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Kurzfassung

Die vorliegende Arbeit beschéftigt sich mit den Herausforderungen bei der Planung und
dem Dispatching von Buchungsanfragen von Taxipassagieren. Den Hauptbeitrag dieser
Arbeit stellt die Methodik dar, die Gruppen von Buchungsanfragen von Taxipassagieren
Taxigruppen zuordnet und somit die Praferenzen von Taxis sowie Passagieren
berlcksichtigt. Die entwickelte Methodik wurde fur ein zentralisiertes System, welches die
Anfragen simultan und in Echtzeit zuordnet, entwickelt. Dies wurde durch die Verwendung
eines ,Stable Marriage’ Algorithmus umgesetzt, welcher urspriinglich zur Zuordnung von
Mannern und Frauen basierend auf deren Praferenzen, entwickelt wurde. Die entwickelte
Methodik wird durch ein selbst entwickeltes Simulationsmodell evaluiert. Die
Auswertungen ergaben, dass die entwickelte Dispatching-Strategie eine bessere
Performance als die tiblicherweise verwendeten first-come, first-served Strategie aufweist,
wobei die Performance anhand von verschiedenen Indikatoren gemessen wurde (z. B.
Wartezeiten der Passagiere und gefahrene Taxikilometer).



Abstract

This thesis deals with the challenge of dispatching taxis to passenger booking requests.
The main contribution is the methodology which assigns and re-assigns groups of taxis to
groups of passenger booking requests and reflects the interest of not just taxis but also
passengers, and which produces stable assignments. The proposed methodology is de-
signed for a centralized system that assigns and re-assigns the bookings simultaneously
in decision epochs in real-time. The solution to the stable marriage algorithm, originally
designed for matching men and women according to their preferences, is applied to dis-
patching taxis to passenger booking requests. The proposed methodology is evaluated in
a custom-made taxi simulation model. The results indicate that the proposed taxi dis-
patching strategies outperform a commonly used first-come, first-served dispatching strat-
egy in a number of performance indicators (e.g. passenger waiting time and taxi distance)
as well as for various combinations of advance and immediate booking requests.
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1 Introduction

Taxi operation is a complex phenomenon characterised by three core aspects: space,
time and the amount of supply and demand. Having the right amount of taxi vehicles at
the right locations and at the right times is the ultimate objective of taxi operation. This
trinity is a paramount of success or failure of taxi operations. It is a constant struggle to
balance these three aspects.

Are there too many vehicles if they are not needed? The fleet operating costs rise. Are
there too few vehicles? The passengers wait longer or cannot get a taxi at all. Are there
just enough vehicles but they are not coordinated? The costs rise and passengers wait.
Figure 1 illustrates an example of the over- and under-supply of taxis at one location in
one day.

Figure 1 Over- and under-supply of taxis at one location during one day

How can we decrease the mismatch between the taxi supply and demand? Which seg-
ments of taxi operation can we influence? How can we improve the way taxis are as-
signed to passengers? How can we quantify the performance? Are the traditional opera-
tional and dispatching rules able to keep up with growing scale of taxi operation? Should
taxi dispatchers use other dispatching approaches? There is no universal answer to all
these questions.

This thesis attempts to structure problem and, in particular, focus on the dispatching of
immediate as well as advance booking requests in order to improve taxi operation by con-
sidering not just fleet-related performance but also customer satisfaction and stability of
the assignments. The general objective of this thesis is to contribute to further pushing the
boundaries of taxi dispatching and scheduling research in order to provide a better service
for the passengers and to further improve taxi fleet performance.

Background and development of taxi service

In the early history of taxi service, taxis waited for passengers at demand hotspots, which
were typically other transportation hubs such as railway or bus stations, harbours and air-
ports or taxi stands near activity centres. In addition, especially in denser areas, it has be-
come meaningful for taxis to cruise the streets in order to search for passengers. Initially,
taxi drivers searched for passengers based on their experience without much coordination
among themselves.

Since the passengers cannot actively request a taxi out of the line of sight, some compa-
nies introduced taxi booking through phone. In order to disseminate the booking requests
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to drivers, dispatching centres were established and booking requests were broadcasted
by radio. To access the dispatch calls, drivers typically paid a fee (Anderson, 2016). Later,
GPS technology enabled the dispatching overview taxi positions exactly. Typically the
nearest taxi is dispatched to the incoming booking request. However, especially in de-
mand peaks, the system cannot guarantee there will be an available taxi when a passen-
ger needs it.

Therefore, in order to address this, some taxi operators introduced an option to book a
taxi in advance for a specified time (also called pre-booking or advance booking). Ad-
vance booking requests, however, introduce additional constraints into the system and are
not particularly favourable for system efficiency, as demonstrated in the next chapters.

In a nutshell, the historical developments formed four major market segments, categorised
according to how taxi supply is matched with demand: cruising taxis that accept street
hails, taxis that wait at stands, taxis dispatched in response to booking requests and taxis
with contracts (Frankena and Pautler, 1984) (Salanova et al., 2011) (Aarhaug and
Skollerud, 2014). Cruising taxis that accept street hails and passengers from taxi stands
serve immediate booking requests only. Taxis under a dispatching system and a contract
may serve both immediate as well as advance bookings as shown in Table 1.

Pick-up modes Taxi requests
Immediate Advance

Cruising taxis accepting street hails
Taxis waiting at taxi stands

Taxis assigned to booking requests
Taxis with contracts

AN NN
NN X X%

Table 1 Taxi operation according to pick-up mode and nature of taxi request

Taxi operation can be also categorized according to time eras: pre-dispatching, dispatch-
ing and automated era as shown in Table 2. In the pre-dispatching era the taxi drivers are
the sole decision makers. Taxi drivers decide where, when and how to search for passen-
gers (how to pre-allocate their vehicles in the expectation of the future demand) and are
also responsible for other non-revenue generating tasks such as refuelling, cleaning and
servicing. The dispatching era introduces dispatching systems that allow passengers to
book a taxi. The dispatching system decides for the taxi driver or in cooperation which taxi
will be assigned to pick up which passenger booking request. However, the drivers still
have to decide when and where to pre-allocate the taxi vehicles and when to make a
break for refuelling, service or maintenance. In the automated taxi era the scheduling re-
sponsibility of the driver needs to be replaced by a system.

Tasks Pre-dispatching era Dispatching era Automated era
Assignment of bookings b 4 System System
Pre-allocation of vehicles Drivers Drivers System
Non-revenue tasks Drivers Drivers System

Table 2 Taxi operation according time eras and control over operational tasks
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Despite considerable research efforts, taxi scheduling and dispatching remains a chal-
lenge for both taxi operators and dispatchers. Still, focusing on taxis operations is desira-
ble and meaningful; because improving taxi performance may have a higher impact than
improving individual vehicle efficiency since taxis generally have a higher mileage than
individually owned passenger cars. For example in Singapore in 2014 taxis constitute only
about 3% total vehicle fleet size but produce over 14% of traffic on the roads (Land
Transport Authority, 2015).

Problem statement

It is difficult to match the taxi supply with demand and, in particular, it is difficult to assign
taxis to passenger booking requests. Figure 2 illustrates the increasing complexity of as-
signing taxis to passenger booking requests. The left column shows an initial situation
with the same number of yet unassigned new booking request and taxis, while the right
column shows the assignment.

How to optimally assign 2 taxis to 2 passenger booking requests?
- N

How to optimally assign 3 taxis to 3 passenger booking requests?

B S
@ & a* &
B Ry
B B

Wma ﬁ%%ﬁﬁ
R o
= ‘e- o T &y ok

Figure 2 Example of increasing complexity of assigning passenger booking requests to taxis
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Humans are able to solve simple instances of taxi assignment to passengers by intuition.
Simply by looking at the situation they are able to draw the lines leading to the best per-
formance. Unfortunately with increasing scale this task will soon become overwhelming.
The complexity of a simple assignment problem, as illustrated in Figure 2, is O(n!). This
makes exact ‘brute-force’ solutions, which calculate all possible solutions, limited to small
scale instances. Note that this example shows only the space dimension of the problem,
however, this thesis deals also with the temporal dimension of the problem.

Aims and objectives

This thesis focuses on the problem of assigning taxis to serve booking requests that are
coming in real-time. The conventional taxi dispatching approach assigns new booking re-
guests sequentially as they come. This is reliable, but with an increasing scale of taxi op-
eration, increasing number of booking requests and increasing ratio of advance bookings
it may become a barrier to a better taxi performance, as illustrated in Figure 13 in chapter
3.1.2. “Fundamental improvement principle”.

Therefore, this thesis explores the potential of the fundamental improvement principle in
taxi operation — the simultaneous assignment and re-assignment of group of taxis to
group(s) of booking requests. Moreover, the assignments reflect the interests of not just
taxis but also passengers, which is rarely the case in most approaches. Finally, with hu-
man decision makers (taxi drivers) in the loop, it is crucial to produce dispatching assign-
ments, which the individual drivers will follow. Hence, the dispatching system trades opti-
mality for stability of the central control in order to prevent the dispatching system from
getting out of control by sequences of individual drivers not following their assignments.

The objectives of this thesis were formulated into the following three research questions:
1. How can the simultaneous assignment of booking requests improve taxi operation?

2. How to prevent schedule from quality degradation over time, especially with high
share of advance booking requests?

3. How does accepting individually sub-optimal re-assignments of confirmed bookings
affects the system performance?

Also the corresponding hypotheses were formulated:

1. The potential of simultaneous assignment to improve taxi dispatching performance
increases with the amount of booking requests that can be assigned at the same
time and works the best for immediate bookings.

The more advance booking requests, the better the taxi scheduling performance.

Greediness of taxis does not pay off. Taxis should respect the system interest.
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Contribution

This thesis contributes to taxi research by proposing and evaluating a methodology of dis-
patching taxis to immediate as well as advance booking requests by reflecting the interest
of not just taxis but also passengers and by stable simultaneous group constructive as-
signments and re-assignments. The proposed methodology is verified in a simulation
model in a series of experiments. The simulation is developed and built in MATLAB for the
purpose of this thesis, since there is neither a commercial nor available simulation model.
This thesis presents proof of the concept that demonstrates that the proposed methodolo-
gy is able to improve the performance of dispatching taxis to passenger booking requests
over the traditionally used approaches.

Furthermore, this thesis thoroughly explores the area of somewhat scattered taxi research
literature in order to systematize it. It reveals research needs in taxi research and sketch-
es possible solution approaches. On the side, this thesis also systemizes the method of
estimating the costs and profits of individual booking request and handling the schedules
and also aims to bring some order to performance indicators. Furthermore, it proposes a
framework for the autonomous dispatching of autonomous vehicles. The fundamental limi-
tations of the methodology and validation tools are discussed thoroughly. In addition, the
used assumptions about taxi dispatching systems are crosschecked by a survey and in-
terviews with a dozen dispatching system providers (see Appendix 2).

All'in all, this thesis proposes a dispatching approach for taxis that demonstrates that es-
pecially in large-scale taxi operations there are unused opportunities to serve more cus-
tomers, to shorten their waiting time and to generate higher profit for the operators and
dispatchers at the same time.

Thesis structure

This thesis is structured into a classical blocks as shown by Figure 3. The introduction
sets the scene, the research literature is reviewed, three methodological approaches are
proposed, the simulation model is described, results of three experiments are presented
and discussed, followed by general conclusions and future work directions.

1. Introduction

2. Review of taxi research literature
Taxi dispatching Searching, pre-allocation, VRP  Synthesis and lessons learned

3. Methodology
Research approaches Implementation details Simulation model

4. Simulation experiments and results
Experiment 1 Experiment 2 Experiment 3

5. Discussion and lessons learned

6. Conclusion and future work

Figure 3 Structure of the thesis
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2 Review of taxi research literature

Taxi research has focused on three major streams, which all aim to improve the mismatch
between taxi supply and demand. (1) In the first stream, the research effort aims to im-
prove the assignment of taxis to passengers (taxi dispatching). (2) The second stream of
research uses historical data to predict the future passenger demand and help drivers find
passengers and advise them where and when to pre-allocate their vehicles (taxi passen-
ger-searching for on street pickup and pre-allocation strategies). (3) The third stream in-
vestigates whether to regulate the taxi market and if so, by which means. The next chap-
ters survey the main research streams in taxi dispatching, passenger searching and regu-
lation, review similar vehicle routing problem and examine the experimental design and
approaches of other research studies, summarizes the lessons learned, describe general
taxi operation framework, discusses possible solutions and summarize research needs.

2.1 The taxi dispatching problem

In general, real-time taxi dispatching belongs to the class of operational research combi-
natorial optimization problems. The taxi dispatching problem can be considered as an ex-
tended form of a Vehicle Routing Problem (VRP). The classical VRP by Dantzig and
Ramser asks "What is the optimal set of routes for a fleet of vehicles to traverse in order
to deliver to a given set of customers?" (Dantzig and Ramser, 1959) The classical prob-
lem assumes that the demands to transport a commodity, fleet size and vehicle capacities
are known before the routing is carried on. Further, it requires the vehicles to begin and
end in a central depot, to fulfil all the customer demands, to abide by vehicle capacity
constraints and predetermined maximal route length. The overall objective is to minimize
the total costs.

The taxi dispatching problem asks: “Which taxi should be dispatched to which passenger
booking request?” Taxi dispatching is in fact a scheduling problem and the dispatching is
the final act of sending the taxi vehicles to pick up particular booking requests. Scheduling
is a process of assigning (and re-assigning) booking requests to taxi schedules according
to a scheduling strategy. The scheduling strategy defines which request is assigned to
which taxi. Routing is considered to be part of the scheduling process that provides travel
times between locations. (Kimmel et al., 2016c)

Terminology and definitions

The following paragraphs introduce and define the terminology used in this thesis, cover-
ing the taxi demand, taxi supply and representation of the taxi assignments. The minor
terminology is summarized in chapter “Glossary and abbreviations”.

Booking requests / taxi demand

A passenger booking request is a request from passenger to pick up and transport
him/her to the desired destination in the desired time. The booking request is understood
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broadly as the whole process from making a booking enquiry to delivering the passenger
to the destination. Booking requests are bounded: (1) in space by their origin and destina-
tion locations and (2) in time by the booking time and the desired pick-up time interval.

As an example, Figure 4 depicts the details of passenger booking request 1. The passen-
ger desires to be picked up within the pick-up time interval at the origin and delivered as
fast as possible to the destination. From the origin and destination positions, the trip travel
time can be estimated. A taxi usually needs some time to reach the origin position of pas-
senger booking, which is called ‘on-call’ time. This time is estimated from the current taxi
position and the origin of the trip. Figure 4 depicts a situation, in which the taxi has a short
‘on-call’ time and can reach the passenger at the beginning of the desired pickup time.

Space Time Estd. ‘on-call‘ time Estimated on-trip travel time
| |
- [ | !
Crign gyl | T1
h__ | )
~ Destination
0 30 60 90 120
Time [min]
Booking time Desired pick-up time interval
Legend
ﬁ A taxi
1 m, Origin and destination position of a passenger booking request
1 Estimated duration of the requested trip (taxi is ‘occupied’)
Estimated duration taxi needs to pick up a booking request (taxi is ‘on-call’)
Space representing a city
T Schedule of taxi with assigned booking request(s)
— > Spatial visualization of taxi assignment and passenger trip

Figure 4 Details of passenger booking request

The passenger booking request may be either immediate or advance depending on the
difference between the booking time and the beginning of the desired pick-up time. If
there is no difference, the passenger demands the taxi now; the request is called immedi-
ate (or current). If there is a time difference, the booking request is called advance (or in
advance taxi booking).

The ratio of immediate booking requests to all booking requests is called the degree of
dynamism (DOD) (Berbeglia et al., 2010). Weakly, moderately and strongly dynamic sys-
tems are distinguished (Larsen et al., 2007).
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Taxi drivers and vehicles / taxi supply

Taxis are characterized by their position in time, space and their status. Status of a taxi
can be either ‘available’ (also called ‘vacant’), ‘on-call’ to an assigned passenger trip or
‘occupied’ with a passenger trip. When taxi is ‘occupied’, passenger is ‘on-trip’.

Taxi schedule

A taxi schedule is an outcome of scheduling and it is a sequence of booking requests in
time for each taxi vehicle. Figure 5 illustrates a schedule and statuses of five taxis (T1—-T
5) and twelve passengers (1 — 12). The lower part represents the individual schedules of
taxis. Each trip with passenger (1 — 12) is preceded by an ‘on-call’ trip to passenger, in
which the taxi drives to the origin of a passenger trip (—1 — —12). Upper part of Figure 5
depicts the cumulative taxi fleet status.

Status of the fleet in time Legend
100% -
80% -
60% | Vacant
40% |

200

0% - M On-call
(—1-—12)
Schedule of taxis (T 1-T 5)
T1 = Occupied
T2 (1-12)
T3 6 5
T4 s 8 S
rs 0 o I o
0 30 60 90 120
Time [min]

Figure 5 Example of a taxi schedule and status of the fleet in time. (Kimmel et al., 2016a)

2.1.1 Sequential dispatching taxis to immediate bookings

The taxi dispatching problem has been studied from two major viewpoints in the literature:
Rule-based sequential (one-by-one) taxi dispatching and simultaneous (concurrent) taxi
dispatching. Historically, most of the taxi dispatching research focused on the rule-based
sequential assignment of taxis to immediate booking requests. According to this assign-
ment, booking requests are assigned as they come on the first-come, first-served principle
to the nearest available taxi as shown in Figure 6.

¢ ¢ ¢ ¢e IO S R ¢

Legend Time
@ Time when a new booking request is received from a passenger
I Sequential assignment of new booking requests

Figure 6 Sequential assignment of new booking requests



16 Taxis, Passengers and Stable Marriage

One of the first taxi dispatching research papers by Bailey and Clark (1987) investigated
efficiency of basic dispatch rules to assign booking requests either to: (1) closest free taxi,
(2) closest occupied taxi or (3) the taxi that is ‘vacant’ for the longest time. Later, they in-
vestigated whether after delivering a passenger to the destination, the taxi should: (1) re-
turn to a centralized base, (2) remain at the delivery location, or (3) relocate to another
optimal location based on some relocation algorithm (Bailey and Clark, 1992).

Researchers have investigated details and incremental improvement potential of these
rule based dispatching strategies. For example, Lee et al. (2004) and Lee and Wu (2013)
concluded that a time-based assignment is superior to Euclidean distance. Indeed, there
are many situations, in which the nearest vehicle is on the opposite side of the street, but
cannot turn around or cross the street or is delayed by traffic lights.

Most recently, Maciejewski and Bischoff (2015) studied various dispatching rules in under-
and over-supply contexts in a realistic, large-scale and detailed simulation in Berlin and
Barcelona. They concluded that it is beneficial to change dispatching strategies depending
on the supply-demand ratio.

However, none of these incremental improvements of the simple rule based approach
were able to overcome a fundamental drawback of the sequential rule based dispatching
strategy: Once confirmed, booking requests remain assigned to the same taxi. This may
have a detrimental effect on taxi performance over time, as illustrated by the example de-
picted in Figure 13 in chapter 3.1.2 “Fundamental improvement principle”.

In particular, in high demand situations, the sequential dispatching strategy does not lev-
erage on exchanging some assignments among taxis or assigning booking requests con-
currently. As a result, taxi drivers’ costs rise and passengers wait longer or may not get a
taxi at all. Table 3 summarizes the objectives and methods of sequential taxi dispatching
approaches. (Kimmel et al., 2016¢)

2.1.2 Simultaneous dispatching taxis to immediate bookings

In order to overcome the drawback of sequential assignment of taxis to booking requests,
some researchers suggested to slightly delay assigning of new booking requests in order
to buffer them and assign them simultaneously (concurrently in a group) as seen in Figure
7. Buffering increases the number of assignments possibilities and thus increase the
chance of finding more optimal assignment.

000 | o0 | o o 0|0 o o | _
Time
Legend
¢ Time when a new booking request is received from a passenger
I Simultaneous assignment times of new booking requests

Figure 7 Simultaneous assignment times of new booking requests
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Ngo (2004), is one of the first to study simultaneous dispatching taxis to immediate book-
ing requests. He proposed a fuzzy linear framework to model the dispatching rules and
combinations (including taxi distance, utilization and costs) and translate them to assign-
ment of taxis to passengers.

Seow et al. (2010) proposed a taxi dispatch architecture to support concurrent assign-
ments of immediate bookings using a decentralized agent group negotiation approach that
attempts to minimize the total customer pick-up time of taxis. In every dispatch cycle, taxi
agents negotiate on behalf of real taxis how to assign buffered requests. Seow et al. leave
the taxi drivers an option to accept or reject the new assignment. An attempt is made to
assign all pending requests rejected by drivers in the next dispatch cycle. Moreover, Seow
et al. (2010) extended taxi availability to include soon-to-be-available taxis, which allows a
larger pool of taxis to be matched.

Zhan et al. (2014) proposed a system for bipartite matching of trips to passengers in New
York. They studied a system wide recommendation mechanism that matches taxis and
immediate booking requests for the purpose of minimizing taxi costs, the taxi fleet size or
combination of both. Passenger bookings are first buffered and then centrally assigned to
taxis by solving the minimum weight perfect bipartite matching problem. Their study aims
to reduce taxi costs only, and not the passengers’ waiting times.

Most recently, Maciejewski et al. (2016) used linear assignment problem solution in order
to simultaneously assign new requests to available taxis. They were able to prove real-
time running ability on large-scale simulation of Berlin taxi operation. Table 3 provides an
overview of the above mentioned approaches to simultaneous taxi dispatching taxis to
immediate bookings. (Kimmel et al., 2016¢)

2.1.3 Dispatching taxis to advance and immediate bookings

Most of the research studies considered immediate bookings only. However, there are a
few research teams, which studied how to dispatch taxis to the combination of immediate
and advance booking requests. Most of them employed some form of re-assignment of
confirmed booking requests. A review of general dynamic pick-up and delivery problems
by Berbeglia et al. (2010) suggests two basic re-assignment strategies: (1) re-assigning
some of the confirmed booking requests (schedule adaptation) or creating the schedule
anew by re-assigning all booking requests (constructive re-insertion).

Schedule adaptation

The schedule adaptation method is used by Glaschenko and Ivaschenko (2009), who
proposed an adaptive scheduling approach with decentralized negotiation of taxi agents in
cycles aimed at resolution conflicts of old and new requests. The length of re-scheduling
chain is limited by the calculation time needed. The investigated taxi operation handles on
average 0.3 requests per taxi per hour and peak demand reaches 0.7 requests per taxi
per hour. This approach seems to adapt the schedule at the moment a new request
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comes. It would be interesting to examine, how this approach would behave under much
higher passenger demand and, in particular, what would happen if a request with higher
priority will be inserted instead of one with lower priority and no taxi is available for the
lower priority one. Moreover, it is to be clarified, how the approach would cope with vari-
ous degrees of dynamism.

Lee and Wu (2013) also proposed a strategy for dispatching taxis to booking requests.
Passenger bookings are first assigned sequentially to the timely-nearest taxi. Later, ad-
vance bookings are subject to re-optimization in the 'local planning phase'. The local plan-
ning phase either assigns the confirmed advance booking request to another taxi or
swaps it with another taxi. Only one booking can be modified per taxi in this phase, or in
other words, chains of trips cannot be exchanged. The criteria for successful swap or in-
sertion are (besides feasibility) the costs for the taxi(s). The interests of passengers are
not reflected. Their approach uses a tabu set that prevents an advance booking request
from being assigned to the same taxi again. The re-optimization is only triggered by the
new advance booking request and is done immediately after the initial assignment.

As an exception, Wang et al. (2009) proposed a simple method to dispatch taxis to imme-
diate and advance booking requests that does not re-assign booking requests. In particu-
lar, they suggested to chain advance booking requests one after the other and serve
these chains by a dedicated part of the taxi fleet and let the other taxis serve immediate
booking requests only. Despite partial improvement, this approach does not leverage on
the re-assignment of already accepted booking requests. Table 3 summarizes the sched-
ule adaptation approaches in the literature. (Kimmel et al., 2016c)

Constructive re-assignment

In contrast to the schedule adaptation method, which exchanges only some booking re-
quests, the constructive re-assignment (or constructive re-insertion) removes all confirmed
booking requests from the schedule and creates a complete new set of assignments. This
makes it a static problem that is repeated at regular time intervals. In order to gain time for
the static problem computation, these methods typically require ‘freezing’ of new assign-
ments. Therefore, the improvement is calculated either in regular time intervals (also
called decision epochs or time slices) or triggered by input data change. (Pillac et al.,
2013)

The advantage of this method lies in its ability to cope with many changes at once. The
advantage of group assignment is apparent if we consider the situation depicted in Figure
13 in chapter 3.1.2. “Fundamental improvement principle”. By assigning booking requests
simultaneously, the total distance to reach all passengers (‘on-call’ distance) can be re-
duced as compared to sequential assignment. The disadvantage is that the method strug-
gles with lack of continuity and frequent changes. It requires ‘pausing’ of accepting new
requests in order to gain time for improving the schedule. To the best of the author’s cur-
rent knowledge, no taxi dispatching study covers explicitly this approach. (Kimmel et al.,
2016c¢)
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Objective Method Authors
Investigate rule based dispatching Experiments with the model to test the (Bailey and
strategies impact of dispatch rules Clark, 1987)
Investigate rule based dispatching A two way analysis of variance with (Bailey and
strategies five dispatching strategies Clark, 1992)

< 2 Combine nearness and utilization in Fuzzy rules of ‘the nearest vehicle first' (Shrivastava et

‘£ c taxi dispatching and 'the least utilized one first’. al., 1997)

g % Investigate impact of real-time traffic Simulations to investigate the perfor-  (Lee et al.,

3 < mances of dispatch strategies 2004)

" 5 Relax some existing rules for Multi-agent simulations (Alshamsi et
searching ‘vacant’ taxis al., 2009)
Investigate rule based dispatching Altering the dispatching rules in the (Maciejewski
under various supply dependence of over or under- supply  and Bischoff,

2015)
Use fuzzy logic to vehicle dispatch- Simulating fuzzy linear framework for  (Ngo, 2004)
ing linear assignment problem
Let taxi agents negotiate to mini- Simulating simultaneous (concurrent) (Seow et al.,
mize the total waiting time of a assignment multiple taxis in time peri- 2010)
group of customers ods

Create and evaluate a system wide Simulating bipartite matching of taxis to (Zhan et al.,
recommending dispatching system passengers to increase taxi system 2014)
efficiency solved by Hungarian method

Simultaneous
dispatching

Improve performance of taxi dis- Simulating linear assignment problem (Maciejewski et
patching solution in order to assign simultane-  al., 2016)
ously new requests to available taxis
Re-schedule taxi service before Schedule adaptation triggered by new (Glaschenko et
o S confirming order acceptance in real- event with multi-agent negotiation al., 2009)
S S time
? g Allow dispatching taxis to advance Advance booking trip chaining (Wang et al.,
5 & and immediate bookings 2009)
P& Allow dispatching taxis to advance Schedule adaptation with tabu search (Lee and Wu,
and immediate bookings 2013)

Table 3 Summary of approaches to taxi dispatching

2.2 Taxi passenger-searching and pre-allocation strategies

Aside from dispatching taxis to the revealed booking requests, taxi drivers pro-actively
locate their vehicles where they expect high chances of getting a passenger. Naturally,
taxis are attracted to the demand hotpots. Though, taxi drivers may consider the balance
between the supply and demand at various times and locations. Table 4 summarizes the
discussed searching for passengers and taxi waiting and pre-allocation strategies.

Taxi drivers (at least the perfectly rational deciding ones) estimate and compare possible
gains with the costs. The gain can be for example a potential profit (Powell et al., 2011), a
function of utility of a taxi stand (Shi et al., 2010) or probability of picking up a passenger
en-route and at a taxi stand (Yuan et al., 2011) or imbalance of supply to demand in a re-
gion (Miao et al., 2015). The costs can be directly connected with driving there (Shi et al.,
2010) and waiting there (Powell et al., 2011).

Mitrovi¢-Mini¢ and Laporte (2004) examined the impact of various waiting strategies effec-
tively postponing the routing assignment decision in a tabu search framework. Kim et al.
(2005) researched knowledge building of taxi drivers and implications of information avail-



20 Taxis, Passengers and Stable Marriage

able to taxi drivers and taxi drivers’ decisions on the overall quality and operational effi-
ciency of taxi service. They have analysed an effect of a taxi information system that helps
drivers efficiently seek passengers represent taxi drivers’ destination choice. Shi et al.
(2010) also experimented with information provision strategies, which can help drivers to
find a taxi stand with waiting passengers. Yuan et al. (2011) proposed a recommendation
system, which navigates drivers towards a taxi stand through specific route with respect to
current drivers position, however, with no explicit measures to balance supply and de-
mand. Powell et al. (2011) investigated profitability maps overlaid over the geographical
ones and their impact to reduce cruising time. In the context of personal rapid transport
and balancing the supply of vehicles at each station, Lees-Miller and Wilson (2012) inves-
tigated proactive empty vehicle redistribution by sampling and voting. Pavone et al. (2012)
investigated rebalancing policies, which periodically assign shared vehicles to passengers
waiting at stations with a help of fluid models. However, it does not explicitly account for
passenger preferences beyond the wish of getting a taxi, in particular, to get the taxi as
fast as possible.

Choo et al. (2012) developed a method for advising taxis to move to regions with a higher
demand than supply by issuing advisory tokens to harmonize the pre-allocation. Lee et al.
(2013) proposed another recommendation system with no commitments to pick up. They
formulated this problem as taxi-customer negotiation in which the ultimate objective of the
negotiation is to maximize the global utility for achieving Nash equilibrium in the negotia-
tion process. Bai et al. (2014) noted that in many Chinese cities dispatching systems are
not used and taxi drivers have difficulties to find passengers. They suggested addressing
this issue by an advisory system, which would be based on principles of stable matching.
They compared this system with a virtual vis-a-vis dispatching system, but the results,
however, were not promising.

He and Shen (2015) smartphone-based e-hailing applications equilibrium framework by
work of Yang et al. (2010). Fagnant and Kockelman (2014) investigated various strategies
of pre-allocation strategies of automated fleets. Most recently, Miao et al. (2015) consid-
ered pre-allocation based on large-scale real data and the real-time imbalance of supply
and demand in dispatch regions. Afian et al. (2015) aimed to estimate unmet demand
from the probe data in order to display real-time supply-demand balance.

Most of the pre-allocation, waiting and street pickup methods require some sort of estima-
tion of the future demand. For rebalancing strategies it is typically the expected future
passenger demand inflow at the station or taxi stand, for non-restricted cruising applica-
tions, it is the expected demand on the link or more commonly an area. While some of the
approaches are based on control, the most produce recommendation only.

There are many methods used for the prediction, though one, which outperforms the pre-
vious ones, is worth mentioning. Moreira-Matias (2014) proposed real-time prediction
method based on machine learning and demonstrated its functionality on the taxi system
in the city of Porto. In his PhD thesis he provides detailed review of future demand estima-
tion and pre-allocation approaches. (Moreira-Matias, 2014)
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Recharging, service and maintenance are non-revenue generating tasks that are not visi-
ble to passengers but are indispensable part of the taxi operation. Recharging or refuelling
is an integral part of vehicle operation and especially battery electric vehicles require sub-
stantial amount of recharging time on daily basis. Vehicles require regular and on demand
inspections, cleaning, servicing, repairs and maintenance. Some of these tasks are very
frequent, short and of short term nature (such as vehicle cleaning) and some rather occa-
sional but more time demanding and of long-term nature (such as regular maintenance).
The research literature that explicitly takes into account refuelling and service trips is
scarce. Fagnant and Kockelman (2014) investigated pre-allocation strategies of automat-
ed fleets, considered vehicle refuelling and cleaning at least in a form of simple assump-

tions of short time interval for refuelling and cleaning after a drop off.

Objective

Method

Authors

Understand impact of various waiting
strategies

Represent taxi drivers’ destination
choice

Investigate influence of information
on the taxi system performance
Reduce taxicab cruising time

Advise taxi drivers where they will
find passengers
Investigate rebalancing policies

Proactive empty vehicle redistribution

Advisory system to harmonize supply
with demand

Advise where to find passengers and
taxis

Negotiate about pre-allocation of tax-
is to maximize the global utility
Evaluate recommendation system for
street hailing as a non-cooperative
game between taxi drivers
Investigate pre-allocation strategies
of automated fleets

Proposing and evaluating several taxi
demand predicting algorithms
Customers minimize their full trip

Simulate waiting strategies in a tabu
search framework

Taxi information system helps drivers
efficiently seek passengers
Simulation information influence

Suggesting profitable locations to taxi-
cab drivers

Recommendation to go towards a taxi
stand through specific route

Fluid model

Sampling and voting (SV)

Dynamically adjust the number of re-
allocation tokens

A recommender system for finding
passengers and ‘vacant’ taxis
Taxi-customer negotiation process with
no commitments to pick up
Assignment based on stable principles
to prevent from breaking the assign-
ment

Simulate three grid based pre-
allocation strategies

Evaluating four demand prediction
mechanisms

Smartphone-based e-hailing applica-

costs, ‘vacant’ taxis minimize disutility tions equilibrium framework
Improving zonal pre-allocation of tax- Demand-predicting information coupled (Miao et al., 2015)

is
Display real-time supply-demand bal-
ance

with real-time sensing information
Estimate unmet demand from the
probe data

(Mitrovi¢-Mini¢ and
Laporte, 2004)
(Kim et al., 2005)
(Shi et al., 2010)
(Powell et al., 2011)
(Yuan et al., 2011)

(Pavone et al.,

2012)
(Lees-Miller and
Wilson, 2012)

(Choo et al., 2012)
(Yuan et al., 2013)
(D. Lee et al., 2013)
(Bai et al., 2014)
(Fagnant and
Kockelman, 2014)
(Moreira-Matias,
2014)

(He and Shen,
2015)

(Afian et al., 2015)

Table 4 Review of searching for passengers and taxi waiting and pre-allocation strategies
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2.3 Regulation and market issues

Since the 1970s taxi research has focused on answering regulation questions: whether to
regulate and if so, how to achieve the regulation objectives. Regulations by controlling
market entry were investigated with the help of aggregated and equilibrium models in or-
der to assess their effects and the terminal state of the market (monopolistic, competitive).

Salanova et al. (2011) claims that Douglas (1972) developed the first aggregated model to
find out the balance between the regulation and service standards on a cruising (hailing)
markets. Many of his followers built on this aggregated framework and extend it by more
details.

Cairns and Liston-Heyes (1996) continued in searching for the answers to find out that
price regulation is essential and entry regulation useful. Flores-guri et al. (2012) examined
the impacts of regulations based on administrative areas. Perhaps the most extensive is
the work of Yang and Wong, who pushed the aggregated models to their performance
limits by adding a concept of bilateral searching function with frictions, congestion and
many other improvements to find out that taxi services should be only subsidized only
when there are returns to scale in a Pareto-improving meeting function (T. Yang et al.,
2010), (H. Yang et al., 2010), (Yang, 2010), (Sirisoma et al., 2010) and (Yang and Yang,
2011).

Salanova et al. (2011) in their reviews conclude that despite the efforts and useful partial
insights into the taxi markets many models were not able to help decision makers to guide
their decisions. Table 5 shows the distilled overview of regulation, profitability and market
issues discussed above. For more details, an interested reader may refer to the review by
Salanova et al. (2011) for profitability, regulation and finding the taxi fleet size issues and
aggregated economic models of taxi operations.

Objective Method Authors

Find the balance between the regu- Aggregated economic model of a (Douglas, 1972)
lation and service standards cruising (hailing) markets

Find out what regulations are es- Model monopoly, social optimum and (Cairns and Liston-
sential if any and its effects the second best situations Heyes, 1996)

Characterize bilateral searching and Bilateral passenger taxi meeting func- (T. Yang et al., 2010)
meeting between customers and tion with extensions based on equilib-
taxis in order to estimate regulation rium models

impacts

Review of the modelling of taxi ser- Survey profitability, regulation and (Salanova et al., 2011)
vices with respect to regulation finding the taxi fleet size

Examine the impacts of regulations Aggregated model with zones (Flores-guri et al.,
based on administrative areas 2012)

Table 5 Review of regulation, profitability and market issues
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2.4 Overview of similar vehicle routing problems

The closest related topics to the taxi dispatching are courier, dynamic forms of dial-a-ride
problem, stacker crane problem and some warehouse logistics problems. However, the
assumptions slightly differ. For example, dial-a-ride assumes sharing of one vehicle by
more passengers with different origins and destinations is allowed. Courier routing also
allows transporting more items at once. Stacker crane problem, on the contrary, has typi-
cally a unit load but not the various degrees of dynamism assumed. Moreover, parcels or
containers do not mind waiting so much as human taxi passengers. The author is not
aware of a suitable and transferable approach that can be used for dispatching taxis to the
combination of advance and immediate bookings.

Shared taxis, dial-a-ride and personal rapid transit

Although ridesharing can provide a wealth of benefits, such as reduced travel costs, con-
gestion, and consequently less pollution, there are a number of challenges that have re-
stricted its widespread adoption. Table 6 summarizes the shared taxis, dial-a-ride and
personal rapid transit approaches.

Since 1960s Wilson et al. (1969) investigated a shared dynamic taxi service and routing
algorithms, which were evaluated in probably the first simulation model for taxis in
FORTRAN. Since then a wealth of vehicle routing problem variations were investigated
also sharing vehicle capacity for transporting more passengers or cargo at the same time.
The dial-a-ride domains represented by research of Psaraftis (1980), who developed a
dynamic programing approach for a single vehicle and immediate requests.

The dynamic version of their dispatching strategy adapts the schedule after new request
comes to the system. Horn (2002) proposes a general framework for modelling assign-
ment of on demand vehicles of various purposes including taxis. He used a periodic re-
optimization method based on steepest descends involving re-assigning and exchanging
trips between itineraries for single as well as shared taxi trips. Santi et al. (2014) quanti-
fied potential savings brought by taxi-sharing in a study based on New York taxi data and
D’Orey et al. (2012) did similar study for the city of Porto. Atasoy et al. (2015) proposed a
concept that blends all sorts of on demand transportation and offers the user a flexibility to
choose between travel time, price and comfort. Agatz et al. (2012) reviewed dynamic and
distributed taxi-sharing in perhaps the best ride-sharing review to date. Later, Furuhata et
al. (2013) surveyed the state of the art of ridesharing and provided useful classifications
out the ridesharing aspects.
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Objective Method Authors

Investigate shared dynamic taxi ser- Simulation of different routing heuristic (Wilson et al., 1969)

vice rules

Further develop taxi-sharing Dynamic programing approach fora  (Psaraftis, 1980)
single vehicle and immediate requests

Propose a framework for modelling  Periodic re-optimization method based (Horn, 2002)

assignment of on demand vehicles on steepest descends

Evaluate dynamic taxi-sharing Distributed algorithms (D’Orey et al., 2012)
Review of taxi-sharing Critical review of known approaches  (Agatz et al., 2012)
Review the state of the art of ride- Classification of ride-sharing element (Furuhata et al.,
sharing 2013)

Evaluate taxi-sharing benefits Construction of share-ability networks (Santi et al., 2014)
Offers user the flexibility to choose Integrate assortment optimization, (Atasoy et al., 2015)

between travel time, price and comfort vehicle routing, scheduling and pricing

Table 6 Review of shared taxis, dial-a-ride and personal rapid transit

Express mail delivery, courier and logistics

Table 7 highlights some express mail delivery, courier and logistics approaches. Benyahia
and Potvin (1997) investigated genetic programing for real-time dispatching of express
mail delivery. Gendreau et al. (1999) investigated a tabu search heuristic with adaptive
memory to improve solution of local express courier service problem. Gendreau et al.
(2006) applied neighbourhood search with ejection chains and tabu search. The neigh-
bourhood is based on ejection chains (Glover, 1996), where a request is moved from one
route to another and may eject a request from that route. The ejected request is then
moved to yet another route. The chain ends when the insertion of a request in a route
does not lead to any ejection. A chain might be of any length and might be cyclic or not. A
constrained shortest path problem is defined and solved to find the best possible ejection
chain in the neighbourhood. Ichoua et al. (2006) extended the tabu search to exploit
knowledge about future demands for real-time newspaper delivery.

Chang and Yen (2012) developed a demand-node merging procedure to reduce the size
of courier services problems. The research by Ferrucci et al. (2013) in the context of rout-
ing of urgent goods studied neighbourhood search with a tabu and a variable neighbour-
hood structure. Furthermore, Ferrucci and Bock (2014) evaluated tabu search on a real
network with disruptive events. Ehmke and Campbell (2014) elaborate the topic of cus-
tomer acceptance in the urban delivery context and pointed out by that ‘a customer per-
ception’ creates the service. Treleaven et al. (2012) explored algorithms for pick-up and
delivery problems and, in particular, a connection between Euclidean Bipartite Matching
Problem and the theory of random permutations. They have presented a polynomial-time,
asymptotically optimal algorithm for the stochastic stacker crane problem. Very interest-
ingly Gath et al. (2014) explored more flexible and adaptive algorithms for the same day
delivery business. They have developed a nested Monte-Carlo search with a policy adap-
tation algorithm in conjunction with objective functions. Recommendable review papers
are by Berbeglia et al. (2010) and Prodhon and Prins (2014).
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Objective Method Authors
Investigate real-time dispatching of ex- Genetic algorithms to minimize (Benyahia and Potvin,
press mail delivery operations costs and maximize 1997)

service quality
Improve solution of local express couri- Tabu search heuristic with adaptive (Gendreau et al.,

er service problem memory 1999)

Improve solution of local express couri- Neighbourhood search with ejec- (Gendreau et al.,

er service problem tion chains and tabu search 2006)

Exploit knowledge of future demands  Ejection chain extension (Ichoua et al., 2006)

Review of on-demand vehicle algo- Critical review and summary of (Berbeglia et al.,

rithms existing notable approaches 2010)

Explore connection between bipartite ~ Asymptotically optimal algorithm for (Treleaven et al.,

matching problem stochastic stacker crane problem 2012)

Reduce the size / CPU time of solving a A demand-node merging proce- (Chang and Yen,

courier problem dure 2012)

Improve routing of urgent goods Tabu search with a variable neigh- (Ferrucci et al., 2013)
bourhood structure

Account for disruptive events in courier Tabu search on a real network (Ferrucci and Bock,

delivery 2014)

Review of location-routing problems Critical review and summary of (Prodhon and Prins,
existing notable approaches 2014)

More flexible and adaptive algorithms A nested Monte-Carlo search with (Gath et al., 2014)
a policy adaptation algorithm

Table 7 Review of express mail delivery, courier and logistics

Automated taxis and on-demand vehicles

Replacement of conventional taxi vehicles by automated ones will challenge taxi operation
in many ways. Notably, taxi drivers’ decision making will be substituted by an integrated
scheduling system that also manages the non-revenue generating trips such as vehicle
pre-allocation, recharging and service trips.

The research related to autonomous vehicle scheduling is hidden under occasionally sur-
prising key-words; for example: Shared autonomous vehicles, also known as aTaxis
(Zachariah et al., 2014), personal rapid transit (in an open-control framework) (Berger et
al., 2011), flexible mobility on demand systems (Atasoy et al., 2015), demand responsive
transport services (Diana, 2006), demand responsive transport systems (Deflorio, 2011),
taxi on demand (Thomopoulos et al., 2007), driverless public transport pods, mobile loca-
tion-based services (Silva and Mateus, 2003), taxicab networks (Zhang and He, 2012),
unmanned automated vehicles, mobile robots, cyber cars (Awasthi et al., 2011), smart
cyber fleets (Billhardt et al., 2014), cybernetic transportation system (Wang et al., 2008),
autonomous dial-a-ride transit (Dial, 1995), tele bus or autonomous free-floating car-
sharing fleets (Firnkorn and Muller, 2014).

Other vehicle routing problems

For more reviews of dynamic vehicle routing and dispatching by Gendreau and Potvin
(1998), review of partially dynamic vehicle routing by Larsen et al. (2002), taxonomic re-
view of vehicle routing problems by Eksioglu et al. (2009), review of dynamic pick-up and
delivery problems by Berbeglia et al. (2010), a review of dynamic vehicle routing problems
by Pillac et al. (2011) and (2013) reviewed related to express pick-up and delivery pro-
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cesses by Ferrucci and Bock (2014), recent survey on location-routing problems by Prod-
hon and Prins (2014) as well as the most recent survey on dynamic and stochastic routing
problem by Ritzinger et al. (2015) and review of simulating demand-responsive transpor-
tation Ronald et al. (2015).

Other more distantly related problems general include pick-up and delivery problem, dy-
namic (real-time) (fleet) routing problem, paratransit problem, (dynamic) (centralised) fleet
management problem / system, cybernetic transportation, one-way car-sharing systems,
mobile server applications, robotic load balancing. (Gendreau and Potvin, 1998) (Xin and
Ma, 2004) (Awasthi et al., 2011) (Pavone et al., 2012) (Pavone et al., 2012) (Billhardt et
al., 2014) Here is at least a summary of most commonly used solutions methods used for
vehicle routing problem: (1) exact approaches: branch and bound, branch and cut, (2)
constructive heuristics: savings: Clark and Wright, matching-based, multi-route
improvement heuristics, (3) two-phase algorithm heuristics: cluster-first, route-second
algorithms, the petal algorithm, the sweep algorithm, route-first, cluster-second algorithms
and (4) metaheuristics: ant algorithms, deterministic annealing, genetic algorithms,
simulated annealing and tabu search. (“Solution Methods for VRP,” 2013)

Experimental design of research studies

The literature review also offers interesting insights into the objectives, performance indi-
cators and size of the experiments. These, at first glance seeming similar, show in fact a
wide array of various approaches and ways of tackling a similar problem from various
viewpoints, as summarized in the following chapters. Table 8 provides an overview of the
objectives of selected taxi studies. It groups the objectives into increase or maximize, into
minimize or decrease or reduce and into ensure categories. In the right column the re-
spective authors are listed.
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Objectives Authors
Taxi profitability / (Bailey and Clark, 1987)
profit (Bailey and Clark, 1992)
(Glaschenko et al., 2009)
(Shi et al., 2010)
Service quality / (Bailey and Clark, 1987)
o service level (Benyahia and Potvin, 1997)
Maximize / (Glaschenko et al., 2009)
Increase The number of dispatched calls (Alshamsi et al., 2009)
Global utility (D.-H. Lee et al., 2013)
Total ridership (Horn, 2002)
The number of satisfied drivers and riders in the sys-  (Agatz et al., 2012)
tem
Efficiency of dispatch system in handling taxi bookings (Lee et al., 2004)
Fleet costs / (Ngo, 2004)
taxi costs / (Lee and Wu, 2013)
operations costs (Zhan et al., 2014)
(Maciejewski et al., 2016)
Customer waiting time (Benyahia and Potvin, 1997)
(Bailey and Clark, 1992)
(Lee et al., 2004)
(Alshamsi et al., 2009)
Empty taxi cruise time (Alshamsi et al., 2009)
Minimize / (Powell et al., 2011)
Decrease/ Total vehicle travel time / (Horn, 2002)
Reduce system-wide travel time (Agatz et al., 2012)
Total vehicle travel distance / (Horn, 2002)
system-wide vehicle-miles (Agatz et al., 2012)
Total waiting time of a customer group (Seow et al., 2010)
Taxi idle time (Alshamsi et al., 2009)
Taxi fleet size (Zhan et al., 2014)
Taxi fleet costs and the taxi fleet size at the same time (Zhan et al., 2014)
The number of vehicles performing rebalancing trips (Pavone et al., 2012)
Weighted combination of the time to service all cus- (Psaraftis, 1980)
tomers and of the total degree of ‘dissatisfaction
Relatively fair distribution of orders (Glaschenko et al., 2009)
Ensure Every station should reach an equilibrium between ex- (Pavone et al., 2012)

cess vehicles and the demand

Table 8 Overview of the objectives of selected taxi studies

The most commonly used key performance indicators of a wide array of key performance
indicators in three categories related to passengers, taxis and dispatching systems are
summarized in Tables 9, 10 and 11 respectively. These tables cluster similar indicators
together, such as for example that the ‘average passenger waiting time’ and ‘the relative
reduction of average passenger waiting time’ is considered to represent the same pas-
senger waiting time notion. In addition, various terms are clustered together, so that for
example ‘passenger’, ‘customer’ and ‘client’ waiting time are considered synonyms.
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Category Taxis key performance indicators

Authors

Size

Profit

Time

Distance

Other

The number of taxis required to satisfy all trips /

taxis used /
total number of vehicles /
the taxi fleet size /

the number of vehicles required to provide a given lev-

el of service /

average number of in-transit vehicles
Fleet costs /

taxi costs /

operations costs /

taxi operation cost /

total costs

Taxicab profit /
profitability

Taxi revenue

Empty taxi trip cost
‘Vacant’ cruising time /
empty taxi cruising time

‘Vacant’ time /
(total) taxi idle time

Estimated and actual travel time to pick up /
‘on-call’ time /

average pick-up trip time

Total time /

total vehicle travel time /

system-wide travel time

‘Vacant’ waiting time

Travel time per trip /

occupied cruising time

Taxis average total mileage /

total vehicle travel distance /
system-wide vehicle-miles

‘On-call’ distance / distance to passenger

Total empty trip distance /

average total idle distance

Occupied travel distance

Taxi ‘vacant’ mileage

The occupancy rate /

taxi utilization ratio (occupied / service) /
taxi time utilization rate /

taxi time utilization time

Taxi queue length at a taxi stand

The ratio of unoccupied to total drive time

(Wilson et al., 1969)
(Kim et al., 2005a)
(Wang et al., 2009)
(Pavone et al., 2012)
(D.-H. Lee et al., 2013)
(Bai et al., 2014)

(Zhan et al., 2014)
(Ngo, 2004)

(Shi et al., 2010)

(Lee and Wu, 2013)
(Zhan et al., 2014)
(Miao et al., 2015)
(Maciejewski et al., 2016)
(Bailey, Jr and Clark, Jr, 1987)
(Bailey and Clark, 1992)
(Glaschenko et al., 2009)
(Shi et al., 2010)
(Powell et al., 2011)
(Shi et al., 2010)

(Zhan et al., 2014)
(Alshamsi et al., 2009)
(Shi et al., 2010)

(Seow et al., 2010)
(Powell et al., 2011)
(Kim et al., 2005a)
(Alshamsi et al., 2009)
(Zhan et al., 2014)

(Lee et al., 2004)

(Ngo, 2004)
(Maciejewski et al., 2016)
(Horn, 2002)

(Powell et al., 2011)
(Agatz et al., 2012)

(Shi et al., 2010)

(He and Shen, 2015)
(Horn, 2002)

(Shi et al., 2010)

(Horn, 2002)

(Agatz et al., 2012)

(Bai et al., 2014)

(Ngo, 2004)

(Bai et al., 2014)

(Zhan et al., 2014)
(Miao et al., 2015)

(Kim et al., 2005a)

(Bai et al., 2014)

(Shi et al., 2010)

(Lee and Wu, 2013)
(D.-H. Lee et al., 2013)
(He and Shen, 2015)
(Shi et al., 2010)
(Maciejewski et al., 2016)

Table 9 Key performance indicators of selected taxi research studies — passengers
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Category Passengers key performance indicators

Authors

(Average) passenger waiting time /
(average) customer (client) waiting time /
relative reduction thereof

Waiting
time

Customer queue length at a taxi stand /
expected passenger queue

Customer waiting time at individual taxi stand
95" percentile of client waiting time

Clients with over 60 min wait

Total number of waiting customers

(Bailey and Clark,1992)
(Benyahia and Potvin, 1997)
(Lee et al., 2004)

(Kim et al., 2005a)
(Alshamsi et al., 2009)
(Seow et al., 2010)

(Shi et al., 2010)

(Choo et al., 2012)

(D.-H. Lee et al., 2013)
(Lee and Wu, 2013)

(Bai et al., 2014)

(He and Shen, 2015)
(Maciejewski et al., 2016)
(Kim et al., 2005a)

(Shi et al., 2010)

(Shi et al., 2010)

(Choo et al., 2012)
(Choo et al., 2012)
(Pavone et al., 2012)

Table 10 Key performance indicators of selected taxi research studies — taxis

Category Dispatching system key performance indicators

Authors

Service quality /

. service level
Service

No of served trips /
the number of dispatched calls /
total ridership /
No. of the number of completed bookings /
served average total number of calls served by each cab /
requests percentage of served calls
The number of unsuccessful bookings /
percentage of cancelled calls (cancellation rate) /
the number of lost orders
Average dispatch time
Delayed pick-ups
Urgent order average response time
Shared trips
Saved travel time
Taxi- Saved trips
sharing  Mean value of the ratio of service time to direct driving
time taken together with the extreme worst service time
Average number of vehicles performing rebalancing
Supply demand ratio of whole city and region and
Pre- mismatch thereof
allocation Computational solution times

Response
time

Orders allocated automatically
Fleet utilization effectiveness
Relatively fair distribution of orders
Expected travel time on a link

Other

(Bailey, Jr and Clark, Jr, 1987)
(Benyahia and Potvin, 1997)
(Kim et al., 2005a)
(Glaschenko et al., 2009)
(Horn, 2002)

(Kim et al., 2005a)
(Alshamsi et al., 2009)
(Powell et al., 2011)

(Lee and Wu, 2013)

(Zhan et al., 2014)
(Alshamsi et al., 2009)
(Glaschenko et al., 2009)
(Lee and Wu, 2013)
(Alshamsi et al., 2009)
(Glaschenko et al., 2009)
(Glaschenko et al., 2009)
(Santi et al., 2014)

(Santi et al., 2014)

(Santi et al., 2014)

(Wilson et al., 1969)

(Pavone et al., 2012)
(Miao et al., 2015)

(Psaraftis, 1980)

(Horn, 2002)
(Glaschenko et al., 2009)
(Glaschenko et al., 2009)
(Glaschenko et al., 2009)
(Kim et al., 2005a)

Table 11 Key performance indicators of selected taxi research studies — dispatching system
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Similarly, the sizes of simulation experiments used in the research studies are listed in
Table 12. The experiments are sorted according to the fleet size, but they also feature the
number of passenger requests, ratio of requests per taxi and per hour, duration of the ex-
periment and network data where available.

Fleet size Requests Regs./taxi/h Duration Data Authors

1 <=10 (Psaraftis, 1980)

8 6000 (Shrivastava et al., 1997)

4 160 (van Hentenryck et al., 2010)

12 140 1.9 6h (Benyahia and Potvin, 1997)

20 0-3000 (Ngo, 2004)

20-90 (Wilson et al., 1969)

10-100 (Atasoy et al., 2015)

22 Singapore (Wang et al., 2009)

25-40 (Bailey and Clark, 1992)

50 2000 (Pavone et al., 2012)

60 5000 (Atasoy et al., 2015)

100 1000 (Bai et al., 2014)

100-250 520 2-5 2h (D. Lee et al., 2013)

220 4282 1.6 24 h (Horn, 2002)

280-450 (He and Shen, 2015)

500 800-8000 0.64-6.4 25h Singapore (Lee and Wu, 2013)

500 San (Miao et al., 2015)
Francisco

538 (Powell et al., 2011)

800 041-165 3h (Shi et al., 2010)

1000 1-4 (Seow et al., 2010)

1622 43348 5.35 (Alshamsi et al., 2009)

2000 Singapore (Lee et al., 2004)

>2000 >13000 0.3-0.7 (Glaschenko et al., 2009)

5700 27376 — 136880 0.3-1 24 h Berlin (Maciejewski et al., 2016)

12000 70+40d (Yuan et al., 2011)

13586 (Santi et al., 2014)

15000 1w Singapore (Choo et al., 2012)

32368 — 489234 — 524792 0.6 3*20 min  New York (Zhan et al., 2014)

33999

Table 12 Overview of the size of experiments of selected taxi research studies
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2.5 Synthesis and the lessons learned from the review

This chapter synthesises and summarizes the lessons learned from the literature review.
The general dependencies in a taxi ecosystem are sketched and research needs in the
taxi dispatching research literature are summarized.

2.5.1 General framework of taxi operation

Taxi operation can be described as a black box with general inputs and outputs. Figure 8
visualized the general inputs such as taxi supply, taxi demand, environment and strate-
gies that match the supply with demand.

Taxi supply is in general, constituted by taxi vehicles and taxi drivers. The intersection of
available taxis and available taxi drivers defines the available taxi fleet. Various strategies,
such as shift planning, pre-allocation of the vehicle and general scheduling, as well as
random effects such as unexpected delays define the taxi spatial-temporal availability.

Taxi demand consists of the number of potential customers and their individual desires to
be transported. Perhaps the most important individual considerations that define the actu-
al demand are: From and to where the individual likes to be transported, when ideally,
when the latest, on which costs and whether it necessary to book a taxi, or just wait for
one passing by.

The environment, in which taxi supply can match with taxi demand, is constrained by a
network of roads with topologies, travel times and road tolls. Other variables such as price
of labour, vehicles, energy to fuel them and the fares also shape the taxi supply and de-
mand matching. In general, taxi operation and business strategies worldwide have many
flavours and there are many models employed, from self-employed drivers with own vehi-
cles to pure employees acting on behalf of a dispatcher.
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Input

Supply

Total fleet size

Available fleet

| Taxi operators

| | Vehicle locations

| | Vehicle schedules

| Fleet size per operator |

Total drivers

| Drivers availability / shifts |

W

Strategies how to match with passengers

| Expected demand and supply |

| Expected revenues and costs |

Demand

|Number of potential customers

| Actual number of customer requests

Personal considerations
| Trip origin and destination |
| Strategies how to get a taxi | /‘1
| Willingness to pay |
| Willingness to wait |
Network
| MNetwork road topology | | Travel times | | Charges for use |

Businesses and strategies

| Business model

| ‘Matching and dispatching strategies ‘ |

Fare structure |

Other inputs

| Labour price

Wehicle price ‘ ‘ Fuel/Energy price

| ‘ Senvice price |

Figure 8 General dependencies in taxi ecosystem — input

Figure 9 visualize general outputs of taxi operation is the service, its quality and corre-
sponding financial reward. Essentially, the number of passengers transported (satisfied
demand) and the waiting time and costs (service quality) are relevant to passengers, while
the revenues and costs from the corresponding taxi actions are relevant for taxi drivers

and operators.

Essentially, there are three types of revenue and costs: Based on distance, time and
events. The issue of revenue and costs are discussed in detail in the section 3.5 Perfor-

mance indicators analysis.
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Qutput
Profit
Costs
Distance Cost rate
Occupied ‘ Not-occupied per
‘On-call ‘ distance
‘Search [ pre-allocate / service ‘
Time Cost rate
Occupied ‘ Not-occupied per time
‘On-call ‘
‘Search [ pre-allocate / service ‘
Events Cost per
event
Revenues
Distance Revenue
‘Occupied ‘ rate per
distance
Time Revenue
‘Occupied ‘ rate per
time
Events Revenue
per event
|Actua| number of satisfied customer requests ‘
|Passenger waiting time ‘

Figure 9 General dependencies in taxi ecosystem — output

2.5.2 Analysis of possible solution approaches

As mentioned earlier, the fundamental problem of taxi operation is the mismatch between
the supply and demand. This mismatch may be manifested in dimensions of space, time,
the amount of the taxi supply and demand, fares and other aspects. The mismatch im-
pacts the costs and profit of taxis as well as passengers waiting time and the ability to get
a taxi.

In order to improve the mismatch between taxi demand and supply, for instance one can
increase the supply. This can be done by simply buying more taxis or by issuing more taxi
permits (medallions) on regulated markets. As a result, the average ratio of supply to de-
mand improves (on condition the demand remains the same), together with fixed costs,
but that alone actually not necessarily solve the mismatch problem. The essential condi-
tion for improving the mismatch is to fulfil the trinity of having the right amount of taxis at
the right positons and at the right time. Simply, adding more taxis is not sufficient.
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Alternatively, the demand for taxis could be reduced. Passengers can be for example de-
ferred by increased fares or just by providing a really terrible service. Again this leads to
increasing the ratio of taxi supply to taxi demand, but not necessarily solving the mismatch
problem.

One can propose to increase the taxi availability to ask the drivers to drive at least a cer-
tain distance each day, in order to circulate the taxis. This solution may improve the situa-
tion for on-street pick-ups, but it increases costs, can be difficult to enforce and chiefly,
similarly as before it misses the target of ultimately solving the mismatch problem.

It seems that it also makes sense to try to improve the matching by pre-allocating taxis to
locations with favourable supply-demand ratio. Individual drivers do this naturally based
on individual experience and knowledge. Pre-allocation may increase profit from serving
otherwise unserved passengers. On the other hand, it requires creating predictions about
future supply-demand balance and coordination strategies and increases costs. Wrong
predictions or unexpected competitor moves may result in even higher costs. Though, in
general, this approach seems quite promising to prepare the ground for the actual match-
ing and, to certain extent, it improves the mismatch.

Other solutions like sharing taxi rides are proposed to decrease the mismatch. Technically
sharing actually reduces the demand. But, similarly to the solution with reducing the de-
mand, this solution per se does not hit the point. Moreover, taxi-sharing has, except po-
tentially cheaper rides and potentially less vehicles used, many disadvantages. In particu-
lar, the passenger total travel time may increase, and the passenger may have to wait for
potentially delayed fellow passengers.

The next option is to improve the matching by improved dispatching taxis to booking re-
quests. Even with the simple algorithms, the dispatching systems, in general, may in-
crease taxi availability, reduce unnecessary costs and reduce passenger waiting time.

Another solution is to extend the search space by increasing the pool of taxis that partici-
pate on dispatching. Arguably, the bigger is the vehicle fleet, the higher is the chance that
there will be a taxi nearby where it is needed and may reduce waiting times and costs.
Table 13 lists the above mentioned solutions together with their main pros and cons. This
thesis aims to look at the most promising single solution from these, which is improving
the dispatching strategies.
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Possible solutions to taxi
supply demand mismatch

Pros

Cons

Increase supply

Add more taxis, issue more
taxi permits

Decrease demand

Increase fares, decrease ser-
vice quality

Increase supply availability
Ask drivers to drive at least a
certain distance daily or work
longer

Pre-allocate taxis

Improve the matching by pre-
allocating taxis to locations
with favourable supply-demand
ratio

Share taxis
Improve the matching by shar-
ing trips

Improve dispatching strate-
gies

Improve the matching by im-
proved dispatching taxis to
booking requests

Increase matching search
space

Improve the matching by in-
creasing the pool of taxis that
participate on matching

+ Increases supply to demand
ratio and thereby chances of
finding available taxi

+ Increases supply to demand
ratio and thereby chances of
finding available taxi

+ May increase taxi availability
mainly for on-street pick-ups

+ To certain extent individual
drivers do this naturally based
on individual experience and
knowledge

+ Aggregating the knowledge
and coordinating pre-allocation
of taxis

+ Pre-allocation may increase
profit from serving otherwise
unserved passengers

+ Many studies demonstrate
beneficial effects of using less
vehicles to transport more pas-
sengers

+ Passenger costs per ride
decreases

+ May increase taxi availability
+ May reduce unnecessary
costs

+ May reduce passenger wait-
ing time

+ One taxi is subject to several
dispatching systems.

+ May reduce waiting times
and costs

- Increases fixed costs

- Might not necessarily solve
the mismatch problem

- Increased price for example
may defer some customers but
does not necessarily improve
the matching per se

- Increases costs

- May not necessarily help to
solve the mismatch

- May be difficult to enforce
and control

- Requires creating predictions
about future supply-demand
balance and coordination
strategies

- Pre-allocation increases costs
- These predictions may turn
wrong, causing extra costs

- The passenger total travel
time may increase

- Passenger may have to wait
for potentially delayed fellow
passengers

- Requires strict cooperation

- Simultaneous assignment of
new bookings or re-assignment
of confirmed requests and the
resulting benefits may be pro-
hibitively difficult in reality

Table 13 Considered solutions to improve taxi supply demand mismatch
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2.5.3 Research needs in assighment of taxis to passengers

This section summarizes the main research needs in assignment of taxis to passengers.
Further research and evaluations of new approaches addressing these concepts and
gaps would be fruitful.

Simultaneous (re-)assignment of booking requests is hot commonplace

Algorithms for assigning taxis to passenger requests in reality might not be utilizing the full
potential of technology and scale of taxi operation, since most approaches do not consider
simultaneous assignment and re-assignment of booking requests.

Dispatching taxis to any combination of advance and immediate bookings

Dealing with the combination of immediate and advance booking requests seems to be a
significant challenge for taxi service providers. Similarly, typically once accepted advance
booking requests assignments are fixed and not re-assigned to be served by other vehi-
cles.

Fundamental drawback of schedule adaptation approach

The experiment of Lee and Wu (2013), which can be considered as the most elaborated
taxi dispatching approach in taxi research literature to date, fully revealed a drawback of
the schedule adaptation approach on large-scale taxi systems. Especially in high demand
systems and in peak times, where there is the highest potential for re-assignment of book-
ings, the frequency of incoming booking requests is the highest. That means, there is the
least time for computing re-assignments when it is needed the most and the problem
complexity is the highest because of the highest number of possible assignment combina-
tions. In particular, Lee and Wu (2013) assumed that the booking rate arrival in the exper-
iment equals 800-8000 bookings per hour, out of which 50% are booked in advance. This
creates an average time gap for re-assignment that is only 0.5 — 4.5 s long. Assuming that
in Singapore, in which they located their experiment, there is about one million trips, out of
which 10% are booked in advance, the average time gap for re-assignment would be 0.9
s. This is very short time given that the presence of sensing, positioning and communica-
tion delays in the real world.

Furthermore, the schedule adaptation method may work well if the degree of dynamism is
close to 0 (most of the bookings are known in advance and only some new bookings trig-
ger re-assignment) but it is unclear how it will perform under degrees of dynamism close
to 1 (almost all bookings are immediate). (Kimmel et al., 2016¢)

Interests of both taxis and passengers

The assignment of the majority of the above listed approaches focuses only on the inter-
ests of fleet operators. Ngo (2004), Wang et al. (2009), Seow and Lee (2010), Lee and
Wu (2013), Zhan et al. (2014) Pavone et al. (2012) do not explicitly account for passenger
preferences beyond the wish of getting a taxi, in particular, to get the taxi as fast as possi-
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ble. Passengers do mind waiting for a taxi. However, only a few studies considered not
just the interests of taxis but also the passengers. Alshamsi et al. (2009) for instance uti-
lize the multi-agent systems advantage and assume that the passengers time should be
minimal, taxi ‘vacant’ distance and idle time minimal and the dispatchers number of dis-
patched calls maximal.

Stability of assignments and re-assignments

The stability of produced assignments are also not explicitly considered in the dispatching
strategy. This is typically overcome by providing recommendations only, which the drivers
may not follow or reject if not suitable for the driver from any reason such as in case of
Seow and Lee (2010).

Stability consideration is important for the systems with human taxi drivers. Understanda-
bly, drivers may not from the local perspective understand, why they are asked to pick up
a passenger which is further away, which would have been better from the system per-
spective. Hence, under the stability consideration, the driver-passenger pair does not
have an incentive to switch and therefore more likely to keep the assignments. This may
seem trivial, however, the consequences of not following system optimal assignments
may be as follows. If assignments are frequently broken, they must be re-optimized, so
that other taxi(s) will have to pick up the confirmed requests. This has several implica-
tions: The dispatching system must be able to re-assign already confirmed bookings. As
the literature review suggests, only some approaches are re-assigning them.

In an extreme case, the not following the assignments may lead to spiralling effects and
precluding the dispatching system to effectively control the assignment of new bookings to
taxis. In summary, the robustness of the control algorithm (dispatching system) must be
considered.

However, the stable solutions are ‘paying a price’ for the stability. Stable solutions are
known to perform worse than the optimal ones. Though, it seems still worthwhile to inves-
tigate these, in particular, for their robustness, which prevents chains of uncontrolled reac-
tions initiated by non-compliance of some taxi drivers with the assignments.

Growing scale of taxi operations

Growing scale of taxi operations means also growing challenges and opportunities. In par-
ticular, the naive sequential based algorithms may cause some unnecessary pick-up
costs, as the scale of taxi dispatching grows. For larger problems, there should be other
algorithms.

Dispatching / pre-allocation not connected with other parts of taxi operation

Mostly, the pre-allocation depends on taxi drivers. Very seldom; there is a central entity
that advises drivers where to pre-allocate their vehicles. And if so, usually it is not the part
of the dispatching system package. Though, it would be worthwhile to actually connect
these two operation issues into one.
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Automated vehicles and their automated operation and management

To the best of author’s knowledge, the existing approaches in taxi literature do not explicit-
ly consider all tasks of the automated vehicles and are focusing almost exclusively on
scheduling of transportation requests. Furthermore, the existing approaches typically pro-
pose either centralized or decentralized scheduling but rarely combine the advantages of
both. Lastly, the existing approaches seldom consider integration of the infrastructure and
service providers in a transparent manner. A separate satellite study at the end of the
methodology chapter tackles this issue and prepares a ground for the automated schedul-
ing of automated on demand vehicles.

Lack of algorithms that can learn from own mistakes or changed conditions

Kocer and Arslan (2012) as one of the few investigated ability of solution algorithms to
learn from past experience. In particular, they see the gap of existing approaches, be-
cause they do not use past solutions to solve current problem quicker and to find better
solution with less computation. The exploited ‘transfer learning’ approach and proposed a
routing strategy based on genetic programing combined with learning. Automation of the
whole scheduling process may also be an opportunity for implementation of machine
learning algorithms, instead of traditional heuristics. Machine learning algorithms may
have tremendous advantage in the amount of data being able to process and the ability to
learn from mistakes of all the vehicles in the past.

Balancing key performance indicators

Taxi dispatching is a connected ecosystem and it is possible to optimize the taxi dispatch-
ing towards various goals and the interests of various parties. Optimizing towards only
selected parameters may lead to seemingly good results, which, however, may worsen
other unreported parameters. Specifically, chapter 3.5 “Performance indicators analysis”
proposes a small fix to the current state, in particular, a method how to logically structure
the performance indicators and relate them to each other.

Research knowledge transfer to industry

Lesson learned from the practice operation and from the literature: The research pro-
gress, in particular in matching, assignment and routing algorithms, does not seem to be
reflected in the taxi dispatching reality. As pointed out by Cordeau et al. (2002) most algo-
rithms lack some attributes essential for application in the real operation in terms of accu-
racy, speed, simplicity and flexibility. The complexity of taxi scheduling is difficult to seize,
taxi simulation models limited by simplifying assumptions and the gap between research
of new algorithms and its application is wide. Moreover, to the best of knowledge of the
author there are no truly easy-to-use simulation tools that allow testing new dispatching
strategies before implementing them.
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Dealing with advance passenger booking requests

Common sense suggests two approaches to manage advance taxi bookings: (1) to assign
advance bookings sequentially (the same way as immediate bookings) and to confirm ad-
vance bookings but buffer them and (2) to assign them shortly before the requested pick-
up time as if they were immediate bookings.

If advance booking are assigned as they come, the respective taxi has the responsibility
to serve the booking in the future. However, this has several shortcomings and limitations
for the particular taxi. For instance, the taxi driver should not accept any other bookings
that would prevent him/her from serving already confirmed booking(s). In order to do so,
the driver must estimate the likelihood of being able to pick up the potential and confirmed
passengers. This involves very precarious and difficult decision-making, which must be
done quickly and safely. Consequently, they may either have long breaks before a pick-up
(which cost time and money) or not pick up the confirmed passenger at all (which may be
penalised by the dispatching system).

Assignment of advance booking shortly before the requested pick-up time has also draw-
backs. Especially in demand peaks, there may not be enough taxis to serve the confirmed
advance booking requests. Then taxis from further away must be dispatched, which on
one hand increases waiting time of passenger and on the other hand, fleet operation costs
increase. In order to reduce and ideally avoid such situations, a human dispatcher(s) must
intervene and warn or coordinate the respective taxis. As a consequence, this may further
increase fleet costs.

Difficulty of drawing conclusions from other simulation studies

This is a small example of an effort to summarize the impact of some of the most relevant
research papers on taxi dispatching in terms of profit or costs and waiting time changes as
compared to their respective benchmarks. In addition, partly due to the combination of the
gaps mentioned before, it is very difficult to reasonably compare similar studies, since ei-
ther the results are lacking some indicators, they use different benchmarks or, in general,
are incomparable due to various different supply, demand, environmental and dispatching
system assumptions. Figure 10 provides evidence thereof.

Proposed algorithm Profit / costs change Waiting time improvement

(Ngo, 2004) Difficult to compare with FCFS  Difficult to compare with FCFS

(Zhan et al., 2014) Cost reduction up to 94% Not provided

(Seow et al., 2010) Not provided Up to 42% for 20 vehicles
(Maciejewski et al., 2016) Not provided Almost the same until demand level 3
(Glaschenko et al., 2009) Not provided Not provided

(Wang et al., 2009) Not provided Not provided

(Lee and Wu, 2013) Not provided Difficult to compare with FCFS

Figure 10 lllustration of results of the most relevant taxi dispatching research approaches
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Lack of taxi research benchmarks

The FCFS dispatching strategy is not the most elaborate one, however, it is the most
common one in the taxi industry. Moreover, it is commonly used in benchmarking of taxi
research papers because unlike others it is relatively easy to replicate. A commonly ac-
cepted benchmark or benchmarks in taxi operation research (as it is common in general
vehicle routing problems) together with lists of best solutions is desirable, but to the best
of the knowledge of the author this is not yet the case in taxi research. Therefore, for the
time being, it makes sense to stick with using the simple FCFS strategy for the sake of
comparison and replicability.
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3 Methodology

In order to answer the three research questions a corresponding methodology is devel-
oped in the course of the thesis. This section summarizes major assumptions and the
fundamental improvement principle, proposes three approaches to taxi dispatching and
scheduling, elaborates details thereof, presents a path towards fully autonomous vehicle
dispatching of autonomous vehicles and describes the simulation model and key perfor-
mance indicators used.

3.1 Research approaches

The three approaches are used to answer the following research questions:
1. How can the simultaneous assignment of booking requests improve taxi operation?

2. How to prevent schedule from quality degradation over time, especially with high
share of advance booking requests?

3. How does accepting individually sub-optimal re-assignments of confirmed bookings
affects the system performance?

Table 14 summarizes the key properties of the three proposed approaches. In particular, it
highlights the assumed degrees of dynamism, the proposed method for assigning new
bookings and re-assigning already confirmed ones and other key features. Figure 11 then
presents a graphical summary of all three proposed approaches to taxi dispatching. These
are the same figures as presented in the three approaches but displayed together, in or-
der to highlight the differences among the three approaches.

All three approaches begin with an existing taxi schedule. Approach 1 is based on simul-
taneous insertion of the new requests. For Approach 2 and 3 the insertion is done se-
quentially, because it is faster, and the requests will be re-assigned anyway in the re-
assignment stage. Though, it is important to first assign new requests, to quickly respond
to the customers, confirming that there will be a taxi for them. Approach 1 ends after the
assignment phase. Approaches 2 and 3 follow with the re-assignment phase, in which all
or some of the already confirmed bookings are re-assigned. If the schedule after re-
assignment is better than the existing one, it is accepted. The whole process repeats in
the next decision interval.
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Approach 1 Approach 2 Approach 3
Simultaneous assign-  Re-assignment of all Re-assignment of the
ment of taxis to new confirmed immediate timely nearest con-
immediate bookings and advance book- firmed immediate
ings bookings

Assignment of new  Simultaneous Sequential Sequential

bookings

Re-assignment of No Simultaneous Simultaneous

confirmed bookings

Degree of dynamism 1 <0,1> 1

Schedule concerned All new requests are sim- All bookings are re- Only the timely nearest
ultaneously assigned assigned bookings are re-

assigned
Greediness of players Not considered Not considered Greedy trips and op-
in re-assignment tionally greedy taxis

Table 14 Overview of the three approaches

Approach 1 Approach 2 Approach 3

Schedule of taxis (T 1- T 6)
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Figure 11 Graphical summary of all three approaches
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3.1.1 Major assumptions

The following considerations are used in formalizing the problem. The dispatching strate-
gy is proposed for coordinated taxis with a central dispatching of taxis in response to
booking requests. Passenger booking requests are revealed to the dispatching centre.
The dispatching centre either confirms or rejects the request depending on vehicle availa-
bility. Once confirmed, the passenger request must be served.

The passenger booking requests are defined by their origin and destination positions, time
of booking and the requested pick-up time interval. Passenger requests cannot be post-
poned to be served later, unlike for example in the study by Angelelli et al. (2009). Moreo-
ver, passengers are not willing to share the taxi with anyone else unlike in the dial-a-ride
problem and are willing to wait for taxis only limited amount of time.

The taxi fleet size remains unchanged during the simulation. Taxis drive only when re-
sponding to a call or with a passenger on board. Taxis do not break down. Taxis wait at
their initial locations or drop-off location of the last served passenger for their next as-
signment. Taxis do not use any form of anticipation of future requests. Taxis are geo-
graphically distributed at locations where the shifts begin. Thus, the dispatching problem
can be called: MDMVCDVRPPDTWDCR - Multi Depot Multiple Vehicle Capacitated Dy-
namic Vehicle Routing Problem with Pick-up and Delivery Time Windows and Deniable
Customer Requests.

The passenger is required during the booking process to input the desired origin, pick-up
time and the destination. This is necessary especially for advance booking requests in
order to make sure that the newly assigned trip will not cause a conflict with another al-
ready scheduled passenger trip. A passenger, who books a taxi, initially receives just the
booking confirmation that there will be a taxi. The passenger receives the particular taxi ID
shortly before the pick-up time. This is done in order to allow constructive re-assignment
until the latest moment in order to improve the schedule. The assumed taxi booking pro-
cess is sketched in Figure 12.

Passenger requests Taxi vehicles Dispatching system

Book a taxi

Broadcast request

Estimate pick-up time and costs

Select best taxi and respond

Figure 12 Assumed taxi booking process description
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3.1.2 Fundamental improvement principle

Traditionally, new bookings are assigned on a first-come, first-served principle (FCFS), a
very intuitive approach to taxi dispatching. Once new booking is confirmed by the dis-
patching system, it remains in the schedule of the particular taxi. That, however, may lead
to a degrading of scheduling quality over time, as illustrated by the example in Figure 13.
In particular, the FCFS strategy does not utilize the synergic effects of exchanging some
assignments. As a result, taxi drivers drive further than necessary and work longer hours
for less income, and passengers wait longer or may not get picked up at all.

In the example in Figure 13 (a) ‘Passenger 1’ at position A requests a taxi. Figure 13 de-
picts the events in both space and time. The desired pick-up location, the desired pickup
time and the expected duration of the trip are depicted in Figure 13. The nearest available
‘Taxi T1’ at position B is assigned to pick up ‘Passenger 1'. In Figure 13 b this is shown by
the arrow, which is pointing now from ‘Taxi T1' to ‘Passenger 1’ and by assigning the trip
with ‘Passenger 1’ to the schedule of ‘Taxi T1’. Taxi ‘on-call’ time is labelled as —1. Then
‘Passenger 2’ requests a taxi to transport him/her from position B (Figure 13 c). Now the
nearest available ‘Taxi T2’ is at position A. Consequently, both taxis have long drives, in
the opposite direction along the same route, to pick up their passengers (Figure 13 d).
They would benefit from exchanging their assignments as highlighted in Figure 13 e by
the red bars. Notice that after the swapping of assignments the length of ‘on-call’ time re-
duces for both taxis and both passengers get the taxi sooner. (Kimmel et al., 2016c¢)
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Description Space

Time

(a) Passenger 1 makes an immediate taxi A 1:00
booking at 1:00 PM. He desires to be \L
picked up at position A as soon as possible i
and reach his destination as fast as possi-

ble. The trip duration is estimated to 5 min

and displayed above the schedule.

(b) Dispatching system finds the nearest A 1:00
available taxi, confirms the booking to pas- 1

senger 1 and dispatches taxi T1. Taxi T1 is

now ‘on-call’ to passenger 1, as displayed '\
by an arrow. Estimated time of arrival of

taxi T1 to passenger 1 is 4 min from now.

(c) At 1:01 PM Passenger 2 makes a book- A
ing request. He desires to be picked up at
position B as soon as possible The trip du-
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Figure 13 lllustration of fundamental improvement principle (Kimmel et al., 2016c)
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3.1.3 Simultaneous assignment of taxis to immediate bookings

In general, the goal of the first approach is to propose a dispatching strategy, which as-
signs taxis to immediate passenger booking requests simultaneously. In order to address
the research needs identified in chapter 2.5.3 “Research needs in assignment of taxis to
passengers”, the assignment should also be done in a stable manner to guarantee ro-
bustness of the dispatching system and should consider the interests of taxis and pas-
sengers at the same time.

The status quo first-come, first-served approach assigns booking requests sequentially.
Especially under high passenger demand, with many bookings near each other in space
and time, this strategy cannot leverage on the opportunities to assign some of the book-
ings more suitably. This leads to unnecessary taxi moves to pick up passengers and indi-
rectly to reducing the service capacity and quality.

Therefore, the first approach studies the possibility of simultaneous assignment of pas-
senger bookings. That means that this dispatching strategy assigns a group of taxis to
pick up a group of passengers. The principle advantage is that unnecessarily long pick-up
trips are reduced and therefore the total costs reduced and passenger satisfaction in-
creased. The principle disadvantage is that the requests must be buffered for some time
in order to gather a group together and to create a ‘freeze’ period, in which the group as-
signment is calculated.

Simultaneous assignment is not enough of a new contribution since there are a handful of
simultaneous assignment approaches in the literature. However, to the best of authors
knowledge, they do not consider the preferences of passengers and stability of assign-
ments. Why are these important and how do they shape the Approach 1?

First of all, the objective of many studies is to reduce the costs of the taxi fleet (expressed
in various forms). In order to do that, taxis are allowed to negotiate amongst themselves
using fuzzy logic or linear assignment, without considering the needs and the interests of
the passenger. This may have an impact on the revenue.

Secondly, stability is a not common concept for taxi dispatching. A central dispatching en-
tity, which tells the drivers which passenger to pick up, should produce assignments that
the drivers are likely follow. Imagine, what may happen in a system, which does not sup-
port drivers’ compliance. If the driver do not follow the given assignment and picks another
passenger instead (e.g. during a street pick-up), the dispatching system still must assign
another taxi or reorganize assignment of a number of taxis in order to pick up the con-
firmed passenger. For example, in San Francisco in 2007 more than half of the assign-
ments were not followed and the passenger with confirmed booking did not get a taxi.
(City and County of San Francisco Taxi Commission Public Convenience & Necessity
Report, 2007). Not following the assignments, may lead to customer frustrations and a
cascade of more drivers disobeying the assignment and potentially spiral-like trajectory of
the dispatching system. For more robust systems, one should consider systems, in which
the players do not have an incentive to change the given assignments.
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In summary, the governing principle of the proposed methodology to improve taxi dis-
patching is the simultaneous assignment and stable assignments. The proposed dispatch-
ing strategy leverages on the fundamental principle of simultaneous assignment of many
booking requests to taxis. This is done in regular time intervals in real-time. The simulta-
neous assignment is a principle, which allows improving the performance, by matching
many booking trips at once. Figure 14 demonstrates the basic principle using an example
of an existing schedule of six taxis, to which two new booking requests with ID 11 and 12
are added simultaneously.

Simultaneous assignment of new booking requests
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Figure 14 Example of simultaneous assignment of new booking requests

One of the few studies that explicitly consider the interest of passengers, despite not fo-
cusing on taxi dispatching but street hailing segment, is the study by Bai et al. (2014).
They noted that in many Chinese cities, dispatching systems are not used and taxi drivers
have difficulties to find passengers. They suggested addressing this issue by an advisory
system, which would be based on principles of stable matching. They compared this sys-
tem with a virtual vis-a-vis dispatching system. The results, however, were not promising.
Despite an average not-occupied taxi mileage improvement, the average total mileage
and the average passenger waiting time increased. Nonetheless, their approach inspired
this study to apply the stable marriage algorithm in the taxi dispatching context and an-
swer some of the research needs in order to estimate the potential of this algorithm for the
taxi dispatching problem. (Kimmel et al., 2016d)
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The following paragraphs uncover three major factors in implementation of the proposed
dispatching strategy, which were not yet addressed and propose three solutions to handle
them. First, Bai et al. (2014) assume in their street hailing study that passengers are will-
ing to wait for an infinite amount of time until they are served by a taxi. This study aims to
overcome this unrealistic simplification by introducing a constraint, which limits passen-
gers’ willingness to wait. If the limit is exhausted, the passenger will seek an alternative
transport option.

The introduction of the willingness to wait, however, has an implication for the original sta-
ble marriage algorithm, which assumes that everyone has a preference about every one
of the opposite party. If the taxi is not able to pick up a passenger within the pick-up time
window, the passenger in fact cannot have a preference. This leads to the stable marriage
problem with incomplete preference lists that is described by Brito and Meseguer (2006).
The preferences of taxis and passengers are constituted in the following fashion such as
by for example Bai et al. (2014). Passengers prefer a taxi that can pick them up first; taxi
drivers, on the other hand, prefer booking requests with the least costs.

Next, generating assignments in regular time intervals from buffered requests might cause
incoherence in the assigned pairs of taxis and passengers from one interval to another.
For illustration, imagine a taxi on its way to the passenger with confirmed booking when a
new passenger request appears closer to the current positon of the taxi and the taxi is re-
assigned to pick up the closer one. Undoubtedly, taxi drivers would prefer to break the
commitment and to pick up the closer one, but with no taxi left to pick up the formerly con-
firmed passenger, passengers would be frustrated. The remedy is to ensure that the con-
firmed trips are really picked up and to forbid taxis with ‘On-call’ status to participate on
matching process.

The last concern, mentioned but not addressed by Bai et al. (2014), relates to the length
of the decision epoch. The ultimate objective is to balance two conflicting interests: On
one hand to maximize the number of buffered requests for simultaneous assignment and
on the other hand to confirm the bookings to the passenger as fast as possible. As the
length of the buffering interval increases, the number of passenger and taxis the matching
pool also grows, which increases the potential for improvement.

There are theoretical and practical limits to set the decision epoch length. Firstly, if the
length of the decision epoch is higher than the willingness to wait, the passenger cannot
get an answer the booking request. Secondly, from the practical user perspective, any
buffering strategy holds the requests before distributing them back to the customers. This
implies that the passenger must wait for the first reply (presumably longer time compared
to FCFS strategy). On the other hand, the system response time is known (defined by the
length of the decision epoch) and the total waiting time from the moment of booking until
the arrival of the taxi can be shorter. However, this benefit is not seen in the first moment
and people may be eager to receive an instant reply. Therefore, with respect to this ra-
tionale, this study deduces that the appropriate length of the decision epoch should be
really fast. (Kimmel et al., 2016d)
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3.1.4 Re-assignment of all confirmed immediate and advance bookings

The objective of the approach is to find a scheduling methodology, which will improve the
traditionally used first-come, first-served strategy for any combination of advance and im-
mediate booking requests. The approach should overcome the fundamental drawback of
the schedule adaptation approach and as well serve the interests of both taxis and pas-
sengers and assign them in the stable manner for robustness.

The fundamental challenge is the re-assignment of already confirmed booking requests so
that the dispatching does not fall to the trap of degrading the schedule and allows adapt-
ing to the latest information available. As the literature review suggested, the schedule
adaptation approach suffers from lack of time for calculation of assignments at the peak
time when the complexity of assignment is the highest, showing that the system is not ro-
bust enough to handle demand peaks.

Therefore, in order to be able to handle any combination of immediate and advance book-
ing requests, this approach proposes a real-time taxi dispatching, which in time intervals
solves a static problem with the latest information in a constructive re-assignment frame-
work. Re-assigning booking trips can leverage on the simultaneous assignment of a group
of booking requests, but only given certain pre-requisites: (1) First, because the bookings
and taxis are spatially and temporally bounded, only bookings with similar request times
and locations can be re-assigned in order to improve system efficiency. (2) Second, the
number of booking requests must not exceed the number of taxis. Otherwise, some taxis
will be assigned not one booking but a chain of bookings. This is not assumed in this
study, with respect to solution methods described later, which assume pairwise matching.

Overall approach

Buffered passenger requests at time intervals at the beginning of each decision epoch
(visualised in Figure 15 by the diamonds in the first row) are assigned (inserted) to the
schedule (represented by the bars in the third row) and passengers receive the response
whether their request is accepted or rejected (visualized by the diamonds in the fourth
row). The subsequent re-assignment process uses the time until the beginning of the next
decision epoch to improve the performance of taxi operation (visualized by the bars in the
second last row) and the updated schedules are published at the end of each decision
epoch (visualized by the diamonds in the last row). During one decision epoch, the whole
taxi schedule is re-assigned as described above. The same process then repeats in regu-
lar time intervals, as illustrated in Figure 15. The re-assignment requires some time. Dur-
ing re-assignment new requests cannot be accepted and are buffered. In order to mini-
mize the delay of the initial reply to the passenger’s request, this study divides the deci-
sion epoch into assignment (insertion) and re-assignment. (Kimmel et al., 2016c)
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Collection of new requests
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Figure 15 The assignment and re-assignment within decision epochs. (Kimmel et al., 2016c)

Assignment of new booking requests

The objective of the insertion procedure is to evaluate quickly whether the new booking
request can be served and, if so, to insert it into the schedule of the best-fitting taxi.
Hence, the insertion routine in effect asks each taxi, ‘Are you able to pick up the booking
request with the specified origin, destination and desired pick-up time interval? And if so,
what does it mean for your schedule costs?’

If a new booking request can be added, the dispatching system inserts it in the schedule
of the most suitable taxi. The criteria for insertion feasibility and selection of the best-fitting
taxi are selected as follows. The feasibility of booking request assignment (as well as re-
assignment) must be examined from the perspectives of both the passengers and the tax-
is. From the passenger’s perspective, the insertion is feasible only if the booking request
can be accommodated within the pick-up window, which is defined by the desired pick-up
time and the time period, for which the passenger is willing to wait. From the taxi opera-
tor's perspective, the insertion is feasible only if the booking request does not violate the
driver’s ability to fulfil other already confirmed booking requests and shift times.

Figure 16 shows the model of insertion process at a glance. In a nutshell, each passenger
(booking requests) asks through the dispatching system taxis: “Can you pick me up and, if
yes, when?” in order to find out, the booking request are first tentatively inserted to the
suitable place in the schedule of all taxis asked. If the taxi can pick up the requests in the
time interval the passenger desires to be picked up while not violating pick-up of other re-
quests later and without violating taxi shift, the requests can be picked up by a taxi and is
reasonable to calculate also the estimated pick-up time and costs of pick-up. Then the taxi
can respond first to the dispatching system accordingly.

The dispatching system collects the answers and evaluates them. The dispatching system
may treat immediate and advance bookings differently. For immediate bookings, it may be
more important to pick up the passenger quickly (before the competition), whereas with
advance bookings the time aspect is less critical and costs can be emphasized. In both
cases, the system selects the ‘best’ taxi to pick up the passenger.

If more taxis qualify as the best (which may happen often with advance bookings), addi-
tional measures are employed to select just one. If none of the taxis can pick up the pas-
senger, the booking requests are rejected and the customer is advised to book again lat-
er.
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Figure 16 Insertion process in a nutshell

Unlike in Approach 1, the initial insertion of passenger booking requests to the schedule
proceeds sequentially, because it is faster and all confirmed trips are re-assigned anyway
immediately after that. Therefore, Figure 17 shows the classical sequential insertion to
illustrate the insertion part of Approach 2. It is reasonable to base the assignments not on
the position and status of the vehicles at the current time, but rather on their expected po-
sition and status at the end of decision epoch.



52 Taxis, Passengers and Stable Marriage

Sequential assignment of new booking requests
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Figure 17 Sequential assignment of new booking requests

Re-assignment of already confirmed booking requests

The re-assignment, which happens just after insertion of new booking requests, proceeds
as follows. It is reasonable to apply the group re-assignment sequentially in smaller time
intervals one after another. These intervals start at the beginning of the scheduling hori-
zon and at the end of the scheduling horizon. The beginning of the scheduling horizon is
not the current time, but the current time plus the length of the decision epoch, because
the re-assignment results will be known at this point. The end of the scheduling horizon
depends on the advance booking time threshold, usually one day.

Figure 18 provides an illustration of the proposed re-assignment. In particular, it illustrates
the process of removing of the confirmed booking requests and their simultaneous re-
assignment. This figure depicts a schedule of six taxis T1 - T6 and their plan to pick up
twelve confirmed booking requests 1 - 12. The re-assignment of confirmed booking re-
quests begins with removing all confirmed booking requests from taxi schedules. Then the
booking requests are assigned back to the schedule simultaneously in groups starting
from the beginning of the schedule. Then the next group of booking requests are assigned
the same way until the end of dispatching horizon, which is defined by the latest possible
advance booking time allowed by the dispatching system — typically 24h. (Kimmel et al.,
2016c¢)
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Constructive re-assignment of already confirmed requests
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Figure 18 Constructive re-assignment of already confirmed requests (Kimmel et al., 2016c)

Figure 19 shows a model of the re-assignment. In the re-assignment (re-optimization or
re-marriage) process, groups of passenger requests must be found first. The considera-
tions for creating the group of trips and corresponding re-assignment time intervals follow.

First of all, each taxi searches in the schedule for booking requests, which can be re-
assigned. This is true when the estimated ‘on-call’ time is larger than re-assignment time
interval beginning. Only first such booking requests in the schedule of each taxi are con-
sidered. These trips must fulfil two criteria: (a) the estimated pick-up time the booking re-
quest must be in the future, (b) the estimated end point of ‘on-call’ time interval must be
smaller than the re-assignment time end. If the request fulfils the criteria, it is added to the
pool of trips to be re-assigned. The bilateral preferences of booking requests are calculat-
ed again, as they may have changed after insertion of new booking. Then a matrix of es-
timated pick-up times and costs for each request and taxi as well as the resulting prefer-
ence matrix is created. Finally, the re-assignment can be calculated.
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Figure 19 Model of re-assignment process

Constructive re-insertion suffers from the fact that occasionally not all booking requests
can be re-assigned. Especially in high demand scenarios, the procedure, unfortunately,
ends up not assigning some booking requests. In this case, the results of the re-
assignment must be discarded and the schedule that existed after the insertion should be
used instead. Therefore, it makes sense to iteratively remove all the assignments, which
have only one available assignment option. This increases speed and more importantly
prevents some infeasible assignments. If all booking requests can be re-assigned and the
resulting assignment is better than the existing one, it is selected.

In a summary, the proposed methodology allows advance booking requests to be re-
assigned in real-time. This is achieved by using the concept of constructive re-assignment
of all confirmed requests.
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3.1.5 Re-assignment of the timely nearest confirmed immediate bookings

The objective of Approach 3 is to investigate whether taxis should accept individually sub-
optimal re-assignments for sake of system-wide performance.

This approach is an extension of the re-assignment Approach 2 by the greediness factor
and by the ability to cope with driver shifts and breaks. Taxi drivers and passenger may be
greedy; that means that they do not want to end up after re-marriage with someone, who
is lower on the preference list than the current partner. That means that preferences,
which are worse than existing (another taxi arriving later or another passenger with a
higher pick-up costs) are not considered in the re-assignment process.

Unlike the Approach 2, the re-assignment considers only immediate bookings for two rea-
sons. Firstly, the presence of shifts and breaks make scheduling challenging advance
bookings. Secondly, the buffering interval should be very short, running every couple of
seconds. Under these circumstances the proposed solution that re-assigns only the near-
est group of already confirmed booking requests is very favourable.

In addition, unlike Approach 2, this allowed any change of the estimated pick-up time, so
that a passenger with confirmed booking request may get re-assigned to another taxi,
which may arrive later. Taxis also may be assigned to pick up more costly / less profitable
passengers than already assigned one(s). The interesting question to ask is “Does it
make sense to ask drivers during the re-marriage to not follow the natural greedy behav-
iour for the sake of system performance?”

Passengers do not accept any taxi, which will pick them up later than the currently as-
signed one (in that sense they accept only stable user-optimal propositions) but taxis may
be assigned to pick up a passenger, which is not good for the taxis but good for the over-
all system performance.

Moreover, this experiment, unlike the previous two, is tested on real data, which contain
taxi shifts and breaks. Previous experiments assumed continuous taxi availability. Howev-
er, this experiment has to deal with breaks and shifts, limits the taxi availability and there-
by adds constraints to the booking requests re-assignment process.

In the initial insertion phase, it is assumed that a new immediate booking is assigned to
the taxi that can pick up the trip the fastest. If there is more than one taxi, then the taxi
with the smallest change of schedule costs will pick up the booking. If there is more than
one such taxis, the first taxi is assigned.

In the re-assignment phase, the bilateral preferences are constructed as follows. During
the re-assignment, the passengers prefer the taxi that can pick them up the soonest. Tax-
is prefer to pick up passengers with the most favourable change of ‘on-call’ costs as com-
pared to their current schedules. That means, not only the costs of the newly inserted trip,
but the change of costs of all trips (including the newly inserted one) are considered.
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There may be multiple stable solutions, all of which are stable but not equal in terms of
performance. Therefore, it makes sense to introduce a simple measure that increases the
number of assignments with the number of booking requests to re-assign. In the experi-
ment this number is 2+n (where n is the number of booking request to re-assign). This is
how these assignments are created: (1) Booking requests, who propose, are ordered ac-
cording to least number of possible arrangements, so that the one with the least number
of possible partners proposes first. This measure reduces the number of not assigned
booking requests, because they have no matching option left. (2) Booking requests are
ordered according to the desired pick-up time. (3) Booking requests are ordered randomly
for n times. Naturally, it would be better to theoretically define, a method to compute the
best stable results. However, with respect to the complexity of the problem and the num-
ber of modifications, this remains a future challenge.

In summary, Approach 3 extends the Approach 2 by adding the greediness factor and the
ability to cope with drivers shifts and breaks. Therefore, it limits the re-assignment time
period, which is not the whole schedule as in Approach 2, but only the one the timely
nearest requests in the schedule. To counter-balance this, the re-assignment process is
carried out more frequently than in Approach 2. Figure 20 displays an example of con-
structive re-assignment of the timely nearest group of requests. (Kimmel et al., 2016b)
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Figure 20 Constructive re-assignment of the timely nearest bookings (Kimmel et al., 2016b)
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3.2 Implementation details

This chapter of the methodology investigates the implementation details of the proposed
three approaches. First, it presents the detailed considerations of the process of assigning
a passenger booking requests to the schedule, then it presents the original solution algo-
rithm of the stable marriage problem and the necessary modifications required for its ap-
plication for taxi matching. Furthermore, the details of implementation of the stable mar-
riage algorithm; in particular, the preference making and order of proposal together with
other considerations are proposed. Finally, a potential for group assignment is estimated
on an example of three cities.

3.2.1 Details of assigning and re-assigning of passenger bookings

This chapter explains the assignment process in detail. The objective of the assignment
procedure is to evaluate quickly whether new booking request(s) can be served and if so
to insert it into the schedule of the best-fitting taxi. Hence, the assignment routine asks
each taxi, ‘Are you able to pick up the booking request with the specified origin, destina-
tion and desired pick-up time interval? And if so, what does it mean for your schedule
costs?’

The feasibility of booking request assignment must be examined from the perspectives of
both the passengers and the taxis. From the passenger’s perspective, the assignment is
feasible only if the booking request can be accommodated within the pick-up time window,
which is defined by the desired pick-up time and the time period for which the passenger
is willing to wait. From the taxi operator’s perspective, the assignment is feasible only if
the booking request does not violate the driver's ability to fulfil other already confirmed
booking requests and while the taxi is on shift.

The assignment procedure is demonstrated in Figure 21, which depicts a schedule of five
taxis and assignment of booking request 2. The ‘on-trip’ time (in black) is the travel time
between origin and destination. The ‘on-call’ time to a booking request (in grey) is the
travel time required to reach the passenger.

All taxis can serve booking request 2 except taxi 1, which cannot add this booking request
without failing to pick up confirmed request 13 within the desired pick-up interval. These
pick-up time intervals are visualised below each booking request by a petite light grey bar
below. Because the desired pick-up times of booking requests 2 and 13 partially overlap,
they are plotted one below the other. In contrast, taxi 4 can accept booking request 2 and
still pick up the passenger 10 within the required time frame. (Kimmel et al., 2016c)
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Figure 21 Example of assignment feasibility analysis for a booking request 2

3.2.2 Solution algorithm of the stable marriage problem

An assignment using the stable marriage algorithm, which matches two parties in a sense
of Nash equilibrium, seems suitable for the stable taxi dispatching because it is a real-time
simultaneous assignment method based on bilateral preferences. The algorithm aims to
achieve a system-wide stable assignment of two parties at each decision epoch. Some
authors such as Moore and Passino claim that a stable solution may be more useful than
the close-to-optimal one in the presence of some disturbances such as communication
delays or if short computation time harm the quality of assignment by traditional heuristic
approaches. (Shamma, 2008)

The stable marriage algorithm is selected because of its ability to match two parties in
polynomial time, models well the preferences of taxi drivers and passengers, works in
competitive environment and guarantees stability thanks to Nash equilibrium. What makes
the two sided matching problems different from the classical assignment problem (job-
machine assignment) is that people on both sides (taxi drivers and passengers) care
about the outcome of the assignment (Roth et al., 1993).

The solution algorithm of the stable marriage problem, proposed by Gale and Shapley
(1962), has been applied in various situations, such as the matching of students and
schools, doctors and hospitals and kidneys and patients. The objective of the problem is
to match both parties in a stable fashion according to their preferences. The outcome (the
assignment) guarantees that nobody has an incentive to change the existing matching (in
the sense of Nash equilibrium). The algorithm facilitates the transition of competitive indi-
vidualistic preferences into a stable situation.

In the original Gale-Shapley algorithm, men propose to women. Men and women are as-
sumed to have preference lists about the other sex, as illustrated in Figure 22. Men pro-
pose to women (according to their preferences) and women response with either ac-
ceptance or rejection of men proposals (according to their preferences). The matching
process runs in rounds as long as there is an unengaged man, who proposes to a woman.
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Men Men preference list Match Women Women preference list
A a,brcd a A B,C,D

B b,a cd b D,C,B,A

C a,dc,b c A B,C,D

D d,c,ab —_— d C,D,A B

Figure 22 Stable marriage matching example (McVitie and Wilson, 1971) (Kimmel et al., 2016d)

Figure 22 provides an example of the matching of men and women. The matching begins
with a randomly selected man ‘man A’, who proposes to the best woman in his preference
list to whom he has not yet proposed ‘woman a’. ‘Woman a’ has not yet received any pro-
posal, so she accepts the proposal from ‘man A’. Next, ‘man B’ proposes to ‘woman b’,
and because she is not yet engaged she accepts. Further, ‘man C’ proposes to ‘woman
a’, but she is engaged to ‘man A’. She compares the proposal to her existing engagement
and rejects ‘man C’ because she prefers ‘man A’ (he is higher on her preference list).
Next, ‘man D’ proposes to ‘woman d’ and she accepts. Because there is still an unen-
gaged ‘man, C’, in the next round he proposes to the next-favourite woman in his prefer-
ence list to which he has not yet proposed ‘woman d’. ‘Woman d’ is already engaged to
‘man D’, but she prefers ‘man C’ (he is higher on her preference list) and therefore swaps
the engagement for the new proposal from ‘man C’. This leaves ‘man D’ unengaged. He
proposes to the most desirable woman on his preference list to whom he has not yet pro-
posed ‘woman ¢’ and because she is not yet engaged she accepts. As there are no unen-
gaged men left, the matching assignment ends. (Kimmel et al., 2016d)

The resulting assignment is visualised in Figure 22, with the paired men and women con-
nected by lines. The original algorithm has two variants, in which either men or women
propose first to the opposite sex. Both men- and women-centric variants may result in dif-
ferent assignment and are examined in the experiment. (Teo et al., 2001) investigated
cheating to find out that chances to benefit from cheating are slim.

General stable marriage problem Taxi dispatch problem

Participants Men and women Available taxis and new passenger bookings
No. of partici- Equal (N*N) Not necessarily equal (N*M)
pants
Preference Arbitrary — based on personal taste  Passengers prefer a taxi that can pick them
making of each man and woman up the soonest
Taxis prefer passenger requests with the
least costs
Preferences Yes, every participant of the match- No, some taxis may be too far away and
complete ing has ordered preference list of all therefore preference lists may be incom-
participants of opposite sex plete
Assignment Once for given no of men and wom- Every decision epoch for given no of availa-
produced en and their preference lists ble taxis and new passenger bookings and

their preference lists

Table 15 The stable marriage and the taxi dispatch problem (Kimmel et al., 2016d)

Table 15 summarizes the key differences between the general stable marriage and the
taxi dispatch problem. Figure 23 describes the assignment strategy based on the stable
marriage algorithm. Just instead of (un)engaged women and men there are (not) assigned
taxis and passengers. At the beginning the systems checks whether there are any ‘vacant’
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taxis, which are able to pick up passenger(s). Then a randomly selected taxi proposes to
the most preferred passenger (the same way as the unengaged man proposes to the best
women in his list in the example above). The passenger proposes with one of the three
possible answers: (1) if yet unengaged the passenger accepts, (2) if already engaged but
receives a better offer, the passenger accepts the new offer and cancel the worse taxi of-
fer and (3) if already engaged but receives worse offer to what the passenger already
have, the passenger rejects it. A logical matrix keeps track of propositions and engage-
ment statuses. If there are still unengaged taxis, who can pick up passengers, the as-
signment process continue in next round. Only when there are no more taxis that can pick
up passengers the assignment process stops.

End

No

Taxi(s) vacant and able to pickup the passenger? |<

; Yes

—»[ All taxis proposed already in this round? Yes Next round

‘No

Randomly selected taxi proposes to the most
preferred not yet proposed passenger

v

Passenger assigned already? New proposal higher in prefference list?

i No Yes% | * No

Accept new assignment No change in

Accept new assignment . .
and cancel previous assignment

| l |

Figure 23 The assignment process based on the stable marriage algorithm

3.2.3 Preference making

The trips and taxis are assigned according to the preferences. The preferences of taxis
and passengers are constituted in the following fashion. Passengers prefer a taxi that can
pick them up first; taxi drivers, on the other hand, prefer booking requests with the least
costs such as used by for example Bai et al. (2014). In contrast to the stable marriage al-
gorithm, which assumed the same number of men and women having clear preferences
without ties, the application for taxis and passengers requires a couple of modifications.

Limited willingness to wait and incomplete preference lists

It would be unrealistic to assume, as some studies do, that the passengers are willing to
wait a taxi for an infinite time. Most likely, they will find another means of transportation.
Therefore, it is reasonable to limit the passengers waiting time reasonably. Not every taxi
can reach every passenger in the desired pick-up time and therefore the preferences can-
not be created and the preference list becomes incomplete. Moreover, more taxis can pick
the booking request up at the beginning of the desired pick-up window, about which the
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passenger is indifferent and the preference list becomes preference ties. These incom-
plete preference lists were theoretically described by Brito and Meseguer (2006) and for-
mulated as an extension of the original stable marriage algorithm. (Kimmel et al., 2016c¢)

Preference ties

It may happen that two taxis can pick up the same trip at literary same time. How to or-
ganize the preferences then? The original stable marriage algorithm does not assume that
for example for a women there will be two or more man equally attractive. Fortunately, the
extensions of this algorithm with ties have already developed by Brito and Meseguer
(2006).

Order of proposals

Moreover, in the very detail of application it also makes a difference, in which order either
taxis or passengers propose. The original stable marriage assumes a random order. In
the taxi centric version the first taxi that proposes is the one with least costs difference out
of all taxis. In the passenger centric version, the first passenger to propose is the one,
who needs least time out of all passengers to be picked up. Admittedly, there is a demand
for a study that would scrutinize variations of the proposition order together with other var-
iations of the stable marriage algorithm in order to further fine tune the performance.

Which party proposes first

The algorithm allows two variants, either taxis or passengers propose first to the opposite
party. Each variant has a stable solution that may favour more either taxis or passengers
depending on whom makes the first move.

Motion prediction

The decision epoch concept delays informing the drivers and passengers about their as-
signment. Therefore, it is reasonable to base the scheduling calculations not on the posi-
tions and statuses of the vehicles at the current time but rather on their expected positions
and statuses at the end of a regular time interval. Since the horizon of the prediction is
very short (equal to the length of a decision epoch), a linear estimation of taxi positions
and statuses can be used. A detailed study on the effect of prediction on the performance
especially in highly fluctuating and stochastic scenario would be desirable.

Veto

Some studies give the taxi drives a choice of accepting or rejecting the assignment such
as (Seow et al., 2008), while some not. This study considers the drivers as agents acting
on behalf of the central dispatching system and therefore does not allow drivers to veto
the assignments. To more detailed extend, the acceptance and compliance with the as-
signments and, in particular, re-assignments are studied in Approach 3.
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Priority

Some studies assign some customers higher priority than to others such as (Bullo et al.,
2011). Some passengers may bring more revenue than others and therefore may be pri-
oritized in the dispatching. While, this is a practical business arrangement, it is not consid-
ered yet in this study, because it would be very difficult to model this situation based on
real data. Even if the dispatching companies would use such a priority scheme, it is diffi-
cult to imagine that they would be willing to disclose any details.

[llustration of a greedy matching

Aren’t the preference ranks the same for taxi and passengers? This is true when there is
just one passenger and one taxi; however, with increasing numbers of passengers and
taxis, this is not necessarily true. The following paragraph and figure demonstrates why.

Figure 24 depicts a situation with two passengers and two taxis and their preferences.
Both passengers prefer the taxi that can pick up them the soonest, which is in this case
the one in between them. The taxis prefer to pick up the closest passenger, which is the
one on the top right corner. This proves that the preference ranks must not necessarily be
the same for taxi and passengers.

-

>
T : Waiting passengers (1 and 2)
\4
ﬁ Available taxis (T1 and T2)

Taxi perspective: The nearest passenger

Passenger perspective: The taxi that can
pick up the soonest

|
v v B

Figure 24 Bilateral preferences do not necessarily constitute the same preference ranks

Potential for simultaneous (re-)assignment in selected three cities

The critical mass of booking requests is different in every city. The following paragraphs
attempts to roughly quantify the critical mass and therefore suitability of a re-assignment
strategy for Munich, San Francisco and Singapore. There is no known guideline for quan-
tifying the suitability and the proposed method uses many simplifications, nonetheless it
serves as a basic indication of potential for re-assigning in a city.

The critical mass is expressed as a ratio of a total theoretical area, from which the booking
requests can be picked up over the area of a particular city. The higher the ratio the higher
are the chances that there may be some booking requests that can be re-assigned to be
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served by other taxis and thereby the performance improved. Note that this number is a
subject of many simplifications and assumptions, however, has the capacity to indicate a
potential for improvement in various cities and their taxi passenger demands.

A coverage area of one request is an area from which taxis can pick up a booking re-
guest. The area can be expressed by an area of a circle A, where the radius r is a dis-
tance, which a taxi can cover within the passenger is willing to wait. The radius r is higher
with a higher velocity v and a higher willingness to wait (WW). The total theoretical cover-
age area of all booking requests (TCA) depends on the area size (A) and the number of
requests (N) in a particular time. Then the ratio of the potential is the total theoretical cov-
erage area divided the area of a city (AC).

TCA
R=—=/TCA=AxNA=mr?  r=vsWW ©)

In this example, it is assumed that in Munich, San Francisco and Singapore taxis move
freely with constant speed of 36 km/h in a link-less area. Passengers are willing to wait for
a taxi for 1000 s. Singapore has on average 1.02 million trips per day, which corresponds
to 708 requests per minute, out of which one half (354 trips) is booked. A standard devia-
tion in the booking demand of 177 trips is assumed. San Francisco has assumedly on av-
erage 50000 trips per day, which corresponds to 35 trips per minute, out of which one half
(17 trips) is booked. Standard deviation of 16 is assumed. Munich has on average 46 575
trips per day, which corresponds to 32 trips per minute, out of which one half (16 trips) is
booked. Standard deviation of 16 is assumed. The respective areas of Singapore, San
Francisco and Munich are assumed to be 718, 122 km? and 310 km?. (Fang et al., 2007),
(Land Transport Authority in Singapore, 2014) (Landratsamt Minchen, 2016)

As a result, given the assumptions made Figure 25 estimates the limits of applicability of
simultaneous assignment of taxis to booking requests. In case of Munich the average
booking rate of bookings covers approximately 8 to 24 fold the area of Munich. This cre-
ates reasonable chances that some trips origin are close enough in time and space so
that they can be re-assigned. For San Francisco the chances are slightly higher thanks to
smaller area, so that the bookings cover an area 13 to 34 times the San Francisco area.
In case of Singapore, the average daily booking demand creates an area cover, which is
approximately 78 to 232 times higher than area of Singapore. This means that there are
substantially higher chances of exchanging some bookings even during the low demand.
On the other hand, as in all cities there are many taxi operators and dispatcher, the actual
potential is lower — corresponding to supply and, in particular, demand size. Nonetheless
all considered cities are assumed to have enough potential for re-assigning.
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Figure 25 Applicability ratios for taxis in Munich, San Francisco and Singapore

3.3 Towards full automation of dispatching and operation

Automated taxi vehicle fleets will reshape the urban public transport systems. This chapter
focuses on challenges and opportunities of the transition from conventional taxis with
drivers to automated vehicles and fully autonomous taxi fleet management. The objective
is to propose a theoretical framework for the fully autonomous fleet management. Howev-
er, it is not the intention of this work to come up with some definitive one solution for the
scheduling as such, as this is beyond the possibilities of this thesis and would require a
coordinated effort of many teams for many more years. This study specially considers
high demand automated taxi systems in megacities, in which the demand for taxis often
exceeds the supply.

This study aims to not consider only replacing conventional taxi vehicles with autonomous
ones but on creating new ecosystems or models of automated operation. In particular,
removing taxi drivers and their decision making is an impulse to comprehensively recon-
sider the whole taxi system and all its operations and to lay foundations for the future con-
nected, data-rich and almost fully automated system. Hence, which are the activities in the
taxi systems controlled by humans that need to and can be replaced?

Taxi drivers, apart from driving, constitute a substantial decision making body of the taxi
system. They are typically responsible for service, maintenance and cleaning and refuel-
ling / recharging of the vehicle. Moreover, depending on the particular business arrange-
ment, taxi drivers define or co-define their working hours and breaks, pre-allocate their
taxis in the expectation of future demand, search for passengers by cruising on streets or
waiting at taxi stands or stations and are accepting or rejecting assigned passenger book-
ing requests. In some taxi systems, the drivers are more independent than in others in
making the above mentioned decisions.
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Fleet managers, dispatchers and dispatching systems influence fleet operation either stra-
tegically or operationally. For example, on the strategical level, the general business strat-
egy, the size of the fleet and fare structure needs to be determined. On the operation lev-
el, the dispatching strategy how to assign booking request needs to be set. Coordinating
taxis to serve locations with a higher expected taxi demand than supply results in a mean-
ingful competitive advantage. Figure 26 summarizes the above mentioned activities and
their corresponding current decision makers.

Activities / Decisions Who decides?
Taxi Fleet
drivers manager

Driving v

Service, maintenance and cleaning v
Refueling / recharging v
Accept / reject passengers v
Pre-allocation / passenger-search v
Defining working hours v
Dispatch taxis

Estimations of taxi supply-demand

Define fare structure

Estimation of needed fleet size

AN N NN VYA NN

Figure 26 Taxi activities and decisions owners that can be replaced

This study presents a framework for managing automated vehicle fleets autonomously. In
particular, it uses a metaphorical description of a family, which helps to decompose the
complexity of multifaceted taxi operation and provides a framework for the automated ve-
hicle fleet management. This metaphor models all activities and decisions in a transparent
and sizeable manner. Moreover, it allows for variations in terms of centralized and decen-
tralized decision making. The proposed family members are:

o Mother — strategic manager
e Children — automated vehicles

e Father — provider of physical services
The following paragraphs elaborate the responsibilities of the family members.
Mother — Strategic manager

The mother represents the fleet strategic manager, dispatcher and adviser. She is re-
sponsible for the family’s economy and customer satisfaction. In general, the mother can
act either more authoritatively (exercise centralized control over every aspect of the chil-
dren’s behaviour) or more liberally (set targets and provide recommendations instead of
commands). She may even change her way of acting, in the dependence on the market
conditions and competitors’ behaviour. These are the assumed main three roles of the
mother:
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In particular, the mother defines fleet priorities and strategy business goals. The mother
may increase or decrease the number of children in the fleet or adjust fares in response to
the market development. The mother may also define the vehicle availability during a day.

The mother may manage the scheduling and re-scheduling of the trips, that is to ask the
children to serve a particular booking request or exchange it with other child. In this sense,
the mother may replace the traditional dispatching system.

The mother may also ask the children to pre-allocate. The vehicle pre-allocation may help
her to further improve the service, such as to reduce passenger waiting time, which, how-
ever, increases costs. She may change the priorities of the company depending on the
market situation (competitors’ strategy and customer expectations). Moreover, the mother
may control or at least set rules for using the physical services, as described later.

Moreover, the mother collects statistics of the past passenger demand and vehicle data
and predicts the future demand and supply balance. She provides this big picture and
transforms the information to actionable insights for the children.

The mother is receiving passenger booking requests. She communicates with the cus-
tomers and the family members. The mother at the last instance collects a share or whole
revenue from fares.

Children — Automated vehicles

The children in the proposed framework represent the individual autonomous vehicles.
The children like to play (drive passengers) and intend to make the mother happy (by ful-
filling her targets). A way how to make the mother happy is, for example, to decrease fleet
costs.

If the mother is liberal, taxis may decide about the assignment of passenger booking re-
gquests. They may even negotiate and re-assign them in order to reduce costs of serving
them. Fleet costs can be reduced, for example, by swapping some of the scheduled pas-
senger trips such as indicated in Figure 13. In order to do so, the children are able to es-
timate the costs and revenues of their scheduled trips. The costs and revenues are based
on distance, time or an event. For example, the fares are either based on distance or time
and may contain also some one time surcharges (such as airport surcharge). The costs
arise while driving based on distance (constituted for example by tear and wear), based
on time (constituted for example by a prorated vehicle purchase or lease price) or based
on a one-time event (such as expenses for energy recharging or cleaning). The children
communicate in order to further improve their schedules because new passenger booking
requests may degrade the schedule quality (as Figure 13 shows). Therefore, the children
negotiate among themselves in order to find a better assignment of the passenger trips as
well as the time slots for charging, service and maintenance.

If the mother is authoritative, children just provide information to the mother, who com-
mands them. Both options of assigning the booking requests are possible. The advantage
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of the centralized authoritative control is decision making with the complete information.
The advantage of decentralized liberal control is expected faster computational time of
more details leading to more robust assignments.

Children collect a lot of data from their actions and from sensing the environment. They
may partly process these data and send them to the mother. The data can be for example
used for improving estimation precision of supply-demand balance and for real-time rout-
ing of other traffic participants.

The children communicate primarily with the mother and among each other about booking
requests. They also communicate with the father about necessary physical activities such
as recharging, refuelling cleaning, service and maintenance.

Father — Provider of physical services

The father provides the family with all necessary physical services such as recharging,
refuelling cleaning, service, maintenance. In essence, the father is a booking platform for
the children, in which they can schedule the required activity. As mentioned in the intro-
duction, as this study takes a special consideration of high demand taxi systems, it justi-
fies the existence of the father by assuming the constrained capacity of physical services
and a need to manage their utilization.

The father requires the children to book the necessary services. The father also charges
the children for using the services. As the demand for these services may fluctuate, the
father requires the children to reserve these services in advance in order to avoid waiting
for a free slot. The father may use static or dynamic pricing, depending on the particular
fluctuation of the demand. The service reservations creating a facility schedule, however,
may be changed later.

The father may gather statistics and provide predictions about the expected availability of
the service spots and the expected price. The father is also communicating with the rest of
the family. He may also charge the mother, for providing the predictions of availability. In
the practice, automated vehicles, infrastructure and service may communicate via applica-
tion programming interfaces. These interfaces enable separate business entities to com-
municate through one platform and thereby allow the transparent use of an infrastructure.

Figure 27 summarizes the possible shift of responsibilities in the proposed automated
ecosystem based on fully automated decisions. The grey bars represent the possible car-
rier of the responsibility or the influencer. Depending on the particular setting, there are
options possible.
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Activities / Decisions Who decides Who overtakes responsibility in the
now? future?
Taxi Fleet Children —  The mother The father —
drivers manager Automated - Strategic Service

vehicle manager provider

Driving v 4

Service, maintenance and cleaning v v v v

Refueling / recharging v v v v

Accept / reject passengers v v v v

Pre-allocation / passenger-search v v v v

Defining working hours v v v v

Dispatch taxis v v v

Estimations of taxi supply-demand v v

Define fare structure v v

Estimation of needed fleet size v v

Figure 27 Responsibilities in the proposed automated ecosystem

Principal processes and communication streams

Figure 28 summarizes the whole framework. The detailed description of the process and
scheduling is described in the next paragraphs. Figure 28 illustrates the main processes
and communication streams of the framework among the family members. When a pas-
senger requests a taxi, the mother receives this request and asks the children whether
they can pick up this request. The children reply in what time and at which costs they can
serve the request and the particular booking request is assigned (either as a result of cen-
tralized decision by the mother or children decentralized negotiation) to the particular ve-
hicle based on the current priorities. Then, the mother replies to the passenger by confirm-
ing the booking request or by rejecting it (if there is no more taxi available, which can
serve the booking request). The next section details briefly the aspects of the family based
scheduling framework proposed and described above.
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(Aim: Transport from A to B at a specified time interval)
Passenger requests

(Aim: Communicate with customers & Assure profitability and customer satisfaction)

(Aim: Drive customers & Negotiate with other children)
‘Automated vehicle fleet schedule (AV 1- AV 5) -

(Aim: Provide services for children)

Reservations of recharging spots (RS 1 - RS 3)
RS

R3
| R1 . R4

Reservations of service spots (SS 1 - SS 2)
1

60
Time [min]

Figure 28 Family based framework for automated taxi fleets
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Figure 29 represents a simplified expected taxi-supply demand balance. Based on this
estimation, the mother may ask some children to pre-allocate to the favourable positions.
The favourable positions are either expressed by the balance of supply and demand or by
the profitability or likelihood of pick-up. Moreover, these may not be based on areas, but
roads instead.

MOTHER - Communication and strategic manager

(Aim: Communicate with customers & Assure profitability and customer satisfaction)

I 5

|
-
N

Figure 29 Prediction of expected taxi-supply demand balance

Service infrastructure and their booking is illustrated in Figure 30. On this example only
recharging and service spots are shown, however, also the maintenance, cleaning and
other services may be booked the same way. It is assumed that each activity has certain
duration and can be done on certain location. That's very favourable, because it can be
represented on the schedule in a very similar fashion as trips with passengers.

FATHER - Charging and maintenance provider

(Aim: Provide services for children)
Reservations of recharging spots (RS 1 - RS 3)

[J,C}'RSI RS 1 RS =
RS 2 R3

RS2
RS 3 R1 R4 R6
SS 1

/‘ Reservations of service spots (§S 1 - SS 2)
$s2 sS 1 S1

SS2
0 30 60 90 120
Time [min]

Figure 30 Service infrastructure and their booking

Figure 31 illustrates the proposed integrated scheduling framework for automated vehicle
fleets of five automated taxi vehicles (AV 1 — AV 5) and twelve passengers (1 — 12). Each
trip with passenger (1 — 12) is preceded by a trip to passenger (so called ‘on-call’ trip), in
which the taxi drives to the origin of a passenger trip (—1 — —12). The taxi status may
either be ‘occupied’ (on a trip with a passenger), ‘on-call’ (on a trip to a passenger) or ‘va-
cant’. The bottom part of Figure 31 depicts the cumulative taxi fleet status. It contains also
the pre-allocation (A — G), recharging (R 1 — R 6) and service trip (S 1). Reservations of
charging and service slots are illustrated at the bottom of Figure 31 with three recharging
spots (RS 1 — RS 3) and two service spots (SS 1 - SS 2).
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Automated vehicle fleet schedule (AV 1- AV 5) Taxi status
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Figure 31 Proposed integrated scheduling framework for automated vehicle fleets

In the reality, there may be more mothers (fleet managers) and fathers (infrastructure and
service providers). Each mother represents a unique company. The ultimate know-how of
a mother to win over the competition is the right balance of fleet costs and customer satis-
faction. Each father represents an unique company, which provides the recharging, clean-
ing and other services.

Many services may actually disappear or merge with other services. For example, there
will be no difference between operations of automated taxis and automated car-sharing.
For example in case of car-sharing, the vehicles also need to be pre-allocated, recharged
and serviced. The trips with shared automated cars can be pre-booked and the car itself
can come to the required origin, so that the customers do not have to search the vehicles
in stations or in streets. Moreover, automated vehicles may cross-functionally deliver ur-
gent urban post and parcels, food or medical supplies. There does not need to be a dedi-
cated fleet for one purpose. On the contrary, sharing would improve utilization.

This approach, in particular, decomposes the arising complexity of the scheduling, which
will take over decision making previously done by human drivers. On one hand, it allows
decentralized negotiations among the vehicles that search for improvements of their
schedules; on the other hand, it allows centralized controlling of the fleet objectives and
priorities. Furthermore, it proposes a transparent framework for communication with infra-
structure and service providers. The framework allows scheduling of various trips and
tasks and, therefore, can be expanded beyond automated taxi scheduling.
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3.4 Simulation model

The impact of the two proposed approaches to taxi dispatching and scheduling needs to
be evaluated in a simulation model. Despite many models being developed in taxi re-
search literature, at the moment of making a decision about the evaluation tool, there is no
suitable simulation model available. Therefore, the model is developed ‘in-house’. Table
16 summarized key assumptions used for the developed simulation model. The simulation
model precisely emulates the dispatching strategies and allows any combination of imme-
diate and advance booking requests, which are dynamically coming to the system. On the
other hand, it consciously compromises some details in representing the environment —
such as on the underlying network and traffic.

This simulation model, despite these simplifications, should, however, serve the purpose /
be sufficient in the first exploration / evaluation of the proposed methodologies. More de-
tailed simulation models, such as for example by MatSim with recently developed plugin
for vehicle routing, should be used to validate the approach. (Maciejewski and Bischoff,
2015) Table 16 highlights in light grey by the key assumptions, which of the simplified or
advanced ones are considered.

Categories Abstracted / Simplified Real / Advanced
Booking requests Immediate (DOD=100%) Combination of immediate and
advance (DODe<0%,100%>)

Booking requests known? Yes No

Computation Offline / static Online / dynamic / real-time

Network representation Euclidean space / Real network with full details
simplified artificial network

Traveling speed Constant / Real-time
historical distribution

Estimation of traveling speed Based on constant speed Stochastic estimation

The taxi fleet size Constant Varying

Estimation of booking requests  Not used Stochastic estimation

Return to depot after end of Not required Required

shift

Non-revenue generating tasks  Not considered Considered

(charging, refuelling, servicing)

Learning effect of the driver Not considered Considered

Breakdowns of vehicles Not considered Considered

Table 16 Assumptions for the simulation model

The simulation model is developed by the author in MATLAB and its features are ex-
plained below and illustrated in Figure 32. The simulation model is organized as a discrete
event-based simulation. The model schedules events (tasks) and executes them at prede-
termined points in time. Some events are known and scheduled in advance and others
are scheduled only during runtime.

During the initialization phase, the initial positions of taxis, the origins and destinations of
booking requests, booking times and desired pick-up intervals are generated according to
the specified number of taxis, passenger booking requests and a specified distribution.
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These events are scheduled to be executed at the predetermined time. All the key pro-
cesses are visualized in Figure 32.

During runtime, new events are scheduled and scheduled events are executed. For ex-
ample, if a new passenger request comes in (the scheduled event ‘New booking request’
is executed at a given time), the status of the booking request is changed to ‘booked’. The
event ‘Taxi schedule calculation’ represents the taxi dispatching, in which the new booking
requests are either confirmed or rejected. Once a booking request has been confirmed,
the following events, ‘Passenger begins waiting’ and event ‘Dispatch taxi to trip’ are
scheduled. Once the event ‘Dispatch taxi to trip’ has been executed, the status of the taxi
changes to ‘on-call’ and the event ‘Taxi pick-up passenger’ is scheduled. Upon execution
of a ‘Taxi pick-up passenger’ event, the status of the respective taxi changes to ‘occupied’
and the respective passenger status changes to ‘on-trip’. Similarly, upon execution of a
‘Taxi drop-off passenger’ event, the status of taxi changes to ‘vacant’ and the passenger’s
status changes to ‘delivered’ (or ‘served’). The simulation ends when there are no more
events waiting to be executed.

Booking requests are not known to the model until they are made and the decision as of
which taxi to assign to which passenger is computed in real-time. The network is Euclide-
an space, in which taxis can move freely and pick-up and drop-off possible anywhere
within this space. The travelling velocity is constant. The physical network, links, turn re-
strictions, variable travel times and many other features are not considered. While these
assumptions do not reflect the reality, they are suitable for drawing initial conclusions and
can be extended in the future. (Kimmel et al., 2016d)

Taxi simulation model

Initialization Runtime
Schedule already known Schedule not yet known Execute scheduled events in due time
events to be executed in events to be executed in Change taxi Change
predetermined time predetermined time status to: passenger
status to:
[Taxi shift begins ] lTaxi shift begins ]—>| 'Available’ ‘

[New booking requests I [New booking requests
ok et o
oroacinitors ]
[Passenger begins waiting ] lPassenger begins waiting

[Taxi pick-up passenger ] [Taxi pick-up passenger H 'Occupied’ |->| 'On trip' |

[Taxi drop-off passenger ] lTaxi drop-off passenger ]—>| ‘Available’ |—>| ‘Served' |

Taxi shift ends ] [Taxi shift ends H off

Legend -

Figure 32 Taxi simulation model features and structure (Kimmel et al., 2016d)
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The screenshot of the taxi simulation model in Figure 33 illustrates the spatial dimension
of the taxi dispatching problem and Figure 34 the temporal dimension in a form of taxi
schedules. The upper schedule is the schedule after insertion of new booking requests.
The middle schedule is the schedule after the re-assignment process. The bottom sched-
ule is the actually accepted schedule.

Spatial dimension representing a city

Time 00:42:00

Taxis ‘Vacant’, ‘On-call’ and ‘Occupied’ statuses

(lighter colour represents expected position in the next decision epoch)

Passenger origin and destination location specified in a booking re-
guest (in orange is a passenger waiting for a taxi)

Visualization of taxi assignment to pick up particular passenger

Figure 33 Taxi simulation screenshot — spatial dimension
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Temporal dimension —taxi schedules
Schedule after insertion of new booking requests

Taxis [ID]

Taxis [ID]

Taxis [|D]

Current time

— Time
Legend
memm— ‘\/acant’ time
m——— ‘Occupied’ time
‘On-call’ time

Figure 34 Taxi simulation screenshot — temporal dimension
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Table 17 summarizes the statuses of taxis and booking requests. From the perspective of
the simulation, the statuses have impact on the future, current runtime or for gathering the
statistics about the past events.

Future Current runtime Past statistics

Booking request ‘Initial’ ‘Booked’ ‘Booking failed’

‘Confirmed’

‘Waiting’ ‘Waiting failed’

‘On-trip’ ‘Delivered’
Taxis ‘Off’ ‘Vacant’

‘On-call’

‘Occupied’

Table 17 Statuses of taxi and passenger requests

Figure 35 shows an example of the communication dispatching protocol of the simulation.
In this example, the simulation executes two new booking requests. These requests are
assigned to the best suiting taxis and confirmed to the passengers. In the following re-
assignment phase, groups of booking requests are re-assigned (in this case coincidentally
the same ones). The total costs and total waiting time of the schedule before and after the
re-assignment are compared and the more favourable accepted. Upon this decision, the
schedule is updated. The changes may have an impact on other requests in the schedule,
so that any requests, which are impacted by the re-assignment, must be updated in terms
of estimated pick-up times, drop-off and other variables. Finally, the simulation schedules
all known events in the future.

Time Explanation Dispatching communication log
06:02:15 New bookingre- NEW REQESTS: 5102 and 14770 requested booking.
quests (5102 ASSIGN REQUEST 5102 Estimated ‘on-call’: 06:02:20 pick-up:
14770) are as- 06:02:27 drop-off: 06:27:56 by taxi T 174.
signed ASSIGN REQUEST 14770 Estimated ‘on-call’: 06:02:20 pick-up:
06:02:26 drop-off: 06:26:44 by taxi T 92.
Re-assignment RE-ASSIGNMENT: A batch of confirmed trips: (14770, 5102)
Comparing costs  Costs_Existing :-0.014069 $ WaitingTime_Existing: 31 s
and waiting time  Costs_SM: -0.009626 $, WaitingTime_SM: 27 s
Acceptance RE-ASSIGNMENT is accepted for this batch.
Taxi schedule Trip 14770 removed from the schedule of taxi T 92
housekeeping Trip 5102 removed from the schedule of taxi T 174
Trip 5102 will be picked up by taxi: T 404 at: 06:02:27
Trip 14770 will be picked up by taxi: T 174 at: 06:02:22
06:02:20 Departures, pick- DEPARTURE: Taxi T 174 will depart to trip 14770 at: 06:02:20

ups and new pas-
senger waiting
housekeeping

DEPARTURE: Taxi T 404 will depart to trip 5102 at: 06:02:20
PICK-UP: Taxi T 174 will pick-up trip 14770 at 06:02:22
WAITING: Passenger 14770 will begin waiting at 06:02:20
WAITING: Passenger 5102 will begin waiting at: 06:02:20

Figure 35 An example of the communication dispatching protocol
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Figure 36 shows an example of an event log of a taxi. Taxis begin a shift by switching the
status from ‘off’ to ‘vacant’. If they are on a way to pick up a confirmed passenger, they
have status ‘on-call’, which changes to ‘occupied’ as the passenger boards the taxi and to
‘vacant’ after reaching passengers destination.

Time Taxi event log

06:01:54 VACANT T 174 has begun a shift.

06:02:20 ON-CALL T 174 is ‘on-call’ and departed to passenger 14770.
06:02:22 OCCUPIED T 174 is ‘occupied’ with passenger 14770.
06:26:40 VACANT T 174 dropped off passenger 14770

Figure 36 An example of a taxi event log

Figure 37 shows the simplest process for the passenger. First passenger requests a taxi,
and then gets the confirmation. After the passengers starts waiting and eventually the taxi
comes to pick up the passenger and drivers to the destination drop-off.

Time Passenger request event log

06:02:11 REQUEST 5102 received. We will reply in max 0.16667 min from now.

06:02:15 UPDATE 5102 ‘on-call’: 06:02:20, pick-up: 06:02:27, drop-off: 06:27:56 by T 174.
06:02:20 WAITING 5102 You have just started waiting for the assigned taxi.

06:02:27 PICK-UP 5102 You were just picked up by taxi T 404.

06:27:56 DROP-OFF 5102 You have reached your destination.

Figure 37 An example of a passenger (trip) event log

Figure 38 shows an example of the greediness aspect and, in particular, displays a pas-
senger, who experiences two re-assignments. First, the estimated pick-up time reduces
by about four minutes. Second, because a taxi managed to add one other passenger in
between, the estimated pick-up time is shifted by about one minute. This example is im-
portant to understand, the greediness of the passengers (and similarly taxis) in accepting
worse assignments than they are actually currently having.

Time Passenger request event log

14:29:05 REQUEST 14120 received. We will reply in max 0.16667 min from now.
UPDATE 14120 ‘on-call’: 14:43:30, pick-up: 14:45:24, drop-off: 14:46:16 by T 182.

14:29:10 WAITING 14120 You have just started waiting for the assigned taxi.

14:30:20 UPDATE 14120 Caused by this trips insertion. 'on-call’: 14:39:19 pick-up: 14:41:13
drop-off: 14:42:05 by T 182.

14:39:45 UPDATE 14120 changes of (12920) whose ‘on-call’: 14:39:50, drop-off: 14:42:00 AF-
FECTS 14120, so that ‘on-call’: 14:42:00 pick-up: 14:42:52, drop-off: 14:43:44 by T 182.

14:42:52 PICK-UP 14120 was just picked up by taxi T 182.

14:43:44 DROP-OFF 14120 has reached your destination.

Figure 38 A passenger event log with improvement and worsening of the estimated pick-up time.
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Table 18 shows an example of five taxis and their variables at some time of the simula-
tion. Some taxis are not in service, and those, who are, are either ‘vacant’, or traveling to
the passenger or serving the passenger.

ID Status Depot position Shift
Lat. Lon. begin end

T1 'Vacant -122.41486 37.78094 1212386428 1212407758
1212419240 1212450060
1212463327 1212472793

T2 'Off’ -122.40527 37.79812 1212436545 1212463870
1212468943 1212472767

T3 'On-call -122.4108 37.76817 1212386423 1212400969
1212403088 1212469878

T4 'Occupied' -122.41882 37.80752 1212386447 1212395003
1212413524 1212420393
1212424776 1212426372
1212429560 1212465593
1212471016 1212472748

T5 'Occupied -122.41257 37.80828 1212386450 1212403242
1212414943 1212472772

Table 18 Example of taxi variables (1/2)

Table 19 shows detailed history of taxi ‘on-call’ movements as well as history of served
passenger trips. In both cases it shows the ID of the booking request and the actual begin
and end of the status. One can also see, the link with the previous figure. For example taxi
number 3 has status ‘on-call’ and that’s why the variable ‘on-call’ time end as well as the
on-trip variables are yet empty. Similarly taxis 4 and 5 are still on the way with passengers
at the moment and therefore the variable on-trip time end in the table is also empty.

ID ‘On-call’ ‘Occupied’

Trip ID begin end Trip ID begin end

T1 [10715, [1212389000, [1212389017, [10715, [1212389017, [1212389185,
7262, 1212389880, 1212389887, 7262, 1212389887, 1212389990,
13607, 1212390405, 1212390416, 13607, 1212390416, 1212390575,
15523] 1212391845] 1212391907] 15523] 1212391907] 1212392135]

T2 [8381, [1212386905, [1212386931, [8381, [1212386931, [1212387118,
15054, 1212390925, 1212390926, 15054, 1212390926, 1212391422,
2512] 1212391422] 1212392288] 2512] 1212392288] 1212393721]

T 3 [6529, [1212387220, [1212387246, [6529, [1212387246, [1212387355,
6330, 1212392905, 1212392616, 2289, 1212392616, 1212392775,
41, 1212393185, 1212392919, 6330, 1212392919, 1212393115,
14816, 1212393415, 1212393202, 41, 1212393202, 1212393286,
15979] 1212393848] 1212393444] 14816] 1212393444 1212393848]

T4 [3578, [1212386450, [1212386463, [3578, [1212386463, [1212386592]
3037] 1212392355] 1212393460] 3037] 1212393460]

T5 [10903, [1212386545, [1212386559, [10903, [1212386559, [1212386683,
7083, 1212390300, 1212390344, 7083, 1212390344, 1212390449,
4751, 1212392669, 1212392686, 4751, 1212392686, 1212392839,
1360, 1212392895, 1212392934, 1360, 1212392934, 1212393607]
6757] 1212393607] 1212394563] 6757] 1212394563]

Table 19 Example of taxi variables (2/2)
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Similarly, Table 20 shows the key variables of passengers: The ID, status, desired pick-up
time interval, type of booking, time of booking and latitude and longitude of origin and des-
tination.

ID Desired pick-up Booking time Origin position Destination position
begin end Lat. Lon. Lat. Lon.
T1 1212437729 1212439529 1212437729 -122.42036 37.78119 -122.40743 37.79206

T2 1212393751 1212395551 1212393751 -122.39092 37.61546 -122.46297 37.73179
T3 1212386822 1212388622 1212386822 -122.43375 37.77175 -122.47396 37.76370

Table 20 Example of passenger variables (1/2)

Table 21 than shows other variables of the passengers, which show the expected and ac-
tual events, most importantly the pick-up and drop-off times. Also here a connection be-
tween Table 20 can be seen. Because request 1 is yet in the initial status (has not booked
yet), the variables are yet empty. Request 2 is ‘On-trip’ so that’'s why the actual drop-off
time is still missing. So far everything went as planned. Trip 3 is an example of a deliver
trip.

ID Status  Trip Estimated time of Actual time of

ID On-call Pick-up Drop-off Pick-up Drop-off Waiting
T1  Cnitial ] 1 1 1 1 I 1
T2 ‘On-tripP 166 1212393814 1212394844 1212395940 1212394844 1] 1093

T3 ‘Delivered’” 490 1212386830 1212386837 1212387115 1212386837 1212387115 15

Table 21 Example of passenger variables (2/2)

3.5 Performance indicators analysis

As the review of performance indicators revealed, various authors use various indicators
and there is no generally accepted consensus (unlike the classical VRP benchmarks) as
of which indicators should be used. Therefore, this study aims to sort this situation partly
by relating those indicators that have actually some dependencies.

Tables 9 — 11 in the literature review section 2.4 about experimental design reveal the fol-
lowing: (1) As far as passengers are concerned, the waiting time until a taxi comes to pick
up is the most mentioned indicator. (2) For taxis, one of the dominant indicators is the
number of taxis required to satisfy the given demand, but because in the experiments
fixed fleet is assumed, this indicator is not relevant in that sense. As next, costs and prof-
its are mentioned very frequently. Furthermore, time or distance based variables such as
‘vacant’ and ‘occupied’ distance or time are also quite frequent. Some other less frequent
rates give an indication that the ratio between occupied and total time or distance is for
some a measure of system efficiency and utilization. (3) From the dispatching system
point of view, the most frequent and tangible at the same time is the number of the satis-
fied booking requests. Taking the above mentioned in consideration and in order to de-
scribe the dispatching system performance, this study selected the following performance
indicators:
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e Average passenger waiting time — the only indicator with wider consensus among
the research studies and the only indicator describing the passenger expectations
and inconvenience. The passenger waiting time begins at the moment the passen-
ger begins booking a taxi and ends when taxi picks up the passenger.

o The number of served passenger booking requests — indicator that describes not
just the ability of the dispatching system to process booking requests, but also the
passenger satisfaction. Most of the dispatching systems may reject a passenger re-
guest, if there is high passenger demand and not sufficient taxi supply.

e Average ‘on-call’ taxi distance and average total distance — these two indicators
provide a physical dimension to the economic description of taxi profit as well as
give an indication about taxi utilization. The ‘on-call’ distance is the distance taxi
travels when assigned to pick up a particular passenger.

e Average taxi profit — this indicators can be seen as a tip of an iceberg, because it in-
tegrates many other indicators. The dependencies of the other variables are de-
scribed in the paragraphs below.

Methodology of enumeration of costs and profit

Costs and profits associated with picking up a passenger requests are abstracted. In de-
tail, Figure 39 shows the situation of a ‘vacant’ taxi searching for a passenger and evalu-
ating the various utilities from a time perspective. Table 22 accompanies Figure 39 with
the variables in full together with their units.

During the pre-trip time (before pick-up) costs only incur to the taxi driver. There are three
main sources of costs: (1) the costs of driving a distance, (2) the costs of the driver’'s time
and vehicle rental or purchase, and (3) the costs triggered by events (for example tolls).
All fixed costs (such as insurance, regular maintenance, road tax) are prorated by the
company through the vehicle rental or purchase costs.

There are also three main sources of revenues: (1) revenues from distance fares, (2) rev-
enues from waiting time, and (3) revenues triggered by events (for example location sur-
charges or any applicable ancillary charges). The taxi driver’'s profit is what remains from
the revenue after subtracting costs over an observed time of one shift. The profit earning
rate expresses the rate of profit earing, or in other words, how fast the driver earns in time.
(Kiimmel et al., 2015)



Methodology 81

& Taxi ‘vacant’ Taxi ‘occupied’
..g
= -~
o A RE*E
-~
-~ A
Ped®_ ~ RT*TT
~ o
~ N
-~ -
-~ - z
- o
<
= [-cT*TP, \ 8 Time [h]
< O]
oL o
S CD*DP; RD*DT
-CE*ECP;
-CT*TT:
Qﬁ -CD*DT:
-CE*ECT; N\
TP TPD: TT TTD;
TPi TT|
Figure 39 Calculation of booking request’s costs and revenue (Kimmel et al., 2015)
Ab. Parameter Unit Ab. Parameter Unit
P Profit [$] DPi  Distance to pick-up location [km]
PRrate Profit earning rate [$/h] DT; Trip distance (from O; to D;) [km]
Reross  Gross revenue [$] TP; Pre-trip time [h]
Ruet Net revenue [$] TPS; Pre-trip time standing [h]
RD Revenue rate from distance  [$/km] TPD; Pre-trip time driving [h]
RT Revenue rate from time [$/h] TT; Trip time [h]
RE Revenue rate from event [$/event] TTS; Trip time standing [h]
Criip Trip costs [$] TTD; Trip time driving [h]
Crre-tiip  Pre-trip costs [$] ER; Revenue event count [1]
CD Cost rate of distance [$/km] ECP; Cost event count pre-trip [1]
CT Cost rate of time [$/h] ECT; Cost event count trip [1]
CE Cost rate of event [$/event] TV Traveling velocity [km/h]

Table 22 Parameters, their abbreviations and units (Kimmel et al., 2015)

The profit (P) consists of revenues (R) and costs (C). Both revenues and costs can be
triggered by either distance, time or an event. The average taxi profit indicator is defined
as follows.

n(Taxis)
_ , 1)
P = P; /n(Taxis)
=1
Pi=Rj—¢

(2)

The revenues are determined by the fares per distance (RD) and the sum of the occupied
trip distance driven (DST), by fare per time (RT) and the sum of the occupied standing
time (TST), in which passenger is on board but the vehicle is not moving due to other traf-
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fic or traffic lights and by fare surcharge events such as booking fees or location fees (RE)
and their number (ER), all calculated over the set of occupied trips (SOT)).

R = RD * Z DST; + RT x Z TST, + RE x Z ER; 3)

i€SOT; i€SO0T; i€S0T;

The costs are determined by the cost per distance (CD) and the sum of all distance driven
(DT) on all ‘occupied’ and ‘on-call’ trips, by the cost per time (CT) and sum of all hours
when the vehicle is active (TT) and by the cost of events such as city centre congestion
charges and tolls (CE) and their occurrence (EC), all calculated over the set of all trips
(SAT)).

Cj = CD z DT; + CT= Z TT, + CE * Z ECT;
(4)

{ESAT; {ESAT; {ESAT

The number of served passenger booking requests (pick-ups) reflects the capability of the
given fleet and matching algorithm to deliver the service. The average ‘on-call’ distance is
a sum of the distances driven to the passengers (DCT) when the status of the taxi is ‘on-
call’. This indicator shows the influence of group simultaneous assignment in reducing the
‘on-call’ distance and related costs over the set of ‘on-call’ trips (SOCT,]j). The average to-
tal distance is a sum of the distances driven by the taxis (DT) when the taxi is in service
(i.e. when the status is anything other than ‘Off’). Passenger waiting time indicates the
time elapsed from the desired pick-up time (PT) to the actual pick-up time (APT). If the
passenger is not picked up before the expiration of the passenger’s acceptable waiting
period (WW), the waiting time equals the acceptable waiting period. (Kimmel et al.,
2016c¢)
n(Taxis)
n(PickUps) = Z n(S0T)) (5)
j=1
n(Taxis)

Don—cau = 2 Z DCTi/n(Taxis) (6)
j=1 i€SocCT;

n(Taxis)

Drotal = Z Z DTi/n(Taxis) (7
j=1 i€SAT;

n(Customers)

TCustomersWaiting = n(CUStomeT'S) (8)

Z {APTi—PTi, APT; # {}

ww; APT; = {}
i=1
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4 Simulation experiments and results

In order to find the answers to the three research questions and to analyse the impacts of
the proposed dispatching methodological approaches three experiments were made. Ta-
bles 23 to 27 extensively summarize all parameters used in the three experiments and
their values used for simulation, covering the variables related to demand, supply, dis-
patching algorithm, environment and the simulation model in each of the three experi-
ments. This chapter describes the experiments and the respective results in detail.

Demand parameters  Experiment 1 Experiment 2 Experiment 3

Simultaneous as-

signment of taxis to
new immediate book-

Re-assignment of all
confirmed immediate

Re-assignment of the
timely nearest con-

and advance bookings firmed immediate

ings bookings
Time interval, during 4 8 24
which passenger re- (Monday 2008-06-02
quests can come in [h] 06:00:00 — Tuesday
2008-06-03 06:00:00)
Passenger origin and  Uniformly Uniformly Based on real data
destination positions distributed distributed shown in Figure 53
Passenger desired pick- Uniformly Distribution in Figure 45 Based on real data
up times distributed shown in Figure 55
Passenger booking Same as desired pick- Immediate bookings: Same as desired pick-
times up time Same as desired pick- up time
up time
Advance bookings: Uni-
formly distributed be-
tween the simulation
beginning and desired
pick-up time — 15 min
The number of booking 1200 2400, 1600 and 800 16302
requests
Average number of 300 300, 200 and 100 679
booking requests per
hour
Average booking re- 3 3,2and 1 1.3
quests per hour per taxi
Passengers’ willingness 1000 1000 1000
to wait [s]
Degree of dynamism 100% <0, 10, 20,.. ,100% > 100%
Just immediate book- Just immediate book-
ings ings
Advance booking time  Not applicable 15 min and more ahead Not applicable
Status of bookings at  ‘Initial’ ‘Initial’ ‘Initial’ or ‘booked’

the beginning of simula-
tion

Table 23 Comparison of experiment setups — demand parameters
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Supply parameters

Experiment 1

Experiment 2

Experiment 3

Taxi positions
Taxi availability
The number of taxis

Status of taxis at the
beginning of simulation

Uniformly distributed
(See Figure 40)

Uniformly distributed
See Figure 40)

Based on real data

From the beginning until From the beginning until In predefined shifts ac-

the end of simulation
100
‘Vacant’

the end of simulation
100
‘Vacant’

cording to real shifts
536
‘Vacant’ or ‘off’

Table 24 Comparison of experiment setups — dispatching system parameters

Dispatching parame-
ters

Experiment 1

Experiment 2

Experiment 3

Buffering time interval
length [s]

Length of re-
assignment interval
Which taxi participate
the initial insertion?
First assignment

Order of the new book-
ings

Taxi preferences for
assignment

Passenger preferences
for assignment
Re-assignment method
Taxi preferences for re-
assignment

Passenger preferences
for re-assignment

Which party proposes?
Order of proposals

Prediction of taxis at the
next interval

Prediction length
Simulated assignment
duration [s]

If booking rejected

30
Not applicable
‘Vacant’

Simultaneous
Not applicable

Taxi costs (time and
distance)
Estimated pick-up time

Not applicable
Not applicable

Not applicable

Taxis
Random

No

Not applicable
15

Repeat booking until
the expiry of initial will-
ingness to wait

60
Until the simulation end
Any

Sequential

Bookings sorted ac-
cording to booking time
Not applicable

Not applicable

Simultaneous
Additional costs of in-
serting to schedule
Estimated pick-up time

Taxis and passengers
If taxis propose, in each
round, first the taxi,
which has not proposed
yet and has the highest
additional costs to pick
up a trip.

If passengers propose,
the passenger, who has
not yet proposed and
has the lowest estimat-
ed pick-up time.

Linear estimation of taxi
positions and statuses
Decision epoch length
Not considered

Repeat booking until
the expiry of initial will-
ingness to wait

5

1,2,3.75,5, 7.5, 15,
20, 30 and 60 min
Any

Sequential

Bookings sorted ac-
cording to booking time
Not applicable

Not applicable

Simultaneous

Change of ‘on-call’ dis-
tance costs

Estimated pick-up time.
If trips or taxis are
greedy, all preferences
worse than the currently
engaged trip or taxi are
not included.
Passengers

First proposers selected
according to the least
number of possible
matches, according to
the desired pick-up time
begin and then random-
ly.

No

Not applicable
Not considered

Do not try again

Table 25 Comparison of experiment setups — supply parameters
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Figure 40 Example of initial positions of taxis in Experiment 1 and 2

Environment parame- Experiment 1 Experiment 2 Experiment 3

ters

Size of area Square of size 20 km  Square of size 20 km  Lat. <37.4, 38.1>,
Lon. <-122.6,-121.9 >

Velocity of taxis [km/h] 36 36 13.158

Waiting strategy Move — wait Wait — move Wait — move

Table 26 Comparison of experiment setups — environment parameters

Simulation parame- Experiment 1 Experiment 2 Experiment 3
ters
Simulation ends After there are no more At pre-set time (after Tuesday 2008-06-03

events to be executed even the latest trip can  06:00:00 in Unix time)

in the simulation plan  be served)

Table 27 Comparison of experiment setups — simulation model parameters

Table 28 summarizes the assumed variable values common to all experiments. These
values are a result of an educated guess, stemming from various sources, with the objec-
tive to get a reasonable estimation of the costs, revenues and other variables.

Abbreviation Parameter Value Unit
RD, CD Revenue and cost rate per distance 1.560, 0.071 [$/km]
RT, CT Revenue and cost rate per time 19.560, 8.333 [$/h]
CE, RE Revenue per event, cost per event Not considered  [$/event]

Table 28 Input assumptions common to all experiments
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4.1 Simultaneous assignment of taxis to new immediate bookings

The objective of the first experiment is to analyse the effects of replacing the conventional
first-come, first-served dispatching strategy by simultaneous assignment of new booking
requests, as discussed in the methodological part 3.1.3. “Simultaneous assignment of tax-
is to immediate booking requests”. Moreover, this experiment introduces three factors that
extend the existing simple study by Bai et al. (2014) in the quest for more accurate as-
sumptions and more efficient dispatching algorithms.

The introduced factors create new variants of the dispatching strategy. Stable marriage
strategy variants with subsequent adding the three factors of limited passengers’ willing-
ness to wait, commitment to already confirmed requests and appropriate length of deci-
sion epoch are further referred as: SM_0, SM_1, SM_2 and SM_3 and summarized in Ta-
ble 29. First-come, first-served strategy serves as a benchmark.

Factor FCES SMO SM1 SM2 SM 3
Limited willingness to wait v ) 4 v v v
Commitment to confirmed trips v ) 4 ) 4 v v
Appropriate length of decision epoch n.a. b 4 b 4 X v

Table 29 Stable marriage based strategies with extension factors (Kimmel et al., 2016d)

As summarized in Table 23 and Table 24, 100 taxis and 1200 passenger immediate book-
ing requests generated during 4 hours are simulated. That corresponds to high demand of
an average of 3 booking request per taxi and per hour. The booking times are uniformly
distributed. The decision epoch length is set to 30 s. The assignment method is taxi cen-
tric. In order to minimize the influence of the initial set-up on the results, all strategies are
simulated in 15 simulation rounds. These 15 spatial-temporal configurations determine the
initial taxi positions, origins and destination of the trips and request times. The presented
results are based on the mean of these experiments.

The results are summarized in Tables 30 and 31, Figure 41 and commented bellow. In the
custom-made simulation, the FCFS strategy serves on average 1064 passengers (round-
ed to integers) out of 1200 (88.7%) in less than 13 minutes of average waiting time.
Herewith, in the perspective of rather high trip demand (3 passenger requests per hour
per taxi), the FCFS strategy sets a high benchmark.

SM_0 does not limit willingness to wait, which results in both advantages and disad-
vantages. On one hand, this strategy serves all 1200 passenger trips (100%) and produc-
es the highest taxi profit among all compared strategies (see Tables 30 and 31). On the
other hand, passengers have to wait almost 20 minutes on average to get a taxi, which
might not be acceptable by many passengers.

SM_1 strategy limits willingness to wait. It manages to serve 1027 passengers (85.6%).
The average waiting time and total distance are the best among all the compared strate-
gies. However, this strategy poses a disadvantage; periodically generated assignment of
taxis and passengers might be inconsistent between decision epochs. In strategy SM_1,
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unlike in the others, the number of not picked up but confirmed passengers reached 26,
corresponding to 2.5% of passengers.

SM_2 strategy forbids changing of confirmed assignment and indeed all passengers with
confirmed booking are picked up. However, this is compensated with lower taxi driver
profit and increased not-occupied and total distance. This strategy serves 1033 trips
(86.1%). In direct comparison with FCFS strategy, it improves not-occupied and total dis-
tance but worsens the number of served passengers and profit. This means that, while
helping the passengers, city traffic and the environment, this strategy does not really fa-
vour taxi drivers and operators. Hardly any manager or board member in taxi operating
company would accept a profit-reducing strategy. (Kimmel et al., 2016b)

Performance indicator FCFS SM 0 SM 1 SM_2 SM 3
Average taxi profit [$] 93.5 107.9 90.4 90.5 97.6
No. of served bookings [1] 1063.8 1200.0 1027.4 1033.2 1089.4
Average ‘vacant’ taxi distance [km] 375 20.5 21.1 22.3 30.5
Average total taxi distance [km] 147.5 145.5 127.5 129.0 143.2

Average passenger waiting time [mm:ss] 12:40 20:00 08:27 08:53 08:36

Table 30 Mean of performance indicators (Kimmel et al., 2016d)

Performance indicator FCFS SM_0 SM_1 SM_2 SM_3
Average taxi profit [$] 15 1.8 1.4 1.6 1.4
No. of served bookings [1] 9.8 0.0 11.9 11.6 10.6
Average ‘vacant’ taxi distance [km] 1.2 1.7 0.6 0.7 1.3
Average total taxi distance [km] 1.7 1.8 1.3 15 15

Average passenger waiting time [mm:ss] 00:10 01:15 00:08 00:07 00:12

Table 31 Standard deviation of performance indicators (Kimmel et al., 2016b)

Performance indicator SM_0 SM 1 SM_2 SM_3
Average taxi profit O 15.4% -3.4% -3.3% 4.4%
No. of served bookings O 12.8% -3.4% -2.9% 2.4%
Average ‘vacant’ taxi distance 0 45.4% 43.8% 40.6% 18.6%
Average total taxi distance a 1.3% 13.5% 12.5% 2.9%
Average passenger waiting time O -57.9% 33.3% 29.8% 32.2%
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40% |

20%

0% =] =

-20% |
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Figure 41 Positive values depict improvement over FCFS (Kimmel et al., 2016b)
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SM_3 strategy, thanks to appropriate length of decision epoch, serves 1089 trips (90.1%).
The number of served trips increases by 2.4%, profit increases by 4.4%, the highest
among the strategies with limited willingness to wait. All other observed parameters also
improved as compared to FCFS strategy; not-occupied and total taxi distance and pas-
sengers’ waiting time by 18.6%, 2.9% and 32.2% respectively. Hence, taxis serve more
passengers and collect higher profits whilst reducing empty and total driven distance.
Moreover, the passengers benefit from waiting time reduction. Finally, thanks to reduced
distance driven, the urban environment receives less traffic and associated pollution.
(Kimmel et al., 2016b)

Figure 42 provides a detailed view on the results of Experiment 1. In particular, it shows
the results of all five dispatching strategies in all five performance indicators on the level of
individual taxis and passengers. The results of each taxi or passenger in each category
and each indicator are ordered from the highest to the lowest and an average of the val-
ues is highlighted by a dashed line. Apart from the distribution of the results across indi-
vidual taxis, there are couple of other observations to make. For example, the results
claim the strategy SM_0 picks up all passengers. Observe, what it means for their waiting
time (last row, second figure from the left). Because these figures are cropped at the
same value of about 33 min of waiting time, some results are not shown since they are
higher than that. The strategies SM_1 to SM_3 have cap on willingness to wait (16.7 min),
which also reflects in the actual waiting time.

Strategy FCFS SM_0 SM_1 SM_2 SM_3
Average taxi 150 150 150 150 150
profit [$] 100 100 100 100 100
50 50 50 50 50
1 Taxi100 1 Taxi100 1 Taxi100 1 Taxi100 1 Taxi100
No. of served 18 18 18 - 18 - 18 -
bookings [1] 12 - 12 - 12 - 12 - 12 -
6 +— 6 +— 6 +— 6 - . 6 +—
1 Taxi 100 1 Taxi 100 1 Taxi 100 1 Taxi 100 1 Taxi 100
Average ‘vacant’ 80 - 80 - 80 - 80 - 80 -
taxi distance 40 - 40 - 40 - 40 40 |
[km]
0 +—— 0 +—— 0 +—— 0 +—— 0 +——
1 Taxi 100 1 Taxi 100 1 Taxi 100 1 Taxi 100 1 Taxi 100
Average total 180 180 180 180 180 -
taxi distance ;. 140 140 140 140 -
[km]
100 4 100 100 100 100 +——
1 Taxi 100 1 Taxi100 1 Taxi100 1 Taxi100 1 Taxi100
Average pas- 33.4 33.4 33.4 33.4 33.4 -
senger waiting 44 7 16.7 16.7 16.7 16.7 -
time [min] \ >
0 T 1 0 T 1 0 0 OO n
1 Trip 1200 1 Trip 1200 1 Trip 1200 1 Trip 1200 1 Trip 1200

Figure 42 Detailed view of the results of Experiment 1
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A sensitivity analysis of the simulation environment is carried out based on the FCFS
strategy. Following input parameters are varied by +-10%: Travel velocity, willingness to
wait, length of a square area side, the number of taxis and customers. The relative in-
crease caused by varying input parameters is summarized in Table 32.

The sensitivity analysis showed that only variation of moving velocity and willingness to
wait causes relative change higher than 10%. Increased velocity increases average ‘va-
cant’ distance by 16%. Decreased velocity decreases ‘vacant’ distance by 19%. These
observations are in line with analysis of taxi GPS logs by Liu et al. (2010), which conclud-
ed that higher moving velocities indeed lead to a higher income for taxi drivers. Increased
willingness to wait increases average waiting time by 12%. Reduction of willingness to
wait reduces waiting time by 13%.

To sum up, the sensitivity analysis of the simulation environment showed consistent re-
sults in line with common sense expectations. Thereby the model can be affirmed as suit-
able for evaluation of impacts of dispatching strategies.

Parameter TV wWw SS n(Taxis) n(Customers)
Variation (+-%) +10 -10 +10 -10 +10 -10 +10 -10 +10 -10
Average taxi profit 10% -9% 0% 0% 6% -6% -4% 5% 5% -6%
No. of served bookings 6% -7% 1% 0% -5% 6% 7% -8% 3% -4%
Average ‘on-call’ taxi distance 16%-19% 2% -3% -8% 9% 3% -6% -6% 9%
Average total taxi distance 9% -10% 1% -1% 1% -1% -1% 0% 1% -1%

Average passenger waiting time -4% 3%  12%-13% 3% -4% -5% 4% 5% -8%

Table 32 Sensitivity analysis FCFS strategy

The trade-off between the length of batching interval and the system responsiveness is
investigated thoroughly. In particular, Figure 43 shows the results of varying the length of
decision epoch (the buffering interval).
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Indicator

Sensitivity analysis of varying decision epoch of SM_3 on the results
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Summary of methodology of dispatching taxis to immediate booking requests

To sum up, this chapter summarizes the application of the stable marriage algorithm for
assigning immediate taxi booking requests to taxis. Double-sided simultaneous assign-
ment strategy, which caters for preferences of both taxis and passengers, is able to cope
with the unequal number of pairs and preference ties. Main limitation of this approach is
that only immediate booking requests not advance booking requests are considered. Well
it is not impossible to assign them simultaneously, but Approach 1 lacks any re-
assignment mechanism that would prevent the worsening of taxi schedules after new
bookings will come in.

Thy hypothesis: “The potential of simultaneous assignment to improve taxi dispatching
performance increases with the amount of booking requests that can be assigned at the
same time and works the best for immediate bookings.” can be confirmed. As mentioned
above, it is not suitable for advance bookings, because of the lack or re-assignment. As
mentioned earlier, the more the booking requests at similar time and at similar position,
the higher are the chances that re-assignment procedure will find more suitable assign-
ment of taxi to passengers.

Estimating the costs of stability

In order to get a sense for the price of stability of the stable marriage algorithm and how
the solution performs as compared to the optimal solution, it is worthwhile to compare it
with a ground truth by using the brute force approach. The brute force approach means
that all possible combinations of assignment of taxis to passengers are evaluated in terms
of costs and / or waiting time. A complexity of O(n!) means that, for instance, for 2 pas-
sengers and 2 taxis there are 2 possible assignment combinations, for 3 passengers and
3 taxis 6 combinations but for 10 passengers and 10 taxis 3.6x107106 and for 100 pas-
sengers and 100 taxis 9.3x10710157. And this is yet without any pre-scheduled passen-
gers or trip sequences, which would increase the complexity even further.

In order to illustrate at least roughly and in small scale the performance of the stable
matching as compared to all brute force solutions, the following short experiment is made.
The stable marriage algorithm implementation as in Experiment 1 is used to generate as-
signments of the same number of taxis and passengers. Figure 44 summarizes all solu-
tions ordered according to the total costs of pick-up a passenger represented as black
dots. The red dot represents the results of the stable assignment. The closer is the dot to
the first black dot on the optimal solution on the very left; the smaller is the gap and the
price of stability. This experiment is done with 2 up to 8 taxis and passengers.

The stable assignments are not the best possible, but this is also not expected. Given the
fraction of the time, which the assignment creation needs, which is estimated to be only
0O(n"2), the results are more than acceptable, bearing in mind that they are still same or
better than the first-come, first-served approach.



92

Taxis, Passengers and Stable Marriage

Total pick-up costs of all solutions (¢) vs. stable assignment solution costs (°)
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4.2 Re-assignment of all confirmed immediate and advance bookings

This experiment pushes the application of the stable marriage algorithm even further to
cover not just immediate booking requests but also advance ones, as described in chapter
3.1.4 “Re-assignment of all confirmed immediate and advance bookings”. In order to do
so, the scheduling strategy first schedules all known new requests and then aims to re-
schedule the plan in order to strive for the optimal assignment of taxis to passengers at all
times. This section describes the experiment that was conducted and summarises the in-
put parameters used, which appear in Tables 23 to 27.

Two versions of the stable marriage algorithm, where either taxis (SM_Taxis) or passen-
gers (SM_Pax) propose first, are analysed. The strategies are analysed for 11 degrees of
dynamism (DOD) ranging from situations where all booking requests are immediate (DOD
= 100%) to those where all booking requests are made in advance (DOD = 0%). Moreo-
ver, three demand scenarios are examined. The demand level is defined by a ratio of
booking requests per hour to taxis of either 3:1, 2:1 or 1:1, representing high, moderate
and low demand scenarios respectively and corresponding to either 2400, 1600 or 800
passenger trips for 100 taxis over a period of 8 hours. The length of the decision epoch is
set to 60s. (Kimmel et al., 2016c¢)

o 20% 16.5% 15.8% 15.4% 15.3% 137%
s E 15% 10.9%
0 _§
m 1
859 o ]

o 1 2 3 4 5 6 7 8

Hours of simulation
Figure 45 Distribution of the passengers’ desired pick-up times

The distribution of desired pick-up times is shown in Figure 45; it is designed to resemble
the time period around a morning demand peak. The booking times of immediate booking
requests equal to the beginning of the desired pick-up time interval. The booking times of
advance booking requests are uniformly distributed between the beginning of the simula-
tion and the beginning of their desired pick-up time frame. All simulations ended after 9
hours and 6 minutes of runtime to guarantee comparability of results. This time is set in
order to enable all passengers to be delivered to their destinations.

The preference making is implemented similarly as in the methodology of dispatching tax-
is to immediate requests. The ties (= indifference in preferences), however, do have an
impact on the strategy based on the stable marriage algorithm when the passengers pro-
pose first. In particular, advance booking requests can be accepted by many taxis and
therefore the taxi with the lowest ID number is selected. This leads to higher utilization of
less taxi vehicles.

The results are summarised in Figure 46 and Table 33. The best-performing strategy is
highlighted in bold in each scenario. As expected, the FCFS dispatching strategy performs
well in situations where all booking requests are immediate (i.e. where the degree of dy-
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namism reaches 100%). As the share of advance booking requests becomes greater, the
results show the increasing drawbacks of this simple assignment approach.

The number of served booking requests and the profit decline as the degree of dynamism
approaches 0% (where all booking requests are made in advance). Moreover, the taxi ‘on-
call’ distances and total distances rise. These trends hold true across high, moderate and
low demand scenarios. Moreover, Table 33 reveals that the stable marriage algorithm per-
forms best in reducing passengers’ waiting time and total distance driven. It also improves
the average taxi profit and the number of passengers picked up.

The high demand scenario uncovers the maximum performance capacity of the given taxi
fleet size to serve the demand. As shown in the high demand section of Table 33, the
maximum total distance driven across all experimental scenarios oscillates between 235
and 248 km per taxi, which indicates the saturated utilisation of taxis.

Figure 47 depicts the resulting schedules for 27 selected scenarios, involving all three
strategies with the degree of dynamism set at 100%, 50% or 0% in high, moderate and
low demand. Although the individual trip details cannot be discerned in these depictions,
this figure provides a representation of fleet utilisation in the different conditions.

In the low demand scenario with DOD equal to 0%, the strategy SM_Pax requires 23 few-
er taxi vehicles to serve the 800 advance booking requests, as illustrated by the red over-
laid bar on the schedule at the bottom right of Figure 47. Using 77 instead of 100 taxis is
saving a total of $1737 (23 taxis * 8.3 $/h * 9.1 h) and therefore the average taxi profit
more than doubles from $27 to $57.

For example, the high demand scenario shows the transportation utilisation limits of the
fleet under circumstances where only a few taxis are available, which is not the case for
the scenarios of moderate or low demand. The low demand scenario reveals the property
of the strategy SM_Pax to employ fewer vehicles than SM_Taxis and FCFS and to create
chains of trips. Moreover, higher ‘on-call’ distances may be observed when the degree of
dynamism is 0%. The taxis spent more time and distance reaching their customers, which
in turn resulted in lower waiting time for passengers. (Kimmel et al., 2016c)
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Performance Strategy Degree of dynamism
100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0%
Average taxi FCFS 176 165 154 146 140 139 137 137 135 139 138
profit SM_Taxis 172 164 157 148 143 138 139 135 138 138 139
[$] SM_Pax 173 166 159 151 149 145 141 140 140 142 142
Served FCFS 1786 1906 1893 1877 1829 1802 1789 1791 1768 1795 1798

bookings out SM_Taxis 1952 1931 1909 1893 1866 1839 1816 1793 1806 1816 1827

of 2400 [1] SM_Pax 1950 1937 1901 1871 1893 1857 1818 1808 1808 1828 1823
2 Average FCFS 89 103 98 90 86 78 70 72 71 70 7.0
E passenger SM Taxis 11.2 105 98 89 78 67 66 63 6.2 63 59
2 waiting [min] SM_Pax 11.2 106 100 92 68 59 64 61 61 6.0 538
5, Average ‘on- FCFS 43 52 61 67 70O 70O 70 71 72 69 73
T call taxidis- SM Taxis 44 50 56 58 58 58 60 60 62 62 60

tance [km] SM_Pax 44 51 56 63 59 61 69 70 71 72 74

Average total FCFS 250 251 252 251 250 249 247 248 248 248 252
taxi distance SM_Taxis 248 248 248 244 239 235 238 235 240 240 238
[km] SM_Pax 249 251 251 251 245 244 249 250 251 253 255

Discarded SM_Taxis 63 63 63 63 60 58 67 69 73 72 75
solutions [%] SM_Pax 63 63 63 63 51 49 64 67 70 71 74

Average taxi FCFS 126 123 119 116 114 109 110 104 107 106 107
profit SM_Taxis 126 124 123 120 120 113 117 104 110 109 108
[$] SM_Pax 126 124 123 122 120 120 117 113 110 109 112
Served FCFS 1590 1574 1554 1538 1531 1506 1504 1474 1486 1481 1488

bookings out SM_Taxis 1588 1580 1571 1562 1564 1524 1549 1476 1507 1498 1500
T of1600[1] SM_Pax 1588 1580 1571 1567 1564 1560 1549 1524 1507 1498 1523
g Average FCFS 70 65 67 76 69 72 63 63 61 6.0 6.2
2 passenger SM_Taxis 70 65 53 46 37 32 23 20 13 32 45
@ waiting [min] SM_Pax 69 65 53 45 37 31 23 17 13 32 38
g Average ‘on- FCFS 36 44 51 55 58 60 61 62 63 63 63
gcall taxidis- SM_Taxis 36 39 39 32 43 32 45 31 53 63 51
= tance [km]  SM_Pax 36 39 39 41 43 45 45 48 53 63 66

Average total FCFS 203 208 212 214 216 214 215 212 215 214 216
taxi distance SM_Taxis 202 204 203 194 205 188 205 179 207 216 203
[km] SM_Pax 202 204 203 204 205 206 205 205 207 216 221

Discarded SM Taxis 42 37 24 21 11 10 3 22 25 53 58
solutions [%] SM_Pax 42 37 24 20 11 13 3 8 25 53 55

Average taxi FCFS 28 28 28 28 27 2 27t 27 27 27 27
profit SM_Taxis 28 28 28 28 28 28 28 28 28 28 28
[$] SM_Pax 28 28 28 28 28 2t 2t 27 27 27 27
Served FCFS 800 800 800 799 800 800 800 800 800 800 800

bookings out SM_Taxis 800 800 800 800 800 800 800 800 800 799 800
of 800 [1] SM _Pax 800 800 800 800 800 800 800 800 800 800 800
2 Average FCFS 29 30 30 30 32 30 30 33 28 29 34
g passenger SM Taxis 41 37 34 29 25 21 17 13 09 05 01
2 waiting [min] SM_Pax 41 37 32 28 24 20 16 11 08 04 00
=z Average ‘on- FCFS 12 16 20 23 26 27 30 29 31 26 27
9 call’ taxi dis- SM_Taxis 12 12 12 1= 13 13 13 13 13 13 13
tance [km] SM_Pax 12 16 19 22 23 25 29 30 33 3 36

Average total FCFS 98 101 105 108 111 112 115 115 116 111 113
taxi distance SM_Taxis 98 97 98 98 98 98 98 98 98 98 99
[km] SM_Pax 98 101 104 107 108 110 114 115 118 120 121

Discarded SM Taxis O 0 1 0 3 0 0 0 0 0 0
solutions [%] SM_Pax 0 0 0 0 0 0 0 0 0 0 0

Table 33 Performance of strategies at various DOD (100% to 0%) (Kimmel et al., 2016c)
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Figure 47 Resulting schedules for the 100%, 50% and 0% (Kimmel et al., 2016c)
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If the results are further aggregated and the percentual improvements calculated, it can be
observed, how the strategies SM_Taxis and SM_Pax perform in comparison to the FCFS
strategy. Table 34 and Table 35 show a disadvantage of both strategies if the degree of
dynamism equals to 1, in which the initial delay in response to the passenger results in
worsening the average passenger waiting time. On the other hand, when DOD is ap-
proaching 0% both algorithms show their maximum improvement potential. Both strate-
gies based on the stable marriage algorithm outperform the FCFS strategy in almost alll
observed performance indicators. Most notably, the strategy SM_Pax is able to serve
more passengers and reduce their waiting times even more than SM_Taxis. The prefer-
ences of passengers and taxis are traceable in the results: Passenger’s preference for the
taxi that can arrive the soonest reduces the average passenger waiting time.

SM_Taxis Improvement DOD

100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0%
Average taxi profit -0.9% 0.6% 2.1% 25% 3.7% 2.0% 4.3% 0.9% 3.2% 1.4% 1.4%
No. of served bookings 3.1% 0.6% 0.6% 08% 14% 11% 15% 0.1% 1.2% 0.7% 0.8%

Average passenger waiting time 523.8% -8.8% 2.9% 14.3% 25.5% 34.0% 36.9% 46.6% 53.7% 46.2% 46.8%
Average ‘on-call’ taxi distance  -1.0% 13.1% 23.5% 33.2% 31.4% 38.6% 32.3% 40.0% 29.3% 20.1% 29.5%
Average total taxi distance 0.3% 22% 4.4% 7.4% 6.9% 10.1% 7.7% 11.5% 7.4% 4.7% 7.8%

Table 34 SM_Taxis improvement over FCFS (average of all demand levels)

SM_Pax Improvement DOD

100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0%
Average taxi profit -0.8% 0.5% 2.0% 2.7% 4.3% 4.7% 3.4% 35% 2.0% 0.7% 1.3%
No. of served bookings 3.0% 0.7% 0.5% 0.6% 1.9% 2.2% 15% 1.4% 1.2% 1.0% 1.2%

Average passenger waiting time :23.2% -8.9% 3.8% 15.0% 30.4% 38.7% 40.1% 51.1% 55.4% 48.4% 51.9%
Average ‘on-call’ taxi distance  -0.3% 4.7% 12.1% 11.8% 17.8% 15.7% 10.3% 6.8% 3.9% -12.6%-12.3%
Average total taxi distance 0.3% 0.7% 1.9% 1.9% 3.1% 2.5% 1.6% 0.6% 0.3% -3.7% -3.8%

Table 35 SM_Pax improvement over FCFS (average of all demand levels)

The in-depth insight into the results helps to understand how the proposed strategy per-
forms during the simulation run under various demand levels through Table 36. One inter-
esting insight with respect to demand levels provides Figure 48, which depicts the amount
of taxis, which are ‘vacant’ during the simulation experiment. Here the strategy SM_Taxis
is visualized in the high, moderate and low demand levels for both the two extreme cases:
all bookings are immediate (DOD=100%) and all bookings are advance (DOD=0%). The
impact of the demand is clearly observable in the number of taxis used. Whereas at low
demand at least almost one half of taxis are ‘vacant’ during the whole simulation time, al-
ready at the moderate demand, almost all taxis are used. The red bar visualizes the mini-
mal amount of taxis needed. The high demand scenario illustrates the fundamental per-
formance limitations of the fleet to transport the demand.

Figure 48 also reveals the impact of advance bookings on taxi performance. The longer
interval between the moment of booking and the desired pick-up time allows more vehi-
cles to pick up the passenger and therefore to assign more appropriate one.
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Performance Strategy Degree of dynamism
100% 90%  80% 70% 60% 50% 40% 30% 20% 10% 0%
Average SM_Taxis -2% 0% 2% 1% 2% -1% 1% -1% 2% 0% 0%
taxi profit SM_Pax -2% 0% 3% 3% 7% 4% 3% 2% 4% 2% 2%
< No. of served SM_Taxis 9% 1% 1% 1% 2% 2% 2% 0% 2% 1% 2%
@ bookings SM_Pax 9% 2% 0% 0% 3% 3% 2% 1% 2% 2% 1%
g Average passen- SM_Taxis ' -25% -2% 0% 1% 9% 15% 5% 12% 12% 10% 16%
E ger waiting time SM_Pax | -26% -4% -2% -2% 20% 25% 9% 15% 14% 14% 18%
© Average ‘on-call SM_Taxis -4% 5% 9% 13% 17% 17% 14% 15% 14% 10% 18%
T taxi distance SM_Pax -3% 2% 8% 6% 16% 12% 2% 1% 1% -4% -1%
Average total taxi SM_Taxis 1% 1% 2% 3% 4% 5% 4% 5% 3% 3% 5%
distance SM_Pax 0% 0% 1% 0% 2% 2% -1% -1% -1% -2% -1%
Average SM_Taxis 0% 1% 3% 4% 6% 4% 7% 0% 3% 3% 1%
- taxi profit SM_Pax 0% 1% 3% 5% 6% 10% 7% 9% 3% 3% 4%
& No. of served SM_Taxis 0% 0% 1% 2% 2% 1% 3% 0% 1% 1% 1%
g bookings SM_Pax 0% 0% 1% 2% 2% 4% 3% 3% 1% 1% 2%
g Average passen- SM_Taxis -1% 0% 21% 39% 46% 56% 64% 68% 79% 46% 26%
£ ger waiting time  SM_Pax 0% 0% 21% 40% 46% 56% 64% 73% 79% 46% 38%
g Average ‘on-call SM_Taxis 1% 11% 23% 41% 26% 47% 26% 49% 17% 1% 20%
o taxi distance SM_Pax 2%  11% 23% 25% 26% 26% 26% 22% 17% 1% -4%
= Average total taxi SM_Taxis 0% 2% 4% 9% 5% 12% 5% 15% 4% -1% 6%
distance SM_Pax 1% 2% 4% 5% 5% 4% 5% 3% 4% -1% -3%
Average SM_Taxis 0% 1% 2% 2% 3% 3% 4% 4% 4% 2% 3%
taxi profit SM_Pax 0% 0% 0% 0% 0% 0% 0% -1% -1% -3% -3%
< No. of served SM_Taxis 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
& bookings SM_Pax 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
g Average passen- SM_Taxis | -45% -25% -13% 3% 22% 31% 42% 60% 70% 83% 98%
T gerwaiting time SM_Pax [ -44%  -23% -8% 7% 25% 35% 48% 65% 74% 85% 100%
§ Average ‘on-call’ SM_Taxis -1% 24% 38% 46% 51% 52% 57% 56% 58% 49% 50%

taxi distance SM_Pax 0% 2% 5% 4% 11% 9% 3% -3% -6% -35% -32%
Average total taxi SM_Taxis 0% 4% 7% 10% 12% 13% 15% 14% 15% 12% 12%
distance SM_Pax 0% 0% 1% 1% 2% 2% 1% -1% -2% -8% -8%

Table 36 Detailed improvement over FCFS

Figure 49 provides an in-depth look at this phenomenon. Here the strategy SM_Taxis is
visualized in the high, moderate and low demand levels and immediate and all advance
booking situations are depicted. The number of taxis that can pick up new booking re-
quest is visualized for each decision epoch by a small dot. A moving average helps to see
the trends. In accordance with the previous observations, Figure 49 reveals that the more
advance bookings the more taxis are able to pick up the booking request.
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The number of taxis that can pick up new booking requests
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Figure 49 The number of taxis that can pick up new booking requests of SM_Taxis
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The proposed methodology assigns and re-assigns the booking requests according to the
stable marriage assignment algorithm that allows expressing preferences of not just the
taxis but also the passengers. Moreover, the assignment can run in polynomial time and
guarantees stability thanks to Nash equilibrium assignment.

In summary, the proposed re-assignment methodology based on constructive group re-
assignment and the stable marriage assignment algorithm improves overall performance
of taxi operations in comparison to the first-come, first-served method. The performance
improvement is consistent across any combination of immediate and advance bookings
and under low, moderate and high demand. The main advantage stems from the simulta-
neous group assignment of booking requests, which reduces ‘on-call’ distance, total dis-
tance, costs and passengers’ waiting time. Moreover, group assignment accommodates
the interests of both passengers, who wish to get a taxi in the desired time without waiting,
and taxis, who prefer picking up the passengers, who impose the least cost.

Therefore the hypotheses: “The more advance booking requests, the better the taxi
scheduling performance.” cannot be confirmed. Theoretically, perfect knowledge about
most of the booking requests should lead to really good results, but this is not the case.
Indeed, they are even worse than if all requests are immediate. Why this is so? The an-
swer is that there is still a proportion of not known trips.

4.3 Re-assignment of the timely nearest immediate bookings

This experiment answers the question whether taxis should accept individually sub-
optimal re-assignments for the sake of system-wide performance in the way it is proposed
in the section 3.1.5. Re-assignment of the timely nearest confirmed immediate bookings.
Moreover, this experiment is based on real data, therefore, the following paragraph ex-
plains how.

The taxi dataset from San Francisco from 2008, which is generated for the project Cab-
spotting, is selected to be used for this experiment. (“Exploratorium Cabspotting,” 2016)
The dataset to be found here: (“CRAWDAD A Community Resource for Archiving
Wireless Data At Dartmouth,” 2016). For this project the movements and statuses of more
than 500 Yellow Cab taxi vehicles were recorded throughout the greater San Francisco
Bay Area for a year.

The dataset from San Francisco has a following format. Each taxi in active service rec-
orded its position and status approximately every minute. The position is specified by lon-
gitude and latitude coordinates, the status is coded as occupied or not by logical value 1
or 0 respectively and the timestamp is given in Unix format as shown in Table 37.

From the changes in the status the trip origins and destinations can be approximately lo-
cated and the trip begin-time and its duration estimated — as shown on Table 37. Moreo-
ver, the availability of the taxis can be reconstructed too. If the taxi is broadcasting the in-
formation, the taxi is on shift, if not; taxi has a break or is offline. Hence from the first in-
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formation after being offline, the shift begin and the corresponding locations can be recon-
structed. If the time difference between two consecutive time stamps exceeded 30
minutes, the taxi is assumed to be offline during this time. The last information in a row is
taken to reconstruct the shift end time. (Kimmel et al., 2016b)

Raw data Deduced information

Longitude Latitude Occupied Timestamp Occupied trips Shift

-122.437 37.76075 1 1213034892 Trip begin time & Shift time begin &

-122.442 37.76047 1 1213034955 Origin location Initial taxi location

-122.442 37.75686 1 1213035023

-122.443 37.75140 1 1213035056

-122.443 37.74654 1 1213035057

-122.444 37.74501 1 1213035102 Trip duration &

-122.444 37.7451 O) 1213035162 Destination location

-122.444 37.74607 0 1213035223

-122.445 37.74929 0 1213035286

-122.445 37.75248 0 1213035343

-122.445 37.75298 0 1213035404

-122.445 37.75309 0 1213035433

-122.445 37.75283 0 1213035491

-122.445 37.75283 1 1213035548 Trip begin time &

-122.446 37.75049 1 1213035612 Origin location

-122.444 37.74834 1) 1213035668 Trip duration &

-122.442 37.75653 0 1213035729 Destination location Shift time end

Table 37 Raw data and deduced information

Figure 50 provides an illustration of the reconstructed trajectory from Table 37. There are
two passenger trips and in between taxi moving unoccupied and searching for passen-
gers.

Example of trip reconstruction from the dataset
37.762 ~
37.76 -
37.758 A
37.756 -
37.754 -
37.752 A
37.75 - &

37.748 -

Latitude

—&— Occupied trip 1

Not-occupied
37.746 -
—a— Occupied trip 2

37.744 T T T T T 1

-122.448 -122.446 -122.444 -122.442 -122.44 -122.438 -122.436
Longitude

Figure 50 lllustration of the reconstructed trajectory from Table 37
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Figure 51 and Figure 52 provide an illustration of all GPS coordinates recorded by two
randomly selected taxis.
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With the above mentioned principles, the passenger trips and taxi shifts were reconstruct-
ed. For the purpose of the experiment, it is neither necessary nor practical to simulate the
whole dataset length and therefore only an ordinary business day is selected: Monday
2008-06-02 06:00:00 — Tuesday 2008-06-03 06:00:00 (1212375600 — 1212462000 in
Unix time).

It turned out that the raw data form the dataset contained some logical flaws most likely
caused by wrong GPS position recognition. This is how they were handled. If a speed be-
tween two consecutive data points based on Euclidian distances exceeded 250 km/h the
point is removed. Furthermore, all trips which duration is less than 30 s and distance of 0
were removed. Only trips, which started and ended in the above mentioned interval, were
considered. As a result, Figure 53 illustrates the origin and destination locations of the
16302 considered trips. Figure 54 shows the distribution of time duration of these trips.
Figure 55 shows the time distribution of trip time origins. (Kimmel et al., 2016b)
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Figure 53 Origins and destinations of 16302 trips and their histograms (Kiimmel et al., 2016b)
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Figure 54 Distribution of time durations of 16302 trips in min (Kimmel et al., 2016b)
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Figure 55 Pick-up times distribution 2008-06-02 06:00:00 — 06:00:00 (Kimmel et al., 2016b)

In order to get a better understanding of the experiment, similarly to the origins and desti-
nations, it is also possible to plot the position of the taxis at their first shift — as shown in
Figure 56. Moreover, Figure 57 summarizes the schedule of all 536 taxis, showing times,
in which taxis were ‘occupied’ (red), ‘vacant’ (green) and ‘offline’ (black).
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Figure 57 An illustration of schedules for all 536 taxis (Kimmel et al., 2016b)
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The third experiment assumes all passenger trips are booked, drivers stay at their position
after dropping off a passenger and once confirmed, taxis head to the next booking re-
quests. At the simulation begin, all taxis are considered as ‘vacant’. Taxi no-shows, which
happen to about a half of all confirmed taxi bookings in San Francisco, are not considered
in the simulation (City and County of San Francisco Taxi Commission Public Convenience
& Necessity Report, 2007).

In Experiment 3 three dispatching strategies are compared: the FCFS and two variants of
the stable re-assignment based on Approach 3 called SM_Greedy_taxis and SM_Non-
greedy_taxis, depending on the attitude of taxis to accept worse re-assignments than the
current ones. The passengers are considered in both cases greedy, that is, unlike in Ap-
proach 2, the passengers only accept a re-assignment, which is same or better than the
currently assigned taxi. For methodological details see chapter 3.1.5 “Re-assignment of
the timely nearest confirmed immediate bookings”.

Table 38 provides an overview of the comparison of the two SM strategies to the FCFS
strategy in absolute as well as relative terms. Since the ratio of demand to supply is rela-
tively low, almost all passengers are picked up. The average ‘on-call’ and total distance
has improved slightly. The highest improvement is recorded in the average passenger
waiting time, which reached up to 5%. (Kimmel et al., 2016b)

Absolute results Relative improvements
FCFS SM_Greedy ta SM_Non- SM _Greedy ta SM_Non-
Xis greedy_taxis Xis greedy taxis

No. of served book- 16290 16290 16289 0.00% 0.00%
ings [1]
Average ‘on-call’ taxi 38.86 38.73 38.74 0.34% 0.31%
distance [km]
Average total taxi dis- 186.21 186.09 186.08 0.07% 0.07%
tance [km]
Average passenger 4.43 4.23 421 4.33% 4.92%
waiting time [min]
Combined 4.74% 5.30%
improvement

Table 38 Comparison of the two SM strategies to the FCFS strategy (Kimmel et al., 2016b)
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Tables 39 and 40 provide an overview about a sensitivity analysis results done on the
main results. The length of the re-assignment (re-optimization) interval is varied on 1, 2,

3.75, 5, 7.5, 15, 20, 30 and 60 s for both Greedy and Non-greedy taxis.

Re-assignment in-

terval length (s) 1 2 3.75 5 7.5 15 20 30 60 Avg.
_ No. of served book-
s ings [1] 16290 16290 16291 16291 16289 16290 16290 16290 16290 16290.1
21 Average ‘on-call’ taxi
3 distance [km] 38.62 38.88 38.97 38.77 38.46 38.82 38.68 38.68 38.68 38.7
o Average total taxi
Ql distance [km] 185.97 186.26 186.36 186.16 185.78 186.18 186.03 186.03 186.03 186.1
=  Average passenger
D o waiting time [min] 425 426 440 419 415 419 422 422 4.22 4.2
No. of served book-
ings 0.00% 0.00% 0.01% 0.01% -0.01% 0.00% 0.00% 0.00% 0.00% 0.00%
@  Average ‘on-call' taxi
3 distance 0.63% -0.05% -0.28% 0.23% 1.04% 0.11% 0.47% 0.47% 0.47% 0.34%
t  Average total taxi
g distance 0.13% -0.02% -0.08% 0.03% 0.24% 0.02% 0.10% 0.10% 0.10% 0.07%
2 Average passenger
g_& waiting time 3.93% 3.80% 0.63% 5.26% 6.33% 5.31% 4.56% 4.56% 4.56% 4.33%
O Combined
Ea improvement 4.69% 3.72% 0.27% 5.52% 7.59% 5.44% 5.13% 5.13% 5.13% 4.74%
Table 39 Detailed results of Experiment 3 for SM_Greedy_taxis dispatching strategy
Re-assignment
interval length 1 2 3.75 5 7.5 15 20 30 60 Avg.
No. of served book- 16289 16290 16290 16289 16289 16290 16290 16290 16290 16289.7
ings [1]
© Average ‘on-call’ taxi 38.72 38.97 38.89 38.94 3849 3864 38.67 38.67 38.67 38.7
. & distance [km]
S >] Average total taxi 186.04 186.32 186.25 186.26 185.80 185.99 186.03 186.03 186.03 186.1
Z, g distance [km]
= O Average passenger 4.34 426 426 421 411 413 419 419 4.19 4.2
P > \aiting time [min]
No. of served book- -0.01% 0.00% 0.00% -0.01% -0.01% 0.00% 0.00% 0.00% 0.00% 0.00%
ings
‘q‘>; Average ‘on-call’ taxi 0.37% -0.28% -0.08% -0.20% 0.96% 0.57% 0.48% 0.48% 0.48% 0.31%
o distance
% Q_verage total taxi 0.10% -0.06% -0.02% -0.02% 0.22% 0.12% 0.10% 0.10% 0.10% 0.07%
istance
g Average passenger 2.01% 3.82% 3.77% 4.79% 7.23% 6.76% 5.31% 5.31% 5.31% 4.92%
© » waiting time
g'(t_) Combined 2.47% 3.48% 3.68% 4.56% 8.41% 7.45% 5.89% 5.89% 5.89% 5.30%
- improvement

Table 40 Detailed results of Experiment 3 for SM_Non-greedy_taxis dispatching strategy
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Figure 58 shows the combined improvement of both SM strategies under various lengths
of the Re-assignment interval. The data stem from Tables 39 and 40. The figure suggests
re-assignment interval longer than 20 s does not lead to any further improvements. On the
other hand, an interval shorter than 5 seconds leads to volatile results. The volatility can
be explained by the fact that the re-assignment interval may not cover some requests as
the re-assignment is done every 5 s. Therefore, a ‘sweet spot’ with the highest improve-
ment is around the re-assignment interval of 5 to 20 s.

Moreover, Figure 58 also helps to answer one of the main questions of Experiment 3. In
the re-assignment interval 5 to 20 s the non-greedy strategy (SM_Non-greedy_taxis), the
one under which taxis accept worse re-assignments than they currently have, outperforms
the greedy strategy (SM_Greedy_taxis), in which the drivers accept only better assign-
ments. (Kimmel et al., 2016b)
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Figure 58 Combined improvement vs. the length of re-assignment interval (Kimmel et al., 2016b)

As a result, the hypothesis that: “Greediness of taxis does not pay off. Taxis should re-
spect the system interest.” can be confirmed. The results show that the cooperative be-
haviour for the sake of system good pays off also on the individual level, at least in the
average numbers.
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5 Discussion and the lessons learned

The proposed methodology has been designed for a centralized system that assigns and
re-assigns taxis to passenger booking requests simultaneously in real-time using the sta-
ble assignment. The results suggest that the proposed dispatching strategies improve
most of the performance indicators across varying combinations of immediate and ad-
vance booking requests, degrees of dynamism and demand levels. Aside from the ad-
vantages and performance improvements, there are various trade-offs and fundamental
limitations. This chapter discusses the broader limitations of the centralized approaches,
buffering strategies, constructive re-assignment, stability considerations and implications
of advance bookings. Moreover, it sketches a path to implement the proposed methodolo-
gy in reality.

Centralized approaches

In any centralized approach, including the proposed one, there is a coordination entity (a
scheduling and dispatching system) that manages the assignment of taxis to passengers.
This entity has a complete overview of all bookings and taxi schedules. The coordination
entity treats the vehicles as their ‘servants’ and requires drivers’ compliance with the as-
signments given to them.

From the taxi driver's perspective, this might generate frustrations. (1) Firstly, it might
happen, for example, that a driver ‘on-call’ to pick up one passenger is instead dispatched
to get another passenger or told to wait. What is logical for the system might not seem
logical for the individual. This frustration from frequent changes of planned tasks might be
greatest at peak times. (2) Secondly, the drivers are required by the dispatching system to
input their availability up front. The taxi’s availability is defined by times and positions at
which its shift begins and ends. Within this time, the driver is subject to being dispatched
as the system directs. (3) Thirdly, the system might require the individual taxi to act in
such a way as to benefit the whole system but not the driver.

Decision epochs and buffering strategies

Decision epochs are time intervals used to buffer groups of booking requests in order to
assign them simultaneously and to gain time for computing re-assignments of already
confirmed bookings. What helps the overall performance of the taxi fleet has drawbacks
for passengers. From the passenger’s perspective, a buffering strategy may prolong the
initial waiting time to hear whether the booking is accepted or rejected. Moreover, this
strategy requires a passenger to provide not just the desired origin and pick-up time but
also the destination during the booking process. Whether the passengers will accept
these trade-offs should be investigated in separate studies. Therefore, only if there are
enough booking requests at the same time and at the same locations should buffering be
used.
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Constructive re-assignment of booking requests

Constructive re-assignment suffers from the fact that occasionally not all booking requests
are re-assigned. Especially when the schedule is approaching its maximum limit in high
demand scenarios (with ratios higher than two booking requests per taxi per hour), the
procedure, unfortunately, ends up not scheduling some booking requests because the
newly calculated schedule may break some of the pick-up interval constraints, as illustrat-
ed in Figure 59. In such a case, the results of the re-assignment must be discarded and
the schedule before re-assignment should be used instead. The higher the proportion of
discarded schedules, the more similar is the results to the FCFS scenario. This drawback
applies, however, only to Experiments 2 and 3.

The motivation for using the constructive re-assignment of booking requests is the identi-
fied research need to overcome insufficient time for assignment calculation in the sched-
ule adaptation approach. Hence, the constructive re-assignment, approach does not truly
solve the problem. It offers an alternative solution which may be working very well and
perhaps better, but whose quality similarly decreases at demand peaks. However, in order
to draw definitive conclusions about this issue, the available experiments would not suf-
fice. Comparing both approaches on a very large-scale city scenario would reveal the true
capabilities of schedule adaptation and constructive re-assignment approaches.

Some booking requests cannot be re-assigned within their desired pick-up time

Re-assignment

Schedule of taxis (T 1 - T 6) Legend
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T2 3 3 | Vacant
T3 6 5 |
T4 8 8 | = On-call
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Figure 59 Some booking requests cannot be re-assigned within their desired pick-up time

Stable assignments of groups of booking trips to groups of taxis

The stable marriage assignment has difficulty handling an assignment of more trips to the
same taxi, since the original algorithm is designed to assign one man to each woman (or
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vice versa). Figure 60 shows an example of the implications of this in a situation before
and after re-assignment. Since the assignment insists on one-to-one matching, the group
of six passenger requests is re-assigned to six taxis - one each. Unfortunately, for re-
quests 11 this means a substantial prolongation of the ‘on-call’ time. Extending the stable
marriage algorithm to allow matching multiple women to one man in time would be mean-
ingful in future work.

Another limitation of the classical solution of the stable marriage problem is the simplifica-
tion of the preferences to integer numbers describing the position in the preference list,
but not necessarily the relation of how much worse or better the next partner is in the
preference list. Removing this simplification may potentially further improve the results.

Finally, looking ahead to fully autonomous systems, where vehicles do what they are told
and don’t heed individual profit, the stability aspect will become superfluous and obsolete.
Computers presently, unlike humans, don’t mind how much they earn.

Fundamental limitation of the stable marriage algorithm in re-assigning bookings

Schedule of taxis (T 1-T 5) Legend
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T3 =
T4 = 8 s 5 2 Onocall
TS —10 | 10 —11 11 [ (1 - 12)
T6
0 S 10 15 20 u Occupied
Time [min] a-12)
Schedule of taxis (T1-T 5)
T
12
T3
T4 g 0
TS T
1o | — ST —
0 5 10 15 20

Time [min]

Increased on-call time of request 11 after re-assignment

Figure 60 Fundamental limitation of the stable marriage algorithm in re-assigning bookings

Implications of advance bookings

With an increasing share of advance bookings the waiting time for taxi decreases, but so
does the taxi profit (see Figure 46). Here are possible explanations.

Advance bookings (as defined in this study) allow passengers to book a taxi more in ad-
vance from 15 min to 24 h from the current moment. This means that the schedule is not
fixed for the whole day ahead and the schedule cannot be calculated overnight (as it used
to be with some dial-a-ride services). Fixed schedule would presumably lead to the best
operational performance. This is not the case in taxi operation, however, because such
service inflexibility is not acceptable for many passengers.
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The proposed methodology, among others, aims to balance the interests of taxis to re-
duce their costs and passengers’ interests to reduce waiting time. Perhaps another as-
signment methodology favouring only the taxi fleet interests and pursuing not stable but
strictly optimal assignments would lead to better results.

The results in the high and moderate demand scenario may be significantly influenced by
the number of discarded solutions (described above). The more discarded solutions, the
more similar are the results to the sequential assignment strategy results.

In any case, if the taxi dispatching system allows also advance bookings, algorithms that
re-assign some of the requests should be used in order to prevent worsening of the taxi
schedules and corresponding passenger waiting times and taxi costs.

Simulation models as atool for evaluating dispatching strategies and beyond

Two well-known quotes “All models are wrong, but some are useful” and "The practical
question is how wrong do they have to be to not be useful” open a debate about the use-
fulness of the experimental results in verifying the proposed methodology. (Box and
Draper, 1987) Simulation models are deemed to be the best known methods to estimate
the potential of a new dispatching strategy. In particular, the agent based models, which
allow modelling each taxi and each passenger coupled together with realistic routing and
travelling time estimation as well as real-time dispatching strategies, in the future may not
just serve to evaluate the benefits of a new dispatching strategy, but in fact serve as an
integral part the dispatching strategies. Especially, for the fully autonomous fleets these
models may serve as a communication backbone to gather and exchange information and
facilitate decision making.

Path to implementation in reality

There are technical and business related steps in the implementation of the proposed ap-
proaches to reality. In a nutshell, the proposed methodology is designed for a centralized
dispatching entity, which assigns the taxis to pick up passengers, in order to leverage on
the efficiency gains by simultaneous group assignments. Since the assignment of individ-
ual taxis has a direct effect on the revenue earned by the individual taxi, it is not particular-
ly suitable for the business model with self-employed drivers, but more for the one, which
employs the drivers on a contract basis.

It is possible to either implement an assignment algorithm into an existing dispatching sys-
tem instead of the conventional dispatching logic or to build a new dispatching solution
around the algorithm and provide it as “software as a service”. Depending on the existing
system, the first approach may require some modifications. For example, the passenger
interface may now ask also about the destination at the time of booking, may display the
taxi ID first shortly before pickup, and show the countdown to the reply. The interface to
taxi driver, should now ask the driver for his/her availability and communicate the assign-
ments of his/her taxi to passenger bookings. ldeally, the system should be supporting the
taxi driver in the decision making such as departure time selection, route choice and oth-
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ers. ldeally, the system should show the schedule of the taxi driver in full. The second op-
tion that aims to provide a dispatching system as a service would require more develop-
ment. In particular, the speed of information transfer is crucial for the viability.

In both cases, the travel times between various points need to be estimated. The more
precise the estimation will be, the better. Since the amount of estimations grows with O(n!)
it makes sense to reasonably limit the travel time enquiries to the nearest ones or even
better, to create a heuristic-like database capable of providing a quick and sufficiently pre-
cise answer to quickly preselect several assignments and then estimate the travel times of
these assignments very precisely. The business model may either charge a one-time fee
for using the service or be transaction-based. The height of this revenue may be either
static, depending on the actual fare price, or derived as a share from the savings as com-
pared to the previous dispatching logic.

Apart from these issues, the application should be extensively tested on the real data of
the particular city but still in the simulation environment, in order to assess more precisely
the improvement potential and in order to scrutinize the functionality and set and tune pa-
rameters to fit the particulate context and maximize benefits. Later, if proven to be suc-
cessful, the system could be fully rolled out.

Commonly there are more than one taxi operators in a city and each has its own dispatch-
ing system. The proposed methodology can work also when applied to many operators in
one city. However, the number of possible taxis may be reduced, because they do not be-
long to certain taxi operator. A meta-operator, which would virtually allow booking a taxi of
any company, would help to improve the operation on the assumption that the passenger
are not keen to go with a particular company.

Summary

To sum up, despite the above mentioned fundamental limitations in the methodology and
its evaluation, the research of new methodologies for taxi dispatching is meaningful and
potentially impactful.
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6 Conclusions and future work

This thesis proposes a dispatching strategy for taxis to leverage on opportunities in taxi
dispatching especially in large-scale taxi operations. The results indicate that proposed
dispatching methodologies have the potential to serve more passengers with the same
fleet of taxis, reduce passenger waiting time, and help operators and dispatchers to gen-
erate more profit.

The main advantage stems from the simultaneous stable assignment of groups of booking
requests to a group of taxis that accommodates the interests of both passengers and tax-
is, which in turn reduces ‘on-call’ distance, total distance, costs and passengers’ waiting
time. The main disadvantage stems from the fact that the central coordinating entity re-
quires drivers’ compliance and the buffering strategies make passengers wait little longer
for the initial reply.

The three proposed approaches can be clustered based on the degree of dynamism and
the average demand to supply ratio. Approach 1 focused only on immediate booking re-
quests (degree of dynamism DOD=100%) and is simulated in a scenario with 1 booking
request per taxi and per hour. Approach 2 aimed at any combination of immediate and
advance booking requests (DODe<0%,100%>). Approach 3 based on real data aimed at
immediate requests and the average demand to supply ratio is around 1.3 booking re-
quests per taxi per hour.

Table 41 shows all three experiments. All are able to run in real-time, where Experiment 1
and 3 are faster than Experiment 2 because of the absence of advance booking requests.
Experiment 2, on the other hand, showed the highest improvement potential thanks to the
simultaneous re-assignment of already confirmed requests in groups.

Experiment 1 Experiment 2 Experiment 3
Advantages + Good results + Best results + Can cope with taxi
+ Any combination of im- breaks
mediate and advance + Moderate improvement
booking
Disadvantages - No advance bookings - Slowest - No advance bookings

Table 41 Simplified advantages and disadvantages of the proposed three approaches

Table 42 summarizes the answers to the three hypotheses. In summary, it is found that
the simultaneous assignment of new booking requests outperforms the sequential as-
signment if there are enough booking requests at similar location at similar time. This con-
firms the first hypothesis. It is expected that information about requests in advance allows
the dispatching algorithm to outperform all the immediate booking requests. On contrary
with the expectations, this was not proven in Experiment 2 and therefore the second hy-
pothesis cannot be confirmed in this respect. The results showed clear benefits of simul-
taneous re-assignment of already confirmed booking requests; however, the dispatching
with 100% of immediate requests still performs the best in the experiments made. Finally,



120 Taxis, Passengers and Stable Marriage

the third experiment found out that greediness in the re-assignment process does not pay
off and it makes sense for taxi drivers to accept the assignments with respect to the com-
mon system interest.

Hypotheses evaluation Result

1. The potential of simultaneous assignment to improve taxi dispatching performance 4
increases with the amount of booking requests that can be assigned at the same
time and works the best for immediate bookings.

2. The more advance booking requests, the better the taxi scheduling performance. X

3. Greediness of taxis does not pay off. Taxis should respect the system interest. v

Table 42 Evaluation of research questions and hypotheses

Simultaneous assignment of new booking requests as well as simultaneous re-
assignment of already confirmed ones is beneficial for taxi performance. Introducing ad-
vance booking options for passengers without substantially changing the dispatching sys-
tem is counter-productive and decreases the performance.

This work apart from the application of the stable marriage assignment algorithm for taxi
scheduling and dispatching, also systemizes the method estimating the costs and profits
of individual booking requests, handling the schedules, and also maps the fundamental
limitations of not just the stable marriage algorithm but also the commonly shared aspects
with other approaches.

It is the intention to provide initial and general insights into the performance of taxi booking
with the stable marriage algorithm. The results are credible within the limits of the listed
assumptions. They are promising and at the same time they reveal some fundamental
limitations of the approach as discussed before. It cannot be excluded at this point that a
very rigorous examination of the details of the simulation model and the assignment
methodology may lead to further improvements of the performance of taxi operation.

Future work

With respect to the application in reality, the proposed strategies need to be further scruti-
nized for their robustness in various supply and demand levels in stochastic environ-
ments, in which some requests are cancelled, traffic slows down unexpectedly, vehicles
break down, communication is delayed or lost, sensors are imprecise, location estimations
or map-matching of position to road network is incorrect or not available, and the street
topology or turn and stopping restrictions are not updated. In particular, learning capability
and feedback loops can be built to help to deal with imprecisions and wrong estimations.

Moreover, the potential impacts of the mechanism design of the assignment based on the
solution to the stable marriage problem should be examined in a separate study. For ex-
ample, the results might be further improved by the non-greedy assignment of booking
requests, a greedy scheduling system that accepts only better-performing schedules, an
adjusted order of proposal modifications and adjustments in the method of selecting pref-
erences. Especially the impact of combinations of varying many parameters at the same
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time should be investigated. In addition, it would be vital to include the dynamic fares and
costs. Lastly, extending the stable marriage algorithm to allow matching multiple women
to one man in time would be very meaningful.

A future study may survey in depth whether passengers are willing to trade shorter total
waiting time (from the moment of booking until pick-up) for a longer wait for the initial reply
from the dispatching system. In addition, it would be relevant to study whether taxi drivers
are willing to give away some of their freedom in choosing, which passenger to pick up in
exchange for increased earnings.

Real-time taxi dispatching is only one of the many challenges faced by taxi operators. Op-
erators are also challenged to appropriately set the taxi vehicle fleet size to effectively
meet the demand and to pre-allocate taxis in expectation of future demand. In order to
apply dispatching systems holistically, the fleet sizing and pre-allocation mechanisms
should be included. For automated vehicles, the planning of service, charging / refuelling
and cleaning activities should be included as well. In terms of the stable marriage algo-
rithm, the results might be further improved by adjusting the order of proposal modifica-
tions and modifications in the preference selection methodology. Further studies can also
compare the benefits and trade-offs of all known dispatching strategies.

The proposed methodology and the whole framework of describing the problem may also
find suitability in other related domains, especially where there is a need for a coordinated
matching system in which two parties care about the outcome of the assignment. The
candidate domain may range from warehouse and storing logistics, through the robotic
manufacturing process, to the assignment of same-day urban delivery tasks.

Benchmarking the performance of the stable assignment with other assignment ap-
proaches would be worthwhile. Ideally, there should be two benchmarks: One simple
benchmark, similar to the one used in this thesis, and the most elaborate one, based on
real demands, supplies and network — perhaps based on the work by Maciejewski and
Bischoff (2015) based on Berlin data.
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Glossary and abbreviations

DOD (Degree of Dynamism) — Ratio of immediate booking requests from all booking re-
guests. If DOD=100% all booking requests are immediate. If DOD=0% all book-
ing requests are advance.

FCFES (First-come, first-served) — Assignment strategy that assigns passenger booking
requests sequentially

GPS (Global Positioning System) — A space-based navigation system that provides loca-
tion information on the Earth.

ID (An identifier) — An unique identifier used to describe unique passenger requests and
unique taxis

KPI (Key performance indicator) — A type of performance measurement such as achieve-
ment of some levels of operational goals.

Log — An outcome of a logger, which saves the position of GPS device (and other varia-
bles) at (regular) time intervals.

OSM (OpenStreetMap) — A collaborative project to create a free editable map of the
world.

MATLAB (matrix laboratory) — A multi-paradigm numerical computing environment and
fourth-generation programming language developed by MathWorks.

SM (Stable marriage) — A stable marriage problem (also stable matching problem) is the
problem of finding a stable matching between two sets of elements given an or-
dering of preferences for each element.

Unix time — A system for describing instants in time, defined as the number of seconds
that have elapsed since 00:00:00 Coordinated Universal Time, Thursday, 1 Jan-
uary 1970.

VRP (Vehicle Routing Problem) — A combinatorial optimization and integer programming
problem, which asks "What is the optimal set of routes for a fleet of vehicles to
traverse in order to deliver to a given set of customers?" See chapter 2.1 "The
taxi dispatching problem” for more detail.
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Terms used in almost an interchangeable manner in taxi research literature and this
thesis:

e Approach / experiment

e Assignment/ insertion

e Booking request / booking / passenger / customer / client / trip / demand / pax
e Destination / drop-off positions

¢ Dispatching / scheduling / management / matching

e Dispatching algorithm / dispatching strategy

e Length of decision epoch / buffering time interval length / matching time
e Location / position

e Occupied / in service / on shift / on-trip

e Origin / pick-up positions

o Re-assignment/ re-insertion / re-scheduling / re-optimization

e Sequential / one-by-one / FCFS

¢ Simultaneous assignment / concurrent assignment / group assignment
e Taxis / drivers / supply

e Taxi schedule / taxi plan

e Trip travel time / on-trip time

e Vacant / empty/idle
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