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. . not distributed optimally within the city and are unable to find unserved passengers effec-
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tively. A way of improving taxi operations is to deploy a taxi dispatch system that matches
the vacant taxis and waiting passengers while considering the search friction dynamics.
This paper presents a network-scale taxi dispatch model that takes into account the inter-
related impact of normal traffic flows and taxi dynamics while optimizing for an effective
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Multimodal traffic dispatching system. The proposed model builds on the concept of the macroscopic funda-
Network Fundamental Diagram (NFD) mental diagram (MFD) to represent the dynamic evolution of traffic conditions. The model
Receding horizon considers multiple taxi service firms operating in a heterogeneously congested city, where

the city is assumed to be partitioned into multiple regions each represented with a well-
defined MFD. A model predictive control approach is devised to control the taxi dispatch
system. The results show that lack of the taxi dispatching system leads to severe accumu-
lation of unserved taxi passengers and vacant taxis in different regions whereas the dis-
patch system improves the taxi service performance and reduces traffic congestion by
regulating the network towards the undersaturated condition. The proposed framework
demonstrates sound potential management schemes for emerging mobility solutions such
as fleet of automated vehicles and demand-responsive transit services.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction and motivation

Taxi service is a prominent mode of transportation in many major cities by providing a tailor-made and complimentary
mobility solution to the public transport system. Despite their popularity, taxis contribute substantially to congestion as they
tend to circulate in search of passengers in heavy-demand central business districts. The search process is initiated every
time a taxi drops off a passenger and becomes vacant. The vacant taxi then cruises to find unserved passengers either in
the same zone (where the former passenger was dropped off) or by driving to another zone. The heavy presence of vacant
taxi movements is especially overwhelming because it impedes normal traffic and can lead to higher vehicle distance trav-
eled in cities where taxis make up a significant ratio of the traffic mix. (Huo et al., 2012). In New York City, for instance, taxis
make up 10% of the transportation mode share with approximately 450,000 taxi trips per day (Taxi and Limousine
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Nomenclature

Sets

R set of homogeneous regions

U; set of regions in the vicinity of region i

Functions

by (t) taxi boarding rate from region i to region j at time t

G; trip completion rate in region i

P; total trip production in region i

Parameters

C taxi fleet size

Rt average trip length of occupied taxis in region i at time t
l?(t) average trip length of dispatched taxis in region i at time t
It average trip length of normal traffic in region i at time ¢
q(t) taxi passenger demand from region i to region j at time t

q; () normal traffic demand from region i to region j at time t

Y boarding function elasticity

o weight of performance measure k in MPC objective function
Variables

ci(t) number of taxis in region i at time t

cl(t) number of vacant taxis searching in region i at time ¢t

c?. number of taxis dispatched from region i to j at time t

cé number of occupied taxis traveling from region i to region j at time t
n; number of personal vehicles in region i at time ¢t

nj number of personal vehicles in region i with destination j at time t
pi number of waiting passengers in region i at time ¢

Dij number of waiting passengers in region i who wish to travel to region j at time t
Mi(t)  normal traffic transfer flow between region i and j at time ¢t
M?—(t) occupied taxi transfer flow between region i and j at time ¢t
Mﬁi(t) dispatched taxi transfer flow between region i and j at time t
Mé.(t) taxi trip completion rate in region i at time t

ME(t) normal traffic trip completion rate in region i at time t

wj rate of dispatching taxis from region i to region j at time t
v;(t) average speed in region i at time ¢

Commission, 2014). Other cities with moderate levels of taxi traffic are becoming increasingly aware of the future impacts of
taxi traffic growth on normal traffic. The City of Toronto, Canada, for instance, estimates to have a total of 2.1 million addi-
tional taxi trips by 2022 (City of Toronto, 2016), which requires imposing suitable taxi regulation measures and developing
intelligent taxi management systems.

An inefficient taxi service leads to longer vacant taxi travel times, longer passenger waiting times, lower taxi utilization,
and traffic congestion. Hence, efficient taxi dispatching should be considered as an imperative part of taxi management sys-
tems, which uses real-time information of the fleet to enhance the overall performance of the taxi service. Zhan et al. (2015)
showed that taxi dispatch systems, in an ideal case, can reduce the total cost of empty taxi trips by up to 90%. A holistic taxi
dispatch system must take into account the interrelated effects of taxis on other traffic modes, and vice versa, while optimiz-
ing a network-wide objective criterion. On one hand, excessive and unwarranted taxi dispatching can further impede mixed
traffic flow in cities where taxis make up a substantial ratio of the traffic. On the other hand, taxis (either occupied, vacant, or
dispatched) are themselves affected by normal traffic conditions as they can incur a long travel time in presence of traffic
congestion. This study proposes a dynamic bimodal traffic flow model and a taxi dispatching system that incorporates
the interrelated dynamics of taxis and other transport modes (e.g. personal vehicles) to optimize a desirable network objec-
tive, which is assumed to be a weighted measure of several performance indicators such as passenger waiting time (for a
taxi), taxi searching time (for an unserved passenger), and total network travel time of personal vehicles and occupied taxis.
The presented taxi dispatching control method is robust, computationally tractable, and realistically applicable for taxi reg-
ulation that also advances the findings of taxi market analysis.

Taxi regulation has been the subject of many studies as early as the 1970s. The prevalent literature on taxi regulation
focuses on finding the optimal fare price and taxi fleet size (Beesley, 1973), modeling the network-wide movement of taxis
(Yang and Wong, 1998; Jung et al., 2014; Sayarshad and Chow, 2016), elastic taxi demand (Wong et al., 2001), competitive
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