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Abstract. Nowadays, vehicles of modern fleets are endowed with advanced de-
vices that allow the operators of a control center to have global knowledge
about fleet status, including existing incidents. Fleet management systems sup-
port real-time decision making at the control center so as to maximize fleet per-
formance. In this paper, setting out from our experience in dynamic coordina-
tion of fleet management systems, we focus on fleets that are open, dynamic
and highly autonomous. Furthermore, we propose how to cope with the scala-
bility problem as the number of vehicles grows. We present our proposed archi-
tecture for open fleet management systems and use the case of taxi services as
example of our proposal.

Keywords: Multiagent systems, coordination, open systems, dynamic fleet
management, dynamic optimization

1 Introduction

The increase of human mobility and freight transportation in urban environments
presents one of the challenges major urban cities in Europe and all over the world are
faced with in today’s society. It is one of the causes of congestion problems, ineffi-
ciencies in logistics and energy use, and air pollution in modern cities [1, 2]. To ap-
proach this challenge, innovative transportation solutions are required that allow for a
more efficient use of resources (vehicles, energy resources, roads, etc.) but that assure
at the same time flexible mobility solutions for both citizens and freight distribution.
The idea of smart cities presents new challenges and requires new solutions related to
traffic and transport. As a direct result, in the last years more and more systems that
promote the shared use of vehicles have begun to emerge [3]. Solutions like public
bicycle services, bike or car sharing systems, or applications like UBER, providing
taxi services through “free” drivers, have the objective to improve human mobility
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and at the same time reducing its cost. Also in the domain of freight distribution in the
business sector the idea of “flexible” fleets that are composed on the fly by vehicles
from possibly different owners has emerged. The goal is again to optimize the use of
available resources but also to increase the flexibility in providing services with more
and more demand fluctuations.

We call this type of solutions open fleets. Similar to the traditional fleet concept, an
open fleet is operated by some entity that manages and coordinates the use of a lim-
ited set of resources in order to provide a specific transportation service. However,
open fleets extend the traditional fleet concept towards a new dimension of openness:
vehicles may join and leave the fleet at any time, and the capacity of the operator to
control the fleet in its entirety may vary considerably. Both of those aspects imply the
need for new solutions in the field of fleet management and fleet coordination.

In this paper we discuss the concept of open fleets and present preliminary work
towards new solutions for management systems for these type of fleets. In section 2
we specify our notion of open fleet as compared to static and dynamic fleets. Section
3 presents an initial proposal for an architecture for a management system for open
fleets. Section 4 defines an algorithm for assigning service tasks in a fleet manage-
ment system in an efficient manner. Due to its decentralized nature, we believe that
this algorithm is especially applicable for (very) large open fleets with high service
demands. Finally, section 5 presents some conclusions and future work.

2 Fleet coordination: from static to open fleets

In this section we analyze different notions of fleets and discuss the requirements and
possibilities for their efficient coordination. We proceed from simpler to ever more
complex types of fleets, ending up with open fleets, which constitute the main focus
of this paper.

In general, we conceive a fleet as a set of vehicles, possible of different types, that
is used by some organization (fleet operator) with the aim of providing a specific
transportation service. A transportation service comprises the fulfillment of several
service or transportation tasks, in a given geographical region and distributed over
time. And a transportation task consists in transporting objects (goods, humans, ...)
from one geographical position to another.

Usually the objective of any fleet operator is to improve the efficiency of the fleet
operation. In particular, the aim is to maximize the quality of the service that is pro-
vided while minimizing the operational costs.

Regarding the quality of service, the objective is usually to reduce waiting and
transportation times. However, other aspects may also be important, like reducing
traffic congestions, an equalitarian and fair usage of the resources, etc.

The operation cost of a fleet, is composed of two components: i) a fixed cost of
each vehicle, and ii) a cost for each transportation service. The latter depends on the
type of vehicle that has done the service and the required distance of movements.

The efficiency of a fleet based transportation service depends on long term strate-
gic decisions (e.g., the fixed number of vehicles in the fleet; the distributions of vehi-



cle bases in the geographical region, etc.) and on the coordination of the fleet at the
operational level. And different types of fleets require different coordination mecha-
nisms for assuring an efficient operation.

Fleet Management Systems (FMS) are usually used to implement such coordina-
tion mechanisms. They have been used in a wide range of vehicle fleet-related appli-
cations in the fields of transportation, distribution and logistics. They can either sup-
port operators at a control center to take decisions both, at long term and at the opera-
tional level, or they can implement control and coordination strategies directly, with-
out human intervention. In general, the objective of such systems is to improve the
efficiency through an efficient coordination of the fleet, adapted to the specific trans-
portation service that is provided.

2.1 Static Fleets

Static fleets operate in situations, where the number of vehicles and also the number
of transportation tasks is constant (or almost constant) during the normal operation of
the fleet. Typical examples of this kind of fleets are traditional public transport sys-
tems, like bus fleets, trains, metro, airplanes, etc.

For such systems, the goal of FMSs is to support planning and scheduling of the
fleet (at long term), maintain the performance of the system as close as possible to the
preschedule plans (e.g. timetables) and monitoring and actuating in case of unex-
pected events.

A key problem is the design of a transit route network. It consists in optimizing the
(fixed) routes and schedules of the service under constraints such as the number and
length of public transportation routes, allowable service frequencies, and the number
of available vehicles. Furthermore, at the tactical level, the challenges also include
supporting decision-making regarding the modification of the routes and schedules in
order to adapt to seasonality, changing trends, or changing customer demands.

Static route network planning has been studied widely in the past. Good reviews
can be found in [4,5,6]. Typically, the approaches focus on the development of opti-
mal or near-optimal plans using various types of effective vehicle routing algorithms.
Fleet schedules designed a priori with static route planning assume the following: all
relevant data is known before the planning starts, and the time required for creation,
verification, and implementation of route plans is of minor importance (e.g., offline
planning).

The use of an initially created fleet schedule, is usually not sufficient to assure effi-
cient operation, since it may not cope adequately with unexpected events during exe-
cution like, e.g., traffic delays, vehicle breakdowns, road works, and other, which may
cause fleet delays, unexpected costs, and poor customer service. Thus, at the opera-
tional and real-time level, the challenge is to respond to such events in an adequate
way, i.e. to detect deviations from the initial dispatch plan and adjust the schedule
accordingly by suggesting effective re-routing immediately.

We consider semi-static fleets as fleets that are used for transportation services
where the planning of routes and schedules is repeated at certain time intervals. This
occurs, for example, in many logistics scenarios, like fright distribution or parcel de-



livery services. There, routes for a given set of transportation tasks are planned on a
daily basis. The planning phase is still static since all service tasks are known before-
hand, and exact routing algorithms can be applied. Usually, in such environments, the
incidence of unforeseen events is greater, e.g. due to the cancellation of service tasks,
time restrictions for delivery, etc. Therefore, real-time management systems that are
able to treat such situations are of greater importance [7].

2.2 Dynamic Fleets

Dynamic fleets operate in an environment where transportation tasks appear on-the-
fly and, thus, their operation cannot rely on pre-defined schedules. Usually, the objec-
tive is to provide transportation services “on demand”. Typical examples for the ap-
plication of such types of fleets are taxi services, certain commercial delivery ser-
vices, courier fleets, fire trucks, police cars, emergency medical services, and so on.
Thus, dynamic fleets are characterized by a fixed number of vehicles but a dynamical-
ly changing and a priori unknown number of transportation tasks.

For dynamic fleets, the management tasks focus mainly on the real-time operation-
al level. The main goal of FMSs is to solve the allocation or dispatching of vehicles,
that is, assigning vehicles to transportation tasks in an efficient way. Usually, effi-
ciency means minimizing the global travel distance of the fleet (the sum of the re-
quired travel distances for all transportation tasks). Minimizing the global distance
implies reducing the operational costs, as well as improving the service quality (by
reducing the average time required to fulfill all service tasks). This problem, known as
the dynamic vehicle routing problem, has been studied widely in the literature. Good
surveys in this regard are [8,9,10]. Many approaches are based on an adaptation of
static algorithms. Here the main challenge is a rather short time horizon for decision
making: as the degree of dynamicity of the environment increases, usually time-
consuming optimization algorithms are less applicable.

In addition to the allocation of vehicles, the problem of vehicle deployment and re-
deployment is of importance. This problem refers to the task of distributing the avail-
able resources (vehicles) both at spatial (in the geographic area of influence) and tem-
poral level. The underlying idea is to distribute vehicles in the area of interest based
on the current and the expected demand, such that new appearing service tasks can be
completed in a fast manner. Especially for services that require a quick response to
certain events, effective deployment strategies can improve the service quality con-
siderably. This is the reason why deployment approaches have been extensively stud-
ied in the area of emergency medical services where short response times are of fore-
most importance.

Some reviews of the research in the field emergency medical services are [11,12],
concentrating on covering models and optimization techniques for facility location,
and [13] analysing the use of simulation models in emergency medical service opera-
tions. Early deployment approaches treated the problem in a static long-term way
trying to find optimal distributions of vehicle base stations in the region of interest,
according to observed or estimated demand patterns and possible changes in the envi-
ronment (e.g. planned population variation or urban developments), e.g., [14,15].



More recent approaches propose short-term dynamic deployment and redeployment
models so as to adapt the fleet to the demands in any moment. Here, vehicles are ei-
ther redeployed among a set of base stations (e.g., [16,17]), or in a patrol like way
without using fixed stations (e.g., [18,19]).

Finally, in certain environments, dynamic allocation and re-deployment strategies
may be combined with a priori planning. In such a context, timely close decisions are
more important than the ones more remote in time.

2.3  Open (Dynamic) Fleets

During the last decades, vehicle sharing systems have proliferated. The main idea
behind such systems is to maximize the utilization of vehicles for transportation tasks
by reducing the times vehicles are idle. Instead of using private vehicles for a limited
number of (private) transportation tasks, vehicles are used by different users, maxim-
izing in this way their utilization.

Sharing systems may be of different types. On one hand, a number of vehicles,
owned or operated by some organization, may be used by different users for their
individual transportation needs, like it is the case in bicycle or car sharing services for
human mobility. Here, the advantage is a reduction of the number of vehicles and,
thus, of the operational costs, necessary for providing a transportation service. On the
other hand, private users or organizations that own vehicles may offer a partial use of
those vehicles to others, or may participate with their own vehicle in the provisioning
of a given transportation service. This is for instance the case in “free” taxi or courier
services, like UBER', where private people participate on an irregular basis in the
provisioning of a certain service. In this case, the advantage is again a reduction of the
number of vehicles exclusively dedicated to a transportation service. But also the
possibility to have at disposal a “flexible” fleet that can adapt its size to varying ser-
vice demands.

We call the type of fleets that are used in sharing systems open fleets. Open fleets
are characterized by the following aspects:

*  Dynamic service demand: Like dynamic fleets, open fleets are dynamic in the
sense that service tasks may appear dynamically at any time and at any loca-
tion (within the region of operation).

*  Dynamic number of vehicles: The number of vehicles that participate in the
fleet may also be dynamic. New vehicles may join or leave the fleet at any
time and this should not affect normal fleet operation. It should be noted that
also in sharing systems with an a priori fixed number of vehicles (like public
bicycle services) the systems are conceived to operate regardless the actual
number of vehicles in a given moment. Vehicles may be retained (e.g., for
reparation) or new vehicles may be put into the system at any time, and this
should not affect fleet coordination at the operational level.

*  Autonomy / limited control: The capability of the fleet operator to regulate and
control the fleet’s behaviour may be limited. In open fleets, the usage of a par-

! https://www.uber.com/



ticular vehicle, its availability in a given moment at a specific location does
not only depend on the operator’s decisions, but also on the user or owner of
that vehicle. Here, individual preferences, objectives and needs of owners and
users have to be balanced with the global objectives and goals of the system in
its entirety. Depending on the particular application, there may be fleets that
are more controllable, and others that allow only for very limited control, as it
is the case, for instance, in a public bicycle service.

*  Size: Whereas static and dynamic fleets typically operate in rather small envi-
ronments with a limited size, open fleets are conceived to potentially work on
a larger, maybe unlimited, scale.

Regarding long-term fleet management, at the tactical level, techniques that are
applied in static and dynamic fleets may also be applied in open fleets, e.g., for calcu-
lating the adequate number of vehicles, or identifying good locations for base stations
(where it applies). However, as for dynamic fleets, the efficiency of an open fleet
depends much more on the coordination at the operational, real-time level. Here,
however, we believe that the methods and techniques used in FMSs for static and
dynamic fleets are not sufficient.

Operational management of open fleets must focus on coordination and regulation
mechanisms that deal with the problem of balancing global and individual objectives.
The aim is to maximize the achievement of individual needs and preferences but at
the same time assuring an efficient operation with regard to some globally desirable
parameters. Also, the type of global objectives may be different to static or dynamic
fleets. Especially for public mobility services, parameters like energy efficiency, egal-
itarian and fair usage of resources, traffic reduction in a city, etc. will usually be of
importance.

The basic decision tasks that have to be solved in operational management are the
same as in dynamic fleets: i) task or vehicle allocation, and ii) vehicle (re-
)deployment. However, due to the characteristics of open fleets, research on new solu-
tion approaches is required. We consider that there are essentially two new aspects
that have to be considered.

The first aspect refers to the lack of control capabilities of the fleet operator and the
autonomy of the vehicle drivers or users. Whereas in a dynamic fleet it is assumed
that the orders regarding task assignment or re-deployment of vehicles are always
fulfilled, in open fleets the autonomy (of greater or lesser degree) of the vehicles with
respect to the fleet operator implies that the latter cannot impose a certain behavior.
For instance, in a bicycle sharing system, a user will usually decide by himself which
bike to take and he will return it at the station he likes to. In a “free” taxi service,
where private drivers accomplish transportation tasks, the drivers may be able to re-
ject task assignments and may also leave the fleet at their will, thus, not following a
certain re-deployment strategy. Instead of using coercive strategies for imposing a
certain behavior, fleet management should rely on soft, persuasion techniques. Or it
may be necessary to combine both, coercive and soft enforcement mechanisms. Thus,
the task of an FMS system consists not only in computing an optimal assignment and
deployment solution in each particular moment (like for dynamic fleets), but also in



convincing the drivers and/or users to adopt such a solution. In addition, the optimali-
ty criterion has to be changed to a utility criterion. Optimal solutions in the fleet con-
text, usually involve the joint actions of several vehicles. This means that there are
multiple possible points of failure (drivers not accepting the assigned task). In this
sense, a best solution is not any more one that minimizes some global parameters, but
a solution that has the highest utility; combing both the minimization of global pa-
rameters and the probability of being successfully executed.

Depending on the application domain, different persuasion techniques can be ap-
plied in order to convince users /driver to act in a specific way, such as incentives,
argumentation, social reputation, etc. [23,24,25] Furthermore, trust and reputation
mechanisms may be used to estimate the future behavior of drivers/users based on an
analysis of their historic behaviors. Such information may be helpful when deciding
on how to persuade a specific person, or when estimating the probability of success of
a given assignment and/or deployment solution.

With regard to the (re-)deployment task, a common problem in large scale vehicle
sharing applications for human mobility is that the flow of vehicles is usually not the
same between different areas and, thus, the vehicle distribution may become unbal-
anced with respect to the demand in the near future. There have been different pro-
posals for supporting fleet operators with operational strategies for relocation and
redistribution of vehicles in order to meet future demand [20,21,22]. In addition to
such techniques, we believe that persuasion mechanisms may help to avoid unbal-
anced distributions of vehicles (at least partially) and even may be used to adopt a
given distribution to a changing demand pattern. The idea is to use persuasion tech-
niques (like recommendation, argumentation or incentives) to convince the users to
adapt their travel routs slightly towards a situation that represents a better distribution
of the vehicles with regard to future demand.

The second aspect we consider, that should be taken into account in an FMS for
open fleets, is scalability. As we mentioned before, open fleets are often conceived for
large-scale problems with potentially many transportation tasks and vehicles. Usually
also the dynamicity of such systems, in term of the frequency of new service task
demands, is quite high. Furthermore, the fleets should be robust with regard to the
appearance or disappearance of vehicles as well as with regard to local incidents or
problems. That is, such situations should not affect the global operation. In order to
cope with this aspect, distributed and scalable coordination approaches that rely on
local computations of assignment and (re-)deployment strategies should be used at the
operational level.

In the next section we propose a preliminary architecture for management systems
for open fleets that takes the above-mentioned aspects into account.

3 An Architecture for Smart Open Fleets

There are two main problems fleet operators are faced with: task allocation and rede-
ployment. The allocation problem consists in determining which vehicle should be
sent to serve a given task. Redeployment consists in relocating vehicles in the region



of influence in a way that new tasks can be reached fast and/or with low costs. Both
issues are particularly challenging in dynamic environments, as continuously upcom-
ing new tasks may require attendance, and the current situation of the fleet may
change due to external influences. In order to maximize vehicle utilization and to
improve service quality in such environments, task allocation and vehicle redeploy-
ment should as well be accomplished in a dynamic manner, adapting the coordination
of the fleet seamlessly to upcoming events and changing demands. In order to ade-
quately capture the real-time requirements in such a scenario, we set out from an
event-driven approach.

Fig. 1 depicts our architecture for open fleet management. It contains three basic
layers: the top layer contains the vehicles; the second layer represents the fleet coor-
dination modules; while the third layer includes other components that are necessary
for the normal operation of a fleet operator (e.g., components for monitoring, global
fleet control, etc.).
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Fig. 1. Architecture for open fleets
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In the fleet coordination layer, a Fleet Tracker follows the operational states and
positions of the vehicles”. It informs the Event Processing module about any changes
in the fleet that would require an adaptation of the task allocations and/or the deploy-
ment of idle vehicles. This module analyses the incoming events (state changes of
vehicles and new task events) and determines whether or not a re-calculation of task
assignments and/or deployment of idle vehicles should be done. If necessary, it trig-

2 We assume that vehicles have capabilities to send their current positions on a regular basis

and to inform about changes in their operational states.



gers the execution of the task allocation and predictive redeployment modules. The
Task Allocation module, when executed, re-calculates the optimal global assignment
of all pending tasks (in the current moment) to vehicles, based on a set of assignment
criteria (depending on the application domain). The Predictive Redeployment module,
calculates adequate positions for all idle vehicles at the current moment taking into
account predictions concerning the appearance of new tasks (based on historical data)
and the current state of the fleet.

Prediction is carried out taking into account historical data and other external
sources (e.g. weather forecast, leisure events, etc.). Depending on the application
domain, new tasks can be triggered by fleet users (clients) by communicating with the
fleet operators or directly with the fleet coordination layer.

In order to deal with the (possible high) autonomy of vehicles, we include persua-
sion and trust and reputation modules in the architecture. The Persuasion module is in
charge of providing actions for inducing agents (vehicles) to carry out the actions that
tend to improve the overall performance measure of the system.

Information about previous experience of vehicles within the system can be ex-
ploited so as to take better decisions. The Trust and Reputation module is in charge of
modeling the expected behavior of agents’ in the system using feedback provided by
the fleet tracker. That information is used at least in two different though related
ways: (i) what actions have to be chosen and (ii) how agents can be influenced ac-
cordingly. For instance, in a vehicle renting scenario, the information about liability
of users to return vehicles at the expected time can be used for estimating the number
of available resources, which is important for task allocation decision. Likewise, the
information given to a particular user in the course of an explanation or persuasion
dialogue can be different depending on his/her expected behavior.

It is important to note that, depending on each particular case, not all modules de-
scribed in the architecture are necessarily implemented.

As the number of vehicles increases, an important aspect to take into account when
designing an architecture for open fleet management is scalability. The approach fol-
lowed to this respect highly depends on the application domain: coordinating a fleet
of about ambulances (for instance, there are less than 30 advanced life support ambu-
lances in the Spanish town of Madrid [19]) is obviously quite different from orches-
trating taxis as open fleets (Madrid can count on 15000 registered taxis). To address
scalability, in many approaches the environment is divided into (generally overlap-
ping) areas, and the control is applied locally in each area. Coordination is needed in
case there are conflicts for using shared resources or services. That kind of approach-
es has been used, for instance, for public transportation management [26]. In the next
section, we present a distributed coordination algorithm for taxi service assignment.

? Depending on the domain, agents can represent vehicles (e.g. taxi) or users/clients (person

renting a bike).



4 Example: Taxi fleet coordination

In this section we apply the aforementioned architecture in a system for coordinating
a fleet of “free” taxi services in a big city, where there are thousands of taxis (as men-
tioned before, some 15000 taxis in the case of Madrid). Usually, there are several taxi
companies which taxis are affiliated to. They coordinate service calls, either assigning
a taxi to the client or asking those taxis nearby who is interested in doing the service.

One of the main goals of the taxi company is to reduce the response time (e.g., the
time between a client call and the moment a taxi arrives).

This scenario has the main features we used to characterize open fleets: (i) taxis
join and leave the fleet anytime during the day, and (ii) taxis are autonomous since
they decide whether they take a service and it is not possible to enforce them to carry
out their commitments. In this example, we focus on the task allocation part of the
architecture. We assume that event management and fleet tracking are processed by
the corresponding modules. We do not use predictive redeployment in this scenario.

A naive method many companies use for taxi assignment is the closest method rule
based on the first-come/first-served (FCFS) principle. That is, the first client in the
system is assigned first, then the next client, and so on. In each case, a client is as-
signed to the closest available taxi (using GPS) in that particular moment.

Imagine the scenario shown in Fig. 2, where there are three available taxis, and two
clients. ¢/ asked for a taxi a few seconds before c¢2. Fig. 2a shows the locations of
taxis and clients, numbers represent the distance® between them. Fig. 2b shows the
assignment resulting from applying the naive strategy: when ¢/ entered the system the
closest taxi (¢/) was assigned, and then 3 was the closest to ¢2 (with a total distance
3+10 = 13). However, there is a better assignment, as shown in Fig. 2¢, where both
clients get a taxi at distance 4 (total 8), which is better for a global point of view (c/
has a lightly worse taxi but there is a high improvement for c2).

10 4 3 4
(@ @ -l .- ---- b SREEEET LR p— -¢
13 c2 1 ct ©2
10 4 3 4
b) & >eszssn=nn B e S -*
13 c2 t ct 2
10 4 3 4
L e T, - ----- — o
(c)
3 c2 1 ct 2

Fig. 2. Taxi assignment strategies: numbers represent distances, t1, t2 and t3 are available taxis,
cl and c2 are clients. (a) without assignment; (b) FCFS and shortest path with c1 appearing
first; (c) optimal assignment

4 At this point it is not important the distance function used.



The situation (b) was due to the FCFS strategy although both clients arose very
close in time. That could be avoided using time windows so that several clients could
be considered together and a better global assignment could be obtained.

We follow a different approach for the assignment of taxis to clients (task alloca-
tion). Our proposal is inspired by Bertsekas’ auction algorithm [27]. We already de-
veloped an extension of Bertsekas’ auction algorithm for efficiently coordinating the
fleet of ambulances of the Emergency Medical Assistance Service SUMMA112 in the
Autonomous Region of Madrid in Spain [19].

However, unlike the ambulances scenario, taxi drivers have higher autonomy. In
particular, they have to accept the assignment proposed by the system. Furthermore,
they might not fulfill the agreed service, so incentives/penalties are necessary to en-
force their commitments.

The process of deciding which taxi is proposed to be assigned to a given client is
based on the following idea. Clients bid for the available taxis in an auction process.
Every taxi has a “virtual” price’. First, the prices of all taxis are initialized to 0. Then,
the auction process starts. In each iteration, a bidding and an assignment phase take
place. During the bidding phase, each client ¢ that is not currently assigned to any taxi
determines the taxis #; and #; with the least cost (p;) and second least cost (p,), respec-
tively. The cost of a taxi ¢ for a given client ¢ is computed as proportional to the ex-
pected travel time for ¢ to reach client ¢ plus the current cost of ¢ (other functions can
be used). Then, client ¢ issues a bid for its best taxi (¢;), where the bid value is the
difference between the cost of the second best and the best taxi for ¢ plus a constant €.
The rationale behind this bid value is that, at the current prices and up to a price in-
crement of p, — p; for taxi ¢, client ¢ would prefer this taxi with regards to its second
choice (#), i.e. it represents how important for the client is to get that taxi compared to
get the second choice. For instance, in the example of Fig. 2, if client ¢2 does not get
taxi ¢] its price increment would be 6 (10 — 4), while for ¢/ would be only 1 (4 —3). ¢
is a (positive) constant (the minimum price increment), necessary to assure termina-
tion of the auction process. After all unassigned clients have issued their bids the as-
signment phase takes place. Each taxi # that received a bid is assigned to the client ¢
that issued the highest bid for that taxi. If #; was already assigned to another client, it is
deassigned previously. Finally, the price of #; is incremented by the highest bid value.
The bidding and assignment phases are repeated until all clients are assigned to a taxi.

Dealing with Scalability

As discussed before, in fleets with high number of vehicles, scalability becomes a
real problem. This is the case of taxi coordination in big cities, where thousands of
taxis circulate daily.

Our proposal for coping with that problem is a distributed execution of the method
described above. It consists of three type of components running in different devices:
a taxi application that participate in the auction and finally accept or reject services, a

* Do not confuse with the price a client has to pay for a taxi service



client application that runs on the client device (e.g. smartphone) and a central server
that manage a registry with basic information of taxis (such as location and cost).

The central server® is in charge of maintaining the location, price and status (avail-
able, occupied) of each taxi, and provides a set of functionalities such as calculating
the closest taxis to a given location. Taxis send periodically their location to the serv-
er, and update their status and cost.

Fig. 3 shows the algorithm running on the taxis. It basically manages the participa-
tion in the auction for deciding which taxi is in charge of accepting the service a client
needs.

1:  price=0

2:  current client =null

3:  Wait for bid<c, p.>

4:  tmp client=c

5:  price =p;

6:  updatePrice(t, price)

7: Start time window

8:  repeat Wait for bid<c, p,;> or end of time window
9: if p. > price then

10: reject(tmp_client)
11: tmp client=c

12: price = p;

13: updatePrice(t, price)
14: else

15: reject(c)

16: end if

17: until end of time window

18: if taxi driver accepts then

19: notifyAssignment(t,tmp_client)
20: else

21: reject(tmp_client)

22:  end if

Fig. 3. Taxi algorithm executed whenever a taxi ¢ gets available

The algorithm is started when the taxi becomes available (it joins the fleet or fin-
ishes a service). Initially the price is established to 0 and waits for a bid from a client
(line 3). The bid includes the client ¢ issuing that bid and the price p. it offers. After
receiving the first bid, the taxi establishes a time window during which it will accept
bids from other potential clients. The variable tmp_client stores the client that is tem-
porally assigned to the taxi during the time window. Then, the taxi waits for a new bid
or the end of the time window (lines 8-17). If a new bid is received, then there are two

® We consider the server “conceptually” centralized, we do not focus in this paper on the

distributed implementation of the registry.



possibilities: (i) if the price of the new bid is lower than the current price then the
client is rejected (line 15); (ii) if the price is higher then the client is temporally cho-
sen, the price is updated and the previous temporal client is rejected (lines 10-13).
When the time window finishes the temporal client is definitively chosen and, after
receiving the confirmation from the taxi driver (line 18), a notification (line 19) or
rejection (line 20) is sent to him/her. Assignment notification (notifyAssignment(t,c))
and price update (updatePrice(t,p)) communicate with the central registry, which
update the information of taxi ¢ accordingly.

Fig. 4 shows the algorithm executed when a client asks for a taxi service. It asks
the central registry for the two taxis with lowest costs (line 2). The registry returns
(function searchCheapestAvailableTaxis) basic information of such taxis including
their current prices (according to the algorithm) and their “costs” (taxi price + dis-
tance to client). Then, the client issues a bid to the cheapest taxi (line 3) and waits for
an answer. If the bid is rejected, then the process is repeated until a bid is accepted.
Functions cost and price return information of cost and price of taxis, respectively.

1 repeat

2: <t1,t2> = searchCheapestAvailableTaxis(c)
3: Bid(tl, cost(t2) — cost(tl) + price(tl))

4: Wait for answer

5 until bid accepted

Fig. 4. Client algorithm
Persuasion

As mentioned previously, autonomy is a characteristic of this kind of systems. In
particular, taxi drivers are free to accept or reject client assignments. As detailed in
Fig. 3, at the end of the auction process the taxi driver has always the option to reject
the assignment proposal.

However, it might be interesting to use mechanisms to foster taxis to follow the as-
signments recommended by the system, or even worst if they do not actually fulfill
the service they committed. In section 3 we pointed out this aspect by including trust
and reputation and persuasion in the architecture.

Even though in the proposed algorithm we did not deal with the problem of con-
vincing driver to accept the clients the system recommends, this aspect could be inte-
grated by manipulating the prices of taxis in the auction process. In particular, a trust
model could be used to determine “reliable” drivers. During the auction, the central
server could increase the price of “unreliable” taxis such that clients will be less in-
clined to bid for such taxis (if they have other similar options).



5 Conclusions

In this paper we have discussed the coordination of transportation fleets. The main
contributions of this work are (i) an analysis and classification of different types of
fleets ending up with the introduction of the notion of open fleets, (ii) an architectural
framework for the management of open fleets, and (iii) some preliminary work on a
decentralized algorithm for vehicle assignment that could be applied, for instance, in a
large “free” taxi service.

In the future, we plan to evaluate the proposed decentralized algorithm for taxi as-
signment. In particular, we will compare its efficiency against the approaches that are
currently applied in real world applications (e.g. FCFS with shortest path). In addi-
tion, we will explore other decentralized options (for instance based on spatial divi-
sion of the region).

Finally, we will also like to analyze in more detail the relation between the auton-
omy of taxi drivers and the system performance.
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