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Abstract 

Replacement of conventional taxis by automated vehicles will challenge taxi operation in many ways. Decisions made by taxi 
drivers will be substituted by an integrated scheduling system that also manages the non-revenue generating activities such as 
vehicle pre-allocation, recharging and service trips. In order to tackle this challenge, this study introduces a theoretical 
framework for autonomous vehicles based on the model of a family. The family model decomposes the complexity of scheduling 
for automated vehicle fleets. It allows vehicles to negotiate among them in a decentralized fashion and at the same time it allows 
the fleet manager to set fleet priorities and to pre-allocate vehicles in locations of expected future demand. Furthermore, it 
proposes a transparent framework for communication with service providers. Moreover, this study discusses selected 
opportunities and challenges of automated vehicle fleets. 
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1. Introduction 

Automated taxi vehicle fleets will reshape urban public transport systems. In the automated era, the scheduling 
responsibility of the driver will be replaced by algorithms, since the vehicles are driverless. In particular, removing 
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taxi drivers and their decision making will trigger a comprehensive reconsideration of the whole taxi system and will 
lay the foundation for the future connected, data-rich and fully automated system.  

The objective of this paper is to propose a theoretical framework for the fully autonomous fleet management. This 
study aims to consider not only replacing conventional taxis with autonomous vehicles but on creating new 
operation ecosystems. This paper also focuses on challenges and opportunities of autonomous fleet management. 
However, one definitive solution for the scheduling is not presented in this paper. This study specially considers high 
demand automated taxi systems in megacities, in which the demand for taxis as well as related services often exceed 
the supply. 

2. Taxi operation in the literature 

The ultimate question for taxi dispatching is which taxi should be allocated to which passenger booking request. 
The following paragraphs provide an overview of taxi dispatching research and taxi passenger-searching strategies 
and general fleet manager considerations. 

2.1. Sequential and simultaneous dispatching of taxi to immediate bookings 

Historically, most of the taxi dispatching research focused on the rule-based sequential assignment of taxis to 
immediate booking requests. According to the rule-based sequential assignment, booking requests are assigned as 
they come on the first-come, first-come principle to the nearest available taxi.  

One of the first taxi dispatching studies by Bailey, Jr & 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 which is 
vacant for the longest time. Later, they investigated whether after delivering a passenger to the destination, should 
the taxi: (1) return 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) 

Subsequent research investigated details and incremental improvement potential of these rule-based dispatching 
strategies. For example, Lee et al. (2004) and Lee & Wu (2013) concluded that a time-based assignment is superior 
to a Euclidean distance assignment. 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 at traffic lights.  

Most recently Maciejewski and Bischoff (2015) studied various dispatching rules in under- supply and over-
supply context 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 were able to overcome a fundamental drawback of the 
sequential rule-based dispatching strategy, which is that once confirmed, booking request remain assigned to the 
same taxi. That may reduce taxi operation performance over time. As a result, taxi drivers’ costs rise and passengers 
wait longer or may not get a taxi at all. In order to suppress the drawbacks of sequential assignment of taxis to 
booking requests, researchers suggested to slightly delay assignment of new booking requests in order to buffer them 
and assign them simultaneously (concurrently). Buffering increases the number of assignments possibilities and 
thereby chance of finding more optimal assignment.  

Ngo (2004)studied simultaneous dispatching of taxis to immediate booking requests. He proposed a fuzzy linear 
framework to softly model the dispatching rules and their combinations (including taxi distance, utilization, time 
ratio and costs) and translate them to assignment of taxis to passengers. 

Seow et al. (2010) proposed a taxi dispatch architecture to support concurrent assignments of immediate bookings 
using a decentralized agent group negotiation approach that attempts to minimize the total customer pickup time of 
taxis. In every dispatch cycle, taxi agents negotiate on behalf of real taxi on how to assigns new requests, which were 
buffered in the last dispatch cycle. Seow et al. (2010) allow the taxi drivers to accept or reject the new assignment. 
All pending requests rejected by the drivers are forwarded to the next dispatch cycle. Moreover, Seow et al. (2010) 
extended taxi availability to include soon-to-be-available taxis, in order to allow 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, taxi fleet size or combination of both. Passenger bookings are first buffered and then centrally 
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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 a linear assignment problem solution in order to simultaneously 
assign new requests to available taxis. They were able to prove real time running ability and advantages of this 
method using a large scale simulation of Berlin taxi operation.  

2.2. Dispatching of combination of advance and immediate bookings  

Most of the studies only considered immediate bookings. However, there are few research teams that 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 pickup and delivery problems by 
Berbeglia et al. (2010) suggests two basic reassignment strategies: (1) re-assigning some of the confirmed booking 
requests (schedule adaptation) or creating the schedule anew by re-assigning all booking requests (constructive 
reinsertion).  

Lee and Wu (2013) propose a strategy for dispatching taxis to booking requests under a schedule adaptation 
framework. Passenger bookings are first assigned sequentially to the taxi, which can pick them up the fastest. Later, 
the advance bookings are subject to re-optimization in the 'local planning phase'. The local planning phase either 
assigns the confirmed advance booking request to another taxi or swaps it with another taxi. Only one booking could 
be modified per taxi in this phase, or in other words, chains of trips could not be exchanged. The criteria for 
successful swap or insertion are (besides its 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 a taxi 
more than once for some time. The re-optimization is only triggered by the new advance booking request and is done 
straight after the initial assignment.  

However, their experiment fully revealed a drawback of the schedule adaptation approach. Especially in high 
demand systems it leads to paradoxical situation: in peak times, where there is the highest potential for re-
assignment of bookings, the frequency of incoming booking requests is the highest. Or in other words, in the peak 
times there is the least time for computing re-assignments when it is needed the most (the dispatching problem is the 
most complex because the highest number of combinations).  

2.3. Shared taxis, dial a ride and other vehicle routing 

Wilson et al (1969) investigated a shared dynamic taxi service and routing algorithms as one of the first. A wealth 
of vehicle routing problem variations emerged. For more reviews of dynamic vehicle routing and dispatching an 
interested reader may refer to a general review by Gendreau and Potvin (1998), review of partially dynamic vehicle 
routing by Larsen et al. (2002), taxonomic review of vehicle routing problems by Eksioglu et al. (2009), review of 
dynamic pickup and delivery problems by Berbeglia et al. (2010), a review of dynamic vehicle routing problems by 
Pillac et al. (2011) (2013) and review related to express pickup and delivery processes by Ferrucci and Bock (2014), 
recent survey on location-routing problems by Prodhon 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 
transportation by Ronald et al. (2015). 

2.4. Searching for passengers & taxi waiting and pre-allocation strategies 

Besides dispatching taxis to revealed booking requests, taxi drivers pro-actively locate their vehicles where they 
expect they can get a passenger. Naturally, taxis are attracted to the demand centers. However, taxi drivers may 
consider the balance between the supply and demand at various times and locations.  

Taxi drivers at least the perfectly rational decision makers estimate and compare possible gains with the costs. 
The gains could 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). The costs could be 
directly connected with driving there (Shi et al., 2010), waiting there (Powell et al., 2011) and the imbalance of 
supply to demand in a region (Miao et al., 2015). Most of the pre-allocation/waiting/street hailing methods require 
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some sort of estimation 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 applications, it is the expected demand on the 
link or more commonly an area.  Some of the approaches are based on control, but the most produce 
recommendations. 

Mitrović-Minić and Laporte (2004) examined the impact of various waiting strategies ‘wait and search’ and 
‘search and wait’ in a tabu search framework. Kim et al. (2005) researched knowledge building of taxi drivers, 
implications of information available to taxi drivers and taxi drivers’ decisions on the overall quality and operational 
efficiency of taxi service. They have analyzed the effect of a taxi information system that helps drivers to efficiently 
seek for passengers. Shi et al. (2010) also experimented with information provision strategies, which could help 
drivers to find a taxi stand with waiting passengers. Yuan et al. (2011) proposed a recommendation system that 
navigates drivers towards a taxi stand through a specific route. Powell et al. (2011) investigated profitability maps 
overlaid over the geographical maps and their application for reducing cruising time. In the context of personal rapid 
transport and balancing the supply of vehicles at each station, Lees-Miller and Wilson (2012) investigated proactive 
empty vehicle redistribution by sampling and voting.  

Pavone et al. (2012) proposed another rebalancing strategy for on-demand mobility robots based on fluid model. 
Choo et al. (2012) developed a method for advising taxis to move to regions with 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. Bai et al. (2014) proposed another advisory system 
based on principles of stable matching. He and Shen (2015) proposed smartphone-based e-hailing applications by 
using equilibrium framework by Yang et al. (2010). Most recently, Lin et al. (2015) considered pre-allocation based 
on large scale real data and the real-time imbalance of supply and demand in dispatch regions.  

2.5. Other operations tasks of fleet managers and drivers 

Recharging, service and maintenance are non-revenue generating tasks that are not visible to passengers but are 
indispensable in the taxi operation. Recharging or refueling is an integral part of vehicle operation and especially 
battery electric vehicles require substantial 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 are occasional but more time demanding and of long-term 
nature (such as maintenance). Research literature that explicitly takes refueling and service trips into account is 
scarce. Notably, Fagnant and Kockelman (2014), who investigated pre-allocation strategies of automated fleets, 
considered vehicle refueling and cleaning at least in a form of simple assumptions of short time interval for refueling 
and cleaning after dropping off a passenger. 

3. Methodology: The family model for automated fleet scheduling 

As the review and common-sense experience suggest, taxi drivers, apart from driving, constitute substantial 
decision making body of taxi system. They are responsible for service, maintenance and cleaning and refueling/ 
recharging of the vehicle. Moreover, depending on the particular business arrangement, taxi drivers define or co-
define their working hours and breaks, pre-allocate their taxis in the expectation of future demand surplus, search for 
passengers by cruising on streets or waiting at taxi stands or stations and are accepting or rejecting assigned 
passenger booking requests.  

Apart from the drivers, the fleet managers, dispatchers and dispatching systems influence the fleet operation 
either strategically or operationally. On the strategical level, for example, the general strategy, the size of the fleet 
and the fare structure needs to be determined. On the operation level, the dispatching strategy assigns and re-assigns 
booking request to taxis. Coordinating taxis to serve locations with higher expected taxi demand than supply 
provides a competitive advantage. The variety of taxi system operations worldwide must be acknowledged, hence 
this analysis should be taken as a rough estimation, which needs to be adapted and modified to suit the particular 
conditions.  
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This study presents a framework for managing automated vehicle fleets autonomously. In particular, this study 
uses a metaphorical description of family which helps to decompose the complexity of multifaceted taxi operation 
and provides a framework for the automated vehicle 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 
decentralized decision making. The proposed family members are mother, father and children, as described below: 

3.1. Mother - Strategic manager 

The mother represents the fleet strategic manager, dispatcher and adviser. She is responsible 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 children’s behavior) 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’ behavior. These are the assumed main roles of the mother: 

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. 

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, in particular, to pre-allocate. The vehicle pre-allocation may help her to further improve the service, for 
example by reducing passenger waiting time, which, however, 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. 

The mother is receiving passenger booking requests. She communicates with the customers and the family 
members. The mother may collect a share or whole revenue from fares. 

3.2. 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 fulfilling 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 requests. 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 passenger trips. In order to do so, the children are able to estimate 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. 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 commands them. Both options 
of assigning the booking requests are possible. The advantage 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 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 use to improve estimation precision of supply-demand 
balance and for real-time routing of other traffic participants. 
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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, refueling cleaning, service and 
maintenance. 

3.3. Father - Provider of physical services 

The father provides the family with all necessary physical services such as recharging, refueling cleaning, service 
and maintenance. In essence, the father allows children to schedule the non-revenue generating activity. As 
mentioned in the introduction, as this study takes a special consideration of high demand taxi systems, it justifies 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 application programming interfaces. These interfaces enable separate business entities to 
communicate through one platform and thereby allow the transparent use of an infrastructure.  

In summary, Table 1 summarizes the possible shift of responsibilities in the proposed automated ecosystem based 
on fully automated decisions. The tick marks represent the possible carrier of the responsibility or the influencer. 
Depending on the particular setting, there could be more options possible. 

     Table 1. Possible shift of responsibilities in the proposed automated ecosystem based on fully automated decisions 

 
Activities / Decisions Who decides now?  Who overtakes responsibility in the future? 

 Taxi drivers Fleet manager   Children - 
Automated vehicle 

The mother - 
Strategic manager 

The father - 
Service provider 

Driving ✓   ✓   
Service, maintenance and cleaning  ✓   ✓ ✓ ✓ 
Refuelling / recharging ✓   ✓ ✓ ✓ 
Accept / reject passengers  ✓ ✓  ✓ ✓  
Pre-allocation / passenger-search ✓ ✓  ✓ ✓  
Defining working hours ✓ ✓  ✓ ✓  
Dispatch taxis  ✓  ✓ ✓  
Estimations of taxi supply-demand   ✓   ✓  
Define fare structure  ✓   ✓  
Estimation of needed fleet size  ✓   ✓  

3.4. Principal processes and communication streams & integrated scheduling framework 

This next section details briefly the aspects of the family based scheduling framework proposed and describes the 
building stones of the framework. These are the passenger booking requests, prediction of taxi supply-demand 
balance, infrastructure services booking and a scheduling approach for integration. 

Booking requests 

A booking request is a task to pick up and deliver a passenger. Booking requests are bounded: (1) in space by 
their origin and destination locations and (2) in time by the booking time and the desired pickup time interval. Fig. 1 
depicts the details of passenger booking request P 1. The passenger desires to be picked up within the pickup time 
interval at the origin and delivered as fast as possible to the destination. 
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Space  Time 

  

Fig. 1. Passenger request (P 1) in detail. 

Prediction of taxi-supply demand balance  

The illustration on Fig. 2 represents a simplified expected taxi-supply demand balance. The darker grey tones 
indicate the taxi vehicle undersupply and the lighter grey the oversupply.  Based on this estimation; the mother may 
ask some children to pre-allocate to the favorable positions or at least move from the positions with high 
undersupply at current moment as well as in the future. The favorable positions could be, however, as seen in the 
review, not just expressed by the balance of supply and demand but also by the profitability, likelihood of pickup. 
Moreover, they may just not be based on areas as depicted in a figure, but road links with directions instead. 

 
   Favorable position with a high taxi undersupply 

  Balanced position with a balanced supply and demand 

  Not favorable position with a high taxi oversupply 

Fig. 2. Prediction of expected taxi-supply demand balance. 

Booking of infrastructure services 

Service infrastructure and its reservation is illustrated on Fig, 3. 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 could be done on certain location. That’s very favorable, because 
it can be represented on the schedule in a very similar fashion as trips with passengers. 

 

   

Fig. 3. Service infrastructure and their booking. 

 

Desired pickup time  

Estimated travel time 

Origin 

Destination 

Booking time 
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Automated fleet scheduling 

Fig. 4 illustrates the outcome of this integrated scheduling 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 ‘Vacant’. The 
bottom part of Fig. 4 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 Fig. 4 with 
three recharging spots (RS 1 - RS 3) and two service spots (SS 1 – SS 2). 

 

 

Fig. 4. Proposed integrated scheduling framework for automated vehicle fleets. 

Fig. 5 illustrates the main processes and communication streams of the framework among the family members. 
When a passenger 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 centralized decision by the mother or children decentralized negotiation) to 
the particular vehicle based on the current priorities. Then, the mother replies to the passenger by confirming the 
booking request or by rejecting it (if there is no more taxi available, which can serve the booking request). 
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Fig. 5. Family based scheduling framework. 
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4. Discussion - opportunities and challenges 

Automated taxi fleet scheduling comes with handful of opportunities bus also challenges. The following lines 
discuss briefly selected ones related to the implementation of the algorithmic part of the family model. 

One vs. more families 

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 satisfaction. Each father represents a unique company, which provides the 
recharging, cleaning and other services.  

Centralized vs. decentralized decision making 

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.  

Learning features vs. hard-programmed 

Automation of the whole scheduling process may also be an opportunity for implementation of machine learning 
algorithms, instead of traditional optimizations. The rationale behind is that the spatial-temporal complexity and at 
the same time variability of the problem in various locations, could be increasingly difficult to cope with and on the 
limit of human perception and ability to solve it efficiently. Machine learning algorithms may have tremendous 
advantage in the amount of data being able to process and the ability to learn from the past choices.  

Synergies with other on-demand fleets  

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 urgent urban post and parcels, food or medical 
supplies. There does not need to be a dedicated fleet for one purpose. On the contrary, sharing would improve 
utilization and efficiency. 

5. Conclusions and future work 

This study introduces a scheduling concept for fully automated vehicle fleets; and in particular an approach how 
to decompose 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 infrastructure and service providers. The 
scheduling framework allows scheduling of various trips and tasks and, therefore, can expand beyond automated taxi 
scheduling. The framework needs to be elaborated further ideally using real data and a real business case.  
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