TOD from TAD, such as cluster analysis

109 (Kamruzzaman et al., 2015; Vale, 2015) or scoring system (Jeihani & Zhang, 2013; Laaly, 2014;
110  Pollack et al., 2014; Renne & Ewing, 2013).

111 Existing studies differentiating TOD from TAD in terms of their performance are limited.
112 First, most studies cover only single or few regions. Although Renne and Ewing (2013) study 54
113 regions across the US, their point-based system is arbitrarily constructed, and the outcome

114  variable is not comprehensive travel behavior, but only the percentage of people who commute
115  via public transportation. In contrast, the present study includes eight metropolitan areas with
116  varying geographic and socioeconomic conditions in the U.S. to examine various travel

117  outcomes. Second, unlike existing studies relying on straight-line catchment areas (Vale, 2015)
118  or simple scoring systems (Renne & Ewing, 2013), this study utilizes network distance from

119  each station, and cluster analysis. Finally, while Kamruzzaman et al.(2015) uses a robust method
120  of classification, their study analyzes all neighborhoods in a single city, Brisbane, Australia.

121  Instead, we use the station-based approach as a focus of TOD and TAD because we deal with
122 built environments of station areas and their impact on travel behavior, which has more direct
123 implications for planning practice.

124  TOD and Travel Outcomes

125  Potential benefits of TOD are multiple from promoting active modes of transportation to

126  improving access to opportunities such as jobs or entertainment, to offering alternative mobility
127  options and affordable housing, to reducing greenhouse gas emissions (Center for Transit-

128  Oriented Development, 2011; Noland et al., 2014). Thus, TOD serves interrelated goals of

129  making communities socially, economically and environmentally more robust and sustainable. In
130  order to achieve these multiple goals, a TOD should first create settings which prompt people to
131  drive less and ride public transit more (Cervero, 2004). The Center for Transit Oriented

132 Development (2010) identifies vehicle miles travelled (VMT) as the key performance measure
133 for TOD. Lower VMT means that people walk, bike, and use transit more and have more

134  transportation options.

135 An extensive literature indicates that TODs enhance the use of public transport and

136  reduce car usage (Cervero, 1993, 2004; Langlois et al., 2015; Nasri & Zhang, 2014; Olaru &
137 Curtis, 2015; Venigalla & Faghri, 2015). Based on data from 17 TOD projects, Cervero and
138  Arrington (2008) show that residents living in TOD areas are two to five times more likely to
139  commute by transit than their non-TOD counterparts. Nasri and Zhang (2014) find that people
140  living in TOD areas tend to drive less, reducing their VMT by around 21-38%, compared to the
141  residents of the non-TOD areas. Olaru and Curtis (2015) confirm that better biking and

142 pedestrian infrastructure results in higher bike and walk mode shares along with higher transit
143 ridership in TOD precincts.
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144 Cervero (2004) finds evidence that many TOD ridership gains are a result of self-

145  selection — individuals who wish to drive less may select transit-oriented environments. Many
146  studies have found associations between attitudes and travel choices as evidence of residential
147  self-selection (Cao, Mokhtarian, & Handy, 2009; Mokhtarian & Cao, 2008; Handy, 2005). Thus,
148  individuals’ attitudes may confound the relationship between the TOD-type urban form and

149  travel choices, and in turn the effect of the built environment on travel may be overestimated
150 (Ewing & Hamidi, 2015).

151 From the review of 38 empirical studies, Cao et al.(2009) examine nine methodological
152  solutions to self-selection bias: direct questioning, statistical control, instrumental variables,

153  sample selection, propensity score, joint discrete choice models, structural equations models,

154  mutually dependent discrete choice models, and longitudinal designs. Among the methodologies,
155  propensity score matching (PSM) method is highly recommended in a non-randomized

156  observational study (Cao et al., 2009). The propensity score approach has recently been applied
157  in travel behavior research (Boer et al., 2007; Cao, 2010; Cao et al., 2010; Cao & Fan, 2012; Cao
158 & Schoner, 2014), but not in the context of station areas yet. Detailed explanation of the PSM
159  will be presented in the Research Design section.

160 RESEARCH DESIGN

161  Study Regions

162  This study includes eight metropolitan regions meeting two criteria. First, they must have

163  household travel survey data with XY coordinates for households and trip ends. Second, they

164  must have had a rail-based transit system before the survey was conducted. For the eight regions
165 (Table 1), household travel surveys were conducted between 2006 and 2012. In these regions,

166  there are 549 rail-based transit stations according to the national TOD Database (Center for

167  Transit Oriented Development, http://toddata.cnt.org/). Transit types include heavy rail (109

168  stations), commuter rail (148 stations), and light rail (272 stations). Boston has the greatest

169  number of stations (n=239), followed by Portland (n=94) and Miami (n=50), and Minneapolis-St.
170  Paul has the smallest number (n=20).

171 TABLE 1 Study Regions and Transit Stations"

NO REGION YEAR HEAVY COMMUTE LIGHT TOTAL HOUSEHO
(SURVEY) RAIL R RAIL LD
RAIL (> MILE)
1|Atlanta, GA 2011 38 0 0 38 138
2 Boston, MA 2011 49 121 72 239% 1604
3/Denver, CO 2010 0 0 36 36 152
4 Miami, FL 2009 22 4 247 50 26
5/Minneapolis-St. Paul, MN 2010 4 16 20 97
6/Portland, OR 2011 7 87 94 307
7|Salt Lake City, UT 2012 1 36 37 115
8 Seattle, WA 2006 0 11 25 35 16
Total 109 148 272 549 2455
172 1) This study includes only transit stations which had opened before the survey.
173 2) The total number of stations is not equal to the sum of the columns because there are some stations having
174 two or more types of transit systems.
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175 3) Miami’s People Mover, an automated guideway transit, is included under the LRT category.
176
177 Data

178  Following the definition of TOD and the literature review, this study includes ‘activity density’,
179  ‘land use diversity’, and ‘street network design’ to classify station area types. For ‘density’

180  variable, population and employment data for traffic analysis zones (TAZ) were acquired from
181  regional MPOs and summed to compute an overall activity density per square mile. Activity
182  density is sum of population and employment within the station area, divided by gross land area
183  (Ewing et al., 2015). For “diversity’ variable, we computed an entropy index. 1 Each region

184  provided parcel maps so that we could calculate the proportion of the area of each land use type
185  —residential, commercial, and public — in a 2 mile (about 800 meter) buffer from each station.
186  For the ‘street network design’ variable, we computed the number of intersections per square
187  mile from street network shapefiles. Because these three built environment variables — activity
188  density, land use entropy, and intersection density - vary in range, we scaled the data by

189  standardizing each variable to a mean of 0 and a standard deviation of 1.

190 In addition, we measured ‘distance to transit’ variable as a network distance from a

191  household to the rail station because that might be an important determinant of transit trips. Also,
192  regional accessibility is another important variable to predict travel behaviors (Ewing et al.,

193  2015). That variable is defined as the percentage of jobs that can be reached within 30-minute by
194  transit, which tends to be highest at central locations and lowest at peripheral ones. We used

195 travel time skims and TAZ-level employment data acquired from regional MPOs.

196 From the travel survey data in eight regions, we calculated vehicle miles traveled (VMT),
197  automobile trips, transit trips, and walk trips by individual households. The survey data include
198  demographic variables such as household size, the number of employed, household income, and
199  the number of personal vehicles per person. The number of total households living within half-
200  mile from stations was 2,455 in the eight regions.

201 Research Process and Methods

202 Step 1. TOD/TAD Classification: Cluster Analysis

203  Because the built environments around transit stations fall within a TOD-TAD spectrum not a
204  simple dichotomous scale, and there is no certain agreement of ideal built environments for TOD,
205  identifying TODs and distinguishing them from TADs could be a difficult but important research
206  step. Cluster analysis has been a preferred method for generating TOD typologies in previous

207  studies (Atkinson-Palombo & Kuby, 2011; Kamruzzaman et al., 2014; Vale, 2015).

208 Using cluster analysis, this study classifies station area types based on three built

209 environment factors — activity density, land use diversity, and street network design. This
210  approach enables to group existing station areas based on their actual built environment

211 characteristics, rather than theoretical criteria of TOD or TAD. To be specific, this study uses

! The entropy index measures balance between three different land uses. The index ranges from 0, where all land
is in a single use, to 1 where land is evenly divided among the three uses. Values are intermediate when buffers
have more than one use but one use predominates. The entropy calculation is:

entropy=— [residential share * In(residential share) + commercial share * In(commercial share) + public share *
In(public share)]/In(3)

, where In is the natural logarithm of the value in parentheses and the shares are measured in terms of total parcel
land areas (Ewing et al., 2015).
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212 hierarchical clustering algorithm with Ward D2 distance measure. To determine the optimal

213 number of clusters in a data set, this study utilizes “NbClust” package in R 3.3.1 software, which
214  provides 26 validation indices of clustering such as Calinski and Harabasz index and Silhouette
215  index (Charrad et al., 2014).

216 Step 2. Household Sample Selection: Propensity Score Matching

217  Propensity score matching (PSM) has been widely used to overcome nonrandom assignment of
218  treatment in the evaluation of social programs (Oakes & Johnson, 2006). Evaluation studies are
219  often based on observational data, in which the assignment of treatment is not random.

220  Accordingly, individuals in the treatment group are likely to differ systematically from those in
221  the control group. For example, households living in suburban regions could be more affluent
222 than their counterparts in downtown, a result of residential self-selection. Therefore, the

223 observed difference in behavioral outcomes between the groups is confounded by residential
224  self-selection. Statistically, it generates a biased estimate of treatment effect.

225 The propensity score is defined as the conditional probability of assignment to a

226  particular treatment given a vector of observed covariates (Rosenbaum & Rubin, 1984). In the
227  context of TOD and TAD, the treated group is households living in TOD station areas while the
228  control group is those living in either TAD or Hybrid areas. The propensity score matching was
229  implemented in R 3.3.1 using Matchlt package. First, we develop a binary logit model to

230  estimate propensity score using the subsample of households living in TOD (treatment) and TAD
231 (control). We chose household characteristics as independent variables — household size, the

232 number of workers, the number of vehicles per person, household income, distance to nearest
233 transit station, regional job accessibility, and the regions — as potential sources of residential self-
234 selection and confounding factors in travel outcome. Second, we match each household living in
235  TOD with those in TAD based on the propensity score. Caliper length 0of 0.03 is used for

236  matching, meaning that for a treatment observation, we search a match in control observations
237  whose propensity scores are within 0.03 of the score of the treatment observation (Austin, 2009).
238  Third, we evaluate whether the matched residents in TOD are systematically different from those
239  in TAD. We use t-test to assess whether demographics and locational factors are balanced

240  between the matched groups.

241 The final goal of PSM is to compute the ‘true” impact of TOD/TAD on travel behavior.
242 Once the matching was complete, we calculated the average treatment effects (ATE) of station
243  area type on VMT, transit trips, and walk trips. For the illustration example below, the ATE is
244  computed as the mean travel factors of the matched TOD households minus those of the matched
245  TAD households. The observed influence of living in TOD on travel behavior is same

246  calculation but using the original samples in TOD and TAD before matching.

247  TOD/TAD CLASSIFICATION

248 By using the NbClust package in R 3.3.1 software, which generates 26 validation indices of
249  clustering, this study could determine the optimal number of clusters in the data set. As a result,
250 thirteen of the 26 indices suggest that three is the optional number of clusters.

251 Table 2 shows the result of hierarchical clustering. The first cluster (n=107) is titled as
252 ‘TAD’ because it has the lowest level of density, diversity, and intersection density. The second
253  and largest one (n=382) is classified as ‘Hybrid” which has low level of activity density and

254  intersection density, but highest entropy index. The final cluster (n=60) is named as ‘TOD’ in
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255  terms that it has highest activity density and intersection density, and high level of land use mix
256  level.

257 TABLE 2 Cluster Analysis Result and Descriptive Statistics

Number of | Activity Density (/sq.mi.) Entropy Index ‘ Intersection Density (/sq.mi.)
Cluster type
TAD

Stations

107 10,319 11,751 0.30 0.19 110 58
Hybrid ‘ 382 21,210 19,764 0.75 0.15 194 79
TOD 60 135,327 51,025 0.70 0.24 386 110
TOTAL ‘ 549 31,559 43,821 0.66 0.24 199 108
258
259 Sample households were selected as those living within half-mile network distance from

260  stations. We allotted individual households to their nearest stations based on network distance in
261  order to assign the station types. TAD type has 251 households while TOD and Hybrid type have
262 311 and 1,893 households, respectively (Table 3).

263 Table 3 shows that households living in TADs have more household members, more

264  workers, more vehicles, and higher incomes than those living in TODs or Hybrids. ANOVA

265  analysis shows that the differences are significant. Regarding travel behavior, TAD households
266  have much higher VMT and auto trips and lower transit and walk trips than those in TODs and
267  Hybrids. The hybrid type is in the middle, except for their lowest household incomes and highest
268  level of transit trips on average.

269 Post-hoc comparisons using Tukey's Honest Significant Difference (HSD) method show
270  that all three groups are significantly different with each other in vehicle per capita, single-family
271  housing, auto trips, and walk trips variables while only TAD and Hybrid show no significant

272 difference in household size, number of workers, and VMT variables. TOD and Hybrid are not
273  different with each other in terms of transit trips (Table 3).

274 TABLE 3 Household Characteristics and Travel Behavior by Station Area Types: Average and ANOVA Analysis

Cluster type No.of HH HH HH Vehicle HH Income Auto Transit Walk
YP€ Stations samples size workers per cap ($1000) Trips trips trips
TAD 107 251 2.19 1.28 0.66 88.15 21.56 6.06 0.72 1.91
Hybrid 382 1,891 2.15 1.22 0.56 81.04 18.85 4.91 1.46 3.88
TOD 60 313 1.52 0.96 0.48 86.33 15.21 2.04 1.35 4.77
Total 549 2455 2.07 1.19 0.56 82.44 18.87 4.66 1.37 3.79
F-statistic 39.5 14.6 7.92 2.43 6.4 48.1 12.3 29.9
(ANOVA) : ) ok ok ok * ok kol sk o
No
difference ) _ TAD- TAD- none all TAD- none TOD- none
(Tukey Hybrid Hybrid Hybrid Hybrid
HSD)

275 R p<.01, **: p<.5, *: p<.1
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276 HOUSEHOLD SAMPLE SELECTION: PROPENSITY SCORE
277  MATCHING

278  As shown above, in the context of station areas, households living in TAD tend to be more

279  affluent, have more cars, live in a larger household, and be more auto-oriented than their

280  counterparts in TOD. Residential self-selection theory says, however, that the households living
281  in TAD might live there because they are auto-oriented. Therefore, the true difference in travel
282  outcomes between TOD and TAD is estimated here by matching samples using PSM.

283 With the explanatory variables - household size, the number of workers, the number of
284  vehicles per person, household income, distance to nearest transit station, regional job

285  accessibility, and the regions, household pairs in three area type pairs (TOD-TAD, TOD-Hybrid,
286  and TAD-Hybrid) are matched. The PSM generates 82 household pairs (164 in total) in TOD-
287  TAD pair, 161 pairs in TOD-Hybrid pair, and 189 pairs in TAD-Hybrid pair.

288 After matching, we first evaluate whether the chosen residents in one type are

289  systematically different from those in another type. If they are different in terms of demographics,
290  self-selection is still a concern. Table 4 shows differences of household characteristics before and
291  after matching. Unlike unmatched samples, t-test results for matched samples show that residents
292  in TOD and TAD do not differ by all covariates. Those variables are not statistically different in
293  both TOD-Hybrid and TAD-Hybrid pairs as well (results are not shown).

294 TABLE 4 Mean Differences of Observed Covariates between TOD and TAD in Unmatched and Matched Samples

Before Matching After Matching

Variables TAD TOD Mean TAD TOD Mean
(n=251) (n=313) | Difference" (n=82)
Household size 2.19 1.52 0.66*** 1.98 1.74 0.23
Number of workers 1.28 0.97 0.32%#* 1.20 1.09 0.11
Vehicle per capita 0.66 0.48 0.17%** 0.60 0.67 -0.07
Household income ($1000) 88.15 86.33 1.81 90.80 80.32 10.48
Distance to station (mile) 0.33 0.28 0.05%** 0.32 0.32 0.00
Regional job accessibility 39.95 44.88 -4.93%** 45.58 46.36 -0.77
Atlanta 32 12 - 11 12 -
Boston 75 210 - 27 19 -
Number of Denver 40 29 - 15 19 -
Station Miami®) - - - - - -
Areas Minneapolis 67 23 - 22 23 -
by Region Portland 31 39 - 7 9 -
Salt Lake City 6 - - - - -
Seattle” - - - - - -
295 1) *¥*%: p<.01, **: p<.5, *: p<.1 (T-test results)
296 2) All stations in Miami and Seattle were classified as ‘Hybrid’ type.
297 Once the matching was complete, we calculated the average treatment effects (ATE), the

298  observed differences, and the ratio between them on VMT, auto trips, transit trips, and walk trips
299  for each area pair. As an example for TOD-TAD pair, the observed difference is the mean travel
300 factors of all TOD households minus that of all TAD households in the original sample. The
301  ATE is the difference in mean travel factors between the matched samples in TOD and TAD.

302 From the 3™ to 7" columns, Table 5 shows observed difference in mean in the original
303 sample, ATE in matched sample, ratio of ATE over observed difference, mean value of control
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304  group after matching (TAD in the first and third pair and Hybrid in the second pair), and ratio of
305 ATE over control mean. Thus, after controlling for self-selection, on average, TAD households
306  tend to drive 2.36 miles more than TOD residents. The difference in VMT between two groups,
307 however, is not statistically significant, implying that residential location itself may dominate the
308 observed influence of living in TOD on VMT. On the other hand, the mean differences in

309 automobile trips between TAD and TOD households is 3.13, which is highly significant. That is,
310 if'arandomly-selected household moves from a TAD to TOD, we expect a decrease in the

311  number of driving by 3.13 trips per day. On overage, the matched sample households in TAD
312  drove 5.48 times per day. Thus, the effect of living in TOD itself represents a 57% decrease in
313  daily auto trips, which is considerable.

314 In addition, the probability to walking or taking transit significantly decreases from TAD
315 to TOD. For all automobile, transit, and walk trips, the effect of living in TOD accounts for

316  approximately 80% of the observed influence, that is, 20% of the observed difference may result
317  from residential self-selection. The ATE/control ratio of walk trips in TAD-TOD pair (-0.98)
318  means that after accounting for self-selection, walk trips are almost twice in TOD area than in
319 TAD area.

320 When we compare Hybrid to TOD areas, only the number of automobile trips is high in
321  Hybrid areas, but the difference is less than TAD-TOD pair. The ATE accounts for 31% of the
322  observed influence of living in TOD on daily auto trips, comparing to living in Hybrid. In the
323  case of TAD-Hybrid pair, only the number of walk trips is slightly, but statistically significantly
324  low in Hybrid area. The ATE accounts for 31% of the observed influence of living in Hybrid on
325  daily walk trips, comparing to living in TAD. For both cases, residential self-selection may

326  explain approximately 70% of the observed differences.

327 TABLE 5 Differences in Travel Behavior between Station Area Types after Matching

Mean of

Area Type Pair Travel Observed PSM ATE/observed Control ATE/control

: outcomes difference ATE difference ratio Group ratio
BT VMT 6.34%%* 2.36 37 18.03 13
Auto trips 4,02%** 3.13%** 78 5.48 .57
n=564(unmatched), " Transit trips - AR -56%* 88 0.77 -73
n=164(matched) " |k trips 2. 86%* .08%k .80 2.33 -.98
Hybrid-TOD VMT 3.64%%* -.08 -.02 15.73 -01
Auto trips 2.87%** .88** 31 3.11 .28
n=2,204(unmatched), "~ Transit trips 11 .06 55 1.58 04
n=322(matched) |k trips - 8O*Hx -.60 67 4.67 -13
TAD-Hybrid VMT 2.70%* 3.03 1.12 23.16 13
Auto trips 1.15%%* 40 35 7.02 .06
n=2,142(unmatched),  Trangit trips - J5*x*® -.28 37 0.74 -.38
n=378(matched) Wk trips -1.97%%* -.62% 31 2.05 -30

328 *Ek p<01, **: p<.5, *: p<.1 (T-test results)

329 DISCUSSION

330 The clustering approach in this study classified existing station areas into TOD, TAD, and

331  Hybrid types in terms of built environment factors — density, diversity, and street network design.
332 Asaresult, 11% of the 549 stations in eight regions were labeled as TOD as being dense, diverse,
333  and walkable. One-fifth were named as TAD as having opposite urban form of TOD. The other
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334  70% of the stations could be classified as Hybrid. Land use mix was a key factor to distinguish
335 TAD from Hybrid while density and intersection density played important roles to differentiate
336 TOD and Hybrid. Statin area types vary among the literature according to classifying methods,
337  factors, and regions. This study has an advantage in terms that we draw the area types from all
338  stations in eight urban areas in the U.S. and utilizes more objective and systematic one — the
339  hierarchical cluster analysis.

340 Household characteristics and travel behaviors from household travel survey data were
341  matched to each station area type, and this study found that residents living in different types are
342  different with each other. Households in TAD tend to be more affluent, have more cars, live in a
343  larger household, and be more auto-oriented than their counterparts in TOD. Regarding travel
344  behavior, TAD households have much higher VMT and lower walk and transit trips than those in
345  TODs and Hybrids. The average number of daily automobile trips shows the most dramatic

346  differences that TAD households generate the auto trips three times more than TOD households
347  (6.06 vs. 2.04). The big difference in mode share between TOD and TAD (e.g. auto mode shares
348 in TAD and TOD are 68% and 25%, respectively) is observed in other studies (Renne, 2009;
349  Renne & Ewing, 2013), some of which is much less dramatic — approximately 70% (TOD) vs.
350 85% (non-TOD) in other studies (Kamruzzaman et al., 2013; Jeihani & Zhang, 2013).

351 In this study, propensity score matching enables the researcher to match samples so as to
352  control for residential self-selection. Although the differences in travel outcomes become less
353  dramatic after controlling self-selection, the matched sample still shows that TOD motivates its
354  residents to walk more and take transit more while using personal vehicles less. On the other
355  hand, non-significant difference between TOD and TAD in VMT means that TOD does not

356  make the personal vehicle trips shorter, but fewer. This implies that in TOD, there might be still
357  needs of long trips such as commuting, but more destinations within walking distance might
358  encourage residents to choose walking or transit instead of driving.

359 By considering the in-between hybrid type, this study could give practical implications.
360  The result shows that only walk trips are significantly different between TAD and Hybrid, and
361  only auto trips are significantly different between TOD and Hybrid. For example, when a local
362  government and transit authority develop a TAD-type station area which is sprawled, single-use,
363  and not walkable into a Hybrid type mainly by adding different land uses, they could expect an
364  increase in internal walk trips. Then a Hybrid type of station area could be changed into a TOD
365  type by adding density and decreasing block sizes, which would result in less driving by their
366  residents. Then the cumulative change from TAD to TOD could encourage its residents to drive
367 less, walk more, and take transit more, which will have positive impacts on the city’s

368  environment, society, and economy.

369 CONCLUSION

370  Transit-oriented development is expected to minimize auto-dependency and maximize ridership
371  ofitsresidents. Also, higher mode share by walking and biking is another goal of TOD. This

372 study demonstrates that TOD and TAD are different with each other in terms of not only its

373  urban form but also its impacts on travel outcomes. After controlling for residential self-selection
374  effect, TOD motivates its residents to walk more and take transit more while using personal

375  vehicles less. In addition, TOD makes the personal vehicle trips fewer, but not shorter, implying
376  that more destinations within walking distance in TOD could encourage its residents to choose
377  walking or transit instead of driving the short distance.
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378 This study has mainly three limitations. First, station area classification might generate
379  different results if you change the input — e.g. if you include different regions or different built
380 environment factors. The result depends on the clustering method as well. However, the

381  clustering approach in this study reflects reality better than using hypothetical benchmarks
382  defining TOD and TAD.

383 Second, propensity score matching works only when all confounding factors are included
384  in the analysis. This study, however, only includes the factors reflecting self-selection indirectly,
385  which are household demographic characteristics and location factors while not having residents’
386 attitude information. The risk of not controlling all confounding factors is that we might under-
387  or over- estimate the effect of residential self-selection on travel behavior. To our knowledge,
388 there is no such attitude data covering multiple regions in the U.S., but the result of this study
389  needs to be checked its external validity by additional TOD studies including residential

390 preference data in specific regions.

391 Third, in theory, the observed covariates in the propensity score equation are measured
392  before the treatment while the outcome is measured after the treatment (Rosenbaum & Rubin,
393  1983). In the context of this study, the data point for household characteristics and location

394  factors needs to be before the station area was developed, while the travel outcome data should
395  be collected after the development. This requires longitudinal data. However, because the

396 regional household travel surveys are conducted in different years in each region, it is not

397  plausible to put all longitudinal data into one analysis. Although this study uses cross-sectional
398  data to control the temporal differences across regions and stations, further research needs more
399  advanced methods.

400 Nevertheless, as a first-of-its-kind research using both cluster analysis and propensity

401  score matching in TOD/TAD classification, this study provides an evidence that a TOD and even
402  a Hybrid type of station area could encourage its residents to use more active modes of

403  transportation. An effort to create transit-oriented neighborhood does not have to be a ‘mega-
404  project.” Gradual changes of a station area into denser, more diverse, and more walkable

405  environment would compensate us in the form of sustainable travel behavior, which gives more
406  environmental, social, and economic benefits ultimately.
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