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Abstract The accessibility-oriented transport planning method is critical for many high population density
cities in China. Most definitions of accessibility only consider spatial separation and ignore the influence of
traveler choice on accessibility. In this paper, the combined travel demand model is employed in transport
planning. The travelers’ choice behavior of the model is based on the random utility theory. The model
overcomes inconsistence problem of the sequential four-step model on travel behavior and congestion effects.
Based on the same random utility theory, an accessibility measure is proposed, which can be integrated into the
combined travel demand model. The accessibility measure can reflect the traveler’s choices at different stages
(travel choice, destination choice, mode choice and route choice). The properties of the accessibility measure

are discussed through a numerical example.
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1 Introduction

Currently, the mobility-oriented planning methods hold the dominating position in urban transport plan-
ning of China. Urban Road Transport Planning and Designing Standard requires that: urban road
network planning should be adapted to the expansion of land use and be conducive to the development of
motorization and rapid transportation trends [1]. Normally, indices, such as average travel speed, average
density of road network, etc., are used to evaluate transport planning schemes. However, with the rapid
development of economics and the dramatic increase in car ownership, the mobility-oriented planning
method can hardly solve the deteriorating problems of traffic congestion and environment pollution in
the high population density cities of China. Thus, the accessibility-oriented transportation planning
becomes a new trend of researches.

A few problems remain open in the research of the accessibility-oriented transportation planning
method. First, the accessibility is not fully recognized; second, no suitable measure is available to quan-
tify accessibility. This paper aims to put forward an accessibility measure for the urban transportation
planning and provide a theoretical basis and data basis for the accessibility-oriented transportation plan-
ning. Based on the combined travel demand model, the accessibility measure in this paper can reflect the
influence congestion and the behavioral factors of mode choice, destination choice and so on, which are
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not considered in previous studies on accessibility. The rest of the paper is organized as follows. In section
2, a literature review is given. Section 3 introduces the combined travel demand model used to calculate
the accessibility measure. In section 4, a method for calculating the accessibility measure is proposed.
Section 5 analyzes the characteristics of the proposed accessibility measure through an example. Section
6 concludes the paper and indicates the further research.

2 Literature review

Accessibility is an important performance measure of urban transportation system and land-use efficiency
[2]. Research on the accessibility can be traced back to 1953. Shimble [3] proposed the following equation
to calculate the accessibility:
n
A = Z dij,

J=1.5#i
where d;; is the length of the shortest route between zones i and j. Wachs and Kumagai [4] and Vickerman
[5] proposed to use the accumulated opportunity index to calculate accessibility:

Ai = ZWjaj,
J

where a; is the number of opportunity of zone j. If ¢;; < ¢jj, then W; = 1, otherwise W;=0. ¢;; is the
impedance between zones ¢ and j, and ¢j; is the impedance threshold corresponding to effective oppor-
tunity. According to the classification by Handy and Niemeier [6], these measures belong to isochronous
indicators, while the measures based on gravity model and utility proposed by Hansen [7], Neuburger
[8], Ben-Akiva and Lerman [9] belong to another kind. The basic form of gravity model-based measure
is A; = > ;a;f(cij), where f(ci;) is the impedance function between zones i and j. The destination-
attraction models proposed by Stewart and Warntz [10] and Hansen [7] belong to this kind also. Based on
the measure proposed by Weibull [11], Shen [12] divided the travelers into commuters and telecommuters

and calculated their accessibilities respectively. The basic form of the utility-based measure is

A = BlnaxUy), 1)
where K is the set of choices which travelers can choose, and for each choice, k € K, has its utility,
defined as random variable Uy. The advantage of utility-based measure is that with different assumptions
of traveler choice behavior, different forms of utility function can be employed, so that different travel
choices which the traveler faces can be fully considered. Other studies on accessibility measures can be
found in review articles by Jones [13] and Bhat et al. [14].

The existing accessibility measures view the spatial separation (or travel cost) as the main factor in-
fluencing accessibility. Some studies considered the influence of destination attraction or different traffic
modes. But the influence of travelers’ choice behavior and the way it can be applied into transportation
planning model are rarely studied. Accessibility is an important concept in traffic analysis and trans-
portation planning. This paper proposes an accessibility measure to reflect the traveler choice at different
stages (travel choice, destination choice, mode choice and route choice) based on the combined travel de-
mand model. With the unified traveler choice model as a basis and through explicitly considering the
congestion effect, this measure can overcome the inconsistence problem of traveler choice assumption in
traditional sequential four-step model.

3 The combined travel demand model

Traditional demand analysis method in transportation planning is a sequential four-step model [15]: trip
generation, trip distribution, mode split and traffic assignment. Although it has been widely used in
practice, the four-step model has some problems. For instances, travelers’ choice behavior is inconsistent,
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and travel time is inconsistent with congestion effect among different steps [15]. To deal with these
problems, Oppenheim [16] proposed the combined travel demand model (CTDM) based on unified traveler
choice behavior. This model views travelers as consumers in trip, and travelers’ travel choices are relevant
to the travel utility and the traveler’s budget. The travel choice in CTDM is based on the nested
logit model of discrete choice theory, with which CTDM could overcome the inconsistence problems of
choice behaviors in four-step model. Furthermore, CTDM models tackle the choices of all stages by a
mathematical programming to keep the consistency of congestion effect at different stages. The following
gives a brief introduction to CTDM.

The travel choices of travelers are divided into several stages in CTDM:

1. In zone i, given time and purpose, a potential traveler will decide to travel or not, and F;/; is the
probability of travel.

2. Given the choice of previous stage, the probability of choosing destination j is P;/;.

3. Given the choice of previous stage, the probability of choosing travel mode m is P, ;-

4. Given the choice of previous stage, the probability of choosing route 7 is P/, -

This structure is illustrated as Figure 1. Given N; the number of all potential travelers in zone i, we
have Tijmr = Ny - Pijme = Ni* Pyji - Pjri - Pyig - Prjijm, Vi, 3, m, v, where Tjjp, is volume on route r by
travel mode m between origin-destination (O-D) ij. Pjijm, is probability corresponding to Tjjmr. The

probability at each stage, i.e. Py, Pji, Ppjijy Prjijm, conforms to probability equation based on the

following logit model:

T' ﬁf,(}h,—‘,—‘;[/t/i)
L =Ppi= V¥, @)
N; 1 1 oPe(hitWeso)
T Ba(hij+W;;)
YA j/i:e—,Vi’j) (3)
Ti S, eBalha+ W)
Tijm eﬁm(hijerWm/U) o

= - i Vijm \
Tzij ™/4 Zn eﬁm(hijn-l-Wn/ij)’ Sy 1Ty ( )
Tijmr e~ Brgijmr

Tijm :Pr/ijm = W, Vl,j,m,r’ (5)

where T; is volume of travel from zone i; T}; is volume from origin ¢ to destination j; T3j,, is volume
by mode m from origin ¢ to destination j; 3, Bm, B4, B¢ are parameters of different stages in logit model;
Gijmr is generalized route cost; h;, hij, hijm are constants in utility functions at different stages related

to social and economic indices; Wy, Wi, W, /i; are expected values of actual utilities at every stage.

According to the discrete choice model, the expected values of actual utilities at every stage can be
calculated as follows:

- 1 )
Wt/z’ = 6_ 1nze6d(hi1+wj/i),v i, (6)
¢

~ 1 ~

W- i = —hl eﬁm(hmjm"l‘w.m/ij),v i,j’ 7
o ; (7)

~ 1 - . N

Wm/’t] = E lnz e ﬁ'f'ngnr’v Z,], m. (8)

T

For the choice of no travel, the utility is set at zero, so the expected value of actual utility corresponding
to the choice of travel is

1 ~
Wi = 3 In(1 + ePe(hitWesidy v 4, (9)



302 YANG Chao, et al. Sci China Inf Sci February 2010 Vol. 53 No. 2

Expected utility of travel

at zone 1

Expected utility of no travel

Expected utility of choosing

destination j for T; travelers

Expected utility of choosing

mode m for T travelers

Expected utility of choosing
route v for T}, travelers

L’Jp_;m T

iy

Figure 1 The structure of stratified choice in the combined travel demand model.

The nonlinear programming model of CTDM [16] is

§am

z]r 1]""7 ijr

MinUromr(Ts, Toos Tigs Toijms Tigme) = Y Z Gar (W)dw = hijm Tijm

m Qm z]m
- Zth’L] Z h T + = ﬁ Z E]mr 'L]mr + = ﬁ/ ZTz]m lnﬂjm + = ﬁ Zﬂj h’lﬂj (103.)
ijmr m iim d ij
+—, ZTilnTi + = ZTmew,
6t i 615 i
subject to:

ZTijmr - ﬂj’rﬂa v i,J,m, (].Ob)
ZTijm = ﬂj; v iaja (10C)
N Ty=T, Vi (10d)
T; +Tip=N;, Vi, (10e)
Tio >0, T; >0, Tij > 0, Tijm > 0, Tijm'r' >0, Vai,5,m,r, (10f)

where 59’”; is link-route indicator InatriX' Ja,, is generalized link cost function, including time and fare.
61’ = Bin Blr Bld = Bld ﬁL 5= E — B_ld The first four terms of the object function are direct
utilities related to route, mode, destination and travel choices, while the last five terms are related to
probabilities of choices at every stage. Constraints (10a)—(10e) implicate flow conservation, and constraint
(10f) ensures the solution (volume) to be positive.

It is easy to prove that the Karush-Kuhn-Tucher (KKT) condition of the optimal solution in the model
satisfies the condition of the probabilities of travel choices at all stages (egs. (2)-(5)). The existence
and uniqueness of the solution have been proven [16]. This problem can be solved using the method of
partial linearization [17]. It is worth noting that an important assumption of the above model is that
the Jacobian matrix of link cost function is symmetric. The asymmetric condition can be formulated as
a problem of variational inequalities, and the studies on related model and algorithm are going on.
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4 Accessibility measure

The proposed accessibility measure according to the utility theory is based on CTDM, so that it can reflect
travelers’ behaviors at different stages (travel choice, destination choice, model choice, route choice).
Meanwhile, travelers’ choice of CTDM is based on discrete choice behavior theory, so it is also in favor
of adapting the utility-based accessibility measure. According to random utility theory, Ben-Akiva and
Lerman [9] proposed an accessibility measure as eq. (1). The accessibility measure in the equation has
the following properties:

1. The accessibility measure is monotonic with regard to the size of choice set. In other words, if the
optional travel choices in the set increase in number, the accessibility will not decrease.

2. The accessibility measure is monotonic with regard to the average utility of set, that is, if the utility
of a choice in the set increases, the accessibility will not decrease.

For the first property, if the number of routes to a destination increases, its accessibility should be
improved. The increasing choices can be the increase of destinations, travel modes or potential routes.
For the second property, if a certain travel mode (for example bus) is improved (travel time decreases),
then the network accessibility will be improved. Here, the utility of choices should be in inverse proportion
to travel time, that is to say, if travel time decreases, the utility will increase.

Assuming that random variable Uy conforms to Gumbel distribution. Then the explicit expression
of the accessibility measure is available. Let Uy = Vi + ¢, where ¢ is a random variable of Gambel
distribution. Then we have E(Uy) = Vi. The accessibility measure is

1
A=FE MaxUk) =—In etV 11)

where p is Gambel distribution parameter. The corresponding choice model is called Multinomial Logit
model. According to egs. (6)—(9), the expected utilities at each stage are

Ui = hi + Wi,V i, (12a)
Uneyi = 0,V i, (12b)
Ujsi = hij + Wi,V 4, 4, (12¢)
Upjij = hijm + Wi, ¥ i, j,m, (12d)
U,./ijm = —Gijmr,V 1,7, m, 7. (12e)

According to the definition of accessibility in eq. (11), the accessibility measures at different levels are

the measure at network level: A= Z NiWi/ Z N;, (13a)
i i

the measure at traffic zone level: A; = Wt/i,v i, (13b)

the measure at O-D level: Aij = Wj/i, Y i, g, (13c¢)

the measure at travel mode level between O-D: Aijm = 7 m/ijs ¥ 1, J, M. (13d)

By above equations, the accessibility of different levels (entire network, traffic zone, O-D, travel mode
among O-D) could be calculated, which makes it possible to analyze accessibility at different levels. In
next section, the properties of proposed accessibility measure will be further discussed using a numerical
example.

5 Numerical examples

A trial network used in the example is illustrated in Figure 2, which is composed of five nodes, seven
links and two O-D pairs (i.e. 1-4 and 1-5).
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Figure 2 Trial network.

Link parameters, including free flow travel time and capacity, are listed in Table 1, where subscript ‘¢’
means car and subscript ‘¢’ means bus. It is assumed that bus network and car network are the same
without interaction. The population of zone 1 is 200 (N;), and other parameters are defined as follows:
the attraction parameter of zone 1 is 5.0 (hy); the attraction parameters of O-D pairs 1-4 and 1-5 are
3.5 (h14) and 3.8 (hys) respectively, hise, hiat, Rise, hise are equal to 3.5, 3.6, 3.8, 3.4, and S,, B, B4,
0 are equal to 2.0, 1.0, 0.5, 0.2. The link cost functions of bus and car are

4.0
ta. (va,) = 12, [1 +0.15<%> } (14)
Qe
v 2.0
ta, (Va,) =10, +0.06 (C—‘“) , (15)

where v,, and v,, are link volumes of car and bus; t , t0 , C,., C,, are listed in Table 1 (fare is not
considered here, so the link cost equals generalized link cost).

Consider two scenarios: normal and abnormal. In abnormal scenario, capacity of link 1 of car network
and bus network declines to 1.0 (Cy_, = 1.0; Cy, = 1.0). The equilibrium solutions, which can be calculated
using partial linearization method [17], are listed in Tables 2 and 3. Comparing to normal scenario, the
trip production in zone 1 decreases in abnormal situation; demands of O-D pairs 1-4 and 1-5 decline;
meanwhile, the usage of bus increases. The results indicate the capacity of CTDM to analyze the travel

choice, destination choice and mode split.

Table 1 Link parameters

Link No. 3 Ca, to, Ca,
1 4.0 25.0 4.0 25.0
2 5.2 25.0 5.2 25.0
3 1.0 15.0 1.0 15.0
4 5.0 15.0 5.0 15.0
5 5.0 15.0 5.0 15.0
6 4.0 15.0 4.0 15.0
7 4.0 15.0 4.0 15.0

Table 2 Equilibrium solutions of link volume in normal and abnormal scenarios

Link No. Normal Abnormal

car bus car bus
1 28.90 61.56 1.64 6.92
2 21.43 33.94 31.23 92.08
3 8.46 23.00 0.00 0.00
4 8.46 19.15 0.48 3.35
5 11.98 19.41 1.16 3.56
6 13.90 28.32 14.55 45.62
7 15.99 28.62 16.68 46.47
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Table 3 Travel volume at each level in normal and abnormal scenarios

Volume Normal Abnormal
T 145.84 131.87
Tio 54.16 68.13
Tha 69.83 64.00
Tis 76.01 67.87
Thac 22.36 15.03
Ti5¢ 27.97 17.84
T4t 47.47 48.97
Tist 48.03 50.03

Table 4 The differences of accessibility measure between two scenarios

Accessibility measure R MR DMR TDMR
A - - - —1.16

Aq - - - —1.67

Ala - - —2.05 —1.64

Ais - - —2.11 —1.70

Al4c —7.45 —2.39 —2.41 —1.95

Atse —8.10 —2.54 —2.51 —2.03

Atat - —1.89 —1.91 —1.53

Aist - —1.95 —1.93 —1.54

According to equilibrium solutions, the accessibility measure in two scenarios can be calculated. In
Table 4, the differences in accessibility measures between two scenarios at each level are listed (the
differences are equal to the value in normal scenario minus that of abnormal scenario). Meanwhile,
different choice dimensions are considered. R means route choice only (for cars); MR means only choice
of route and mode; DMR means the choice of route, mode and destination; TDMR means the choice of
route, mode, destination and travel.

First, considering full choice dimension, i.e. TDMR, the accessibilities at all levels are lower than that
of normal scenario, which is consistent with our expectation. The accessibility at upper level is not the
simple sum of the ones at lower level, but is the effect of random utility function in calculation. For O-D
pair 1-4, the change of the accessibility of bus is smaller than that of car. This is due to the assumption
that the external congestion effect of car is higher than that of bus. Second, comparing TDMR to other
choice dimensions, the differences of other choice dimensions are larger than that of TDMR due to the
limitation of certain choices. If there is only route choice available, the accessibility is the worst in
abnormal scenario. This result demonstrates that more travel choices will make the road network more
reliable.

6 Conclusions

This paper proposes an accessibility measure based on utility theory and adapts it to CTDM. The
proposed accessibility measure could reflect the choices of traveler at different stages (travel choice,
destination choice, mode choice, and route choice) rather than only consider the influence of travel choice
result (travel time or fare). This measure could provide a basis of quantitative analysis for accessibility-
oriented transportation planning.

The main directions for future research are as follows:

1. How to obtain the accessibility measure if the Jacobian matrix of link cost function is asymmetric.
In this paper, a simple condition is considered, so that CTDM could be formulated as a nonlinear pro-
gramming model. If the Jacobian matrix is asymmetric, there is no corresponding nonlinear programming
model. The problem will be formulated as variational inequality or fixed-point problem.

2. How to establish accessibility-oriented transportation planning methods based on the proposed ac-
cessibility measure. The resolving of the above problems requires a different view of the object of trans-
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portation planning, and will change the mobility-oriented transportation planning into the accessibility-

oriented transportation planning.

Acknowledgements

This work was supported by the National High-Tech Research & Development Program of China (Grant No.
2007AA117206), the National Natural Science Foundation of China (Grant No. 70701027), and the Program for
New Century Excellent Talents in University (Grant No. NCET-08-0406).

References

1

Tt W N

10

11

12

13

14

15

16
17

Ministry of Construction, People’s Republic of China. Urban Road Transportation Planning and Design Standard (in
Chinese). Beijing: China Plan Press, 1995

Wang J. Accessibility planning: question, theory and practice (in Chinese). Urban Transport China, 2004, 28: 70-74
Shimble A. Structural parameters of communication networks. Bull Math Biophys, 1953, 15: 501-507

Wachs M, Kumagai T G. Physical accessibility as a social indicator. Socioeconomic Plan Sci, 1973, 7: 327—-456
Vickerman R W. Accessibility, attraction and potential: a review of some concepts and their use in determining mobility.
Environ Plan A, 1974, 6: 675-691

Handy S L, Niemeier D A. Measuring accessibility: an exploration of issues and alternatives. Environ Plan A, 1997, 29:
1175-1194

Hansen W G. How accessibility shapes land-use. J Am Inst Plan, 1959, 25: 73-76

Neuburger H. User benefit in the evaluation of transport and land use plans. J Transp Econ Policy, 1971, 5: 52-75
Ben-Akiva M, Lerman S R. Disaggregate travel and mobility-choice models and measures of accessibility. In: Hensher
D A, Stopher P R, eds. Proceedings of the 3rd International Conference on Behavioral Travel Modelling, London:
Croom-Helm, 1979. 654-679

Stewart J Q, Warntz W. Physics of population distribution. J Regional Sci, 1958, 1: 99-123

Weibull J W. An axiomatic approach to the measurement of accessibility. Region Sci Urban Econ, 1976, 6: 357-379
Shen Q. Spatial technologies, accessibility and the social construction of urban space. Comput Environ Urban Syst,
1998, 22: 447-464

Jones S R. Accessibility measures: a literature review TRRL Report 967, Transport and Road Research Laboratory,
Crowthorne, Berkshire, UK, 1981

Bhat C, Handy S, Kockelman K, et al. Urban accessibility index: literature review, Technical Report TX-01/7-4938-1,
Center for Transportation Research, The University of Texas at Austin, 2000

McNally M G. The four-step model. In: Hensher D A, Button K J, eds. Handbook of Transport Modelling, Oxford:
Elservier Science, 2000. 35-52

Oppenheim N. Urban Travel Demand Modeling. New York: John Wiley and Sons, Inc., 1995

Evans S. Derivation and analysis of some models for combining trip distribution and assignment. Transp Res, 1976, 10:
37-57



