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Abstract. Inter-urban road passenger transportation requires the allo-
cation of drivers and buses to transport people. In such allocation pro-
cess, several constraints on driving time are being imposed by the gov-
ernments in order to assure citizens safety. Such constraints, however, are
posing a lot of difficulties to the allocation process, usually generated by
human operators. In this paper we formalize the problem and provide a
solution approach based on a multi-agent environment. Particularly, we
propose the use of combinatorial auctions. The first results obtained in
the first prototype developed are provided and discussed.

1 Introduction

Road passenger transportation has been for years a matter of concern for the
traffic responsible in order to minimize bus accidents. Traffic accidents in general
are one of the major mortality rates in developed countries. In this line, several
European governments are campaigning for better driving practices. Regarding
buses, the European law is also evolving in order to control professional driving
licences and driving times, with the aim of assuring the maximum guarantees to
the citizen that use road passenger transports.

This new laws and regulations are posing a lot of requirements to the compa-
nies related to this economic field. The challenge is not so much related to regular
and down town services that can be scheduled once a year, but to just-in-time
services. That is, services required within a short period of time, usually, from
one day to the next one. This kind of services are often related to conference
events, holidays, excursions, etc., which are provided by inter-urban transport
companies.

In the past, human operators in the inter-urban transport companies were
in charge of allocating drivers to required services once a day. For example, at
night, when all the customers have already performed they requests, the opera-
tor dedicate so much time to the allocation process. New laws and regulations,
however, are posing too many constraints for being manually managed. As a by-
pass solution, operators elaborate schedulers in which drivers have unoccupied
hours. The economic consequences for the benefits of the companies are evident:
with the same amount of drivers, they can provide less services, and so they earn
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less money. Moreover, there is no guarantee that all the constraints imposed by
the law are satisfied, so the company is assuming the risk to be billed by the
traffic authorities.

Trying to face this problem, we are working in the development of new
scheduling techniques. Particularly, from our experience on the use of multi-
agent resource allocation techniques in the RoboCup Rescue environment [1],
and ambulance transportation [2], we have modelised the problem following a
multi-agent approach, and applied combinatorial auctions to solve the problem.
In this paper we present our first results.

This paper is organized as follows. First, we give a description of the road
passenger problem in section 2. We continue by giving our approach to solve the
problem in a multi-agent environment in section 3. We proceed by giving our
first results in section 4 and we end with some discussion and conclusions in 5.

2 Problem description

In the road passenger transportation domain we are given with two set of re-
sources, drivers D = {d;,...,d,} and buses: B = {by,...,by}, and a set of
tasks (services) to be performed by using the resources S = {si,...,s}. The
problem consists on assigning to each service a driver and a bus, subject to the
constraints and preferences provided by the government .

The problem can reduced to driver allocation. There are two main reasons
for that. First, each driver has a bus assigned by default, so the second allocation
process is trivial when solving the first one. And second, in case that additional
buses were required, there is no problem to rent extra ones. The critical resources
are drivers.

The time unit used in the allocation process is the hour. However, in order
to verify the different constraints imposed by low, the definition of a sliding time
window of one month is also required. For convenience, we consider a month
composed by 28 days organized in four weeks: week 1 (from day 1 to 7), week
2 (from day 8 to 14), week 3 (from day 22 to 28) and week 4 (from day 22 to
28). All the definitions that follows are contextualized within this sliding time
window.

2.1 Services
Definition 1. A service is a tuple
s; =< tig, tf;, dur;, orig;, dest;,n;, D, b; >

where ti; is the initial time, tf; the final time ( ¢f; > ti;), dur; the service
duration, orig; the place where the service starts, dest; the destination place,
n; the number of passengers, D* the drivers assigned (D' = {dj,...,d} } and
|D?| > 1) and bi the bus allocated.

Further refinements of the problem should include itineraries, that is, Iti =<
track;,,...track;, >, where track;, = orig; and track;, = dest;.



2.2 Drivers
Definition 2. A driver is a tuple

di =< Zd7Tp7 ’b77;wapi7pkmi >

3 7

where T4, T, T}, and T,* are four different time measures (effective working
time, presence time, break time and weekly-break time, see below), p; is the
basic cost and pkm; is the cost per kilometer.

The effective working time T2 measures the time the driver i is effectively
driving a bus. This time includes auxiliary works.

Definition 3. The effective working time T,* for driver i is defined as the set of
all dairy effective working times within the sliding time window:

T4 = {1, .. T

where: Tidj is the dairy effective working time for day j.

Definition 4. The dairy effective working time for day j, Tidj , is the sequence
of all time slots assigned to driver ¢ for driving a bus along journey j:

dj _ ,dj d;
7 =t <<t

Each time slot t?g represents the initial time in which the driver should
start a given service. The duration of the time slot t?}j is noted as |tf}j |. Note

that |th: | cannot necessarily equals the duration of the service. According to the
different constraints, several drivers can be assigned to a service, so a time slot
can partially cover the service duration. It is the addition of the time slots of all
the drivers assigned to a service that should totally cover the service duration
(see problem formulation at section 2.4).

Definition 5. The accumulated effective working time for day j is defined as:
Zd; d;
Ti i — Z |tk]|

k=ij

The presence time T,” measures the time the driver is in the bus but not
driving.

Definition 6. The presence time T} for driver 7 is defined as the set of all dairy
presence times within the sliding time window:

TP = {10, T)

where Tip 7 is the dairy presence time in day j.



Definition 7. The dairy presence time for day j, T}, is the sequence of all time
slots assigned to driver ¢ along journey j in which he/she is not driving:
Pi _ P; P;
7=t <.. <t

There should be a relationship between two consecutive effective working
time slots, t¢ and ¢¢,; and a presence time slot in between, t%. That is, if two
consecutive effective time slots have some time gap, such time gap should cor-
respond to a presence time slot.

Definition 8. The accumulated presence time for day j is defined as:

ij

Tixpj = Z ‘t£j|

k=ij,

The break time 7, measures the time the driver is out of the vehicle along
its journey. The minimum length is one hour.

Definition 9. The break time T,” for driver i is defined as the set of all dairy
break times within the sliding time window:

TP = {1, 1)
where Tibj is the dairy break time for day j.
Definition 10. The dairy break time for day j, Tibj , is the sequence of all time
slots assigned to driver i along journey j in which he/she is out of the car:

T.bf = t’.’j

g L1

<<ty
Jb
where each \t?? | > 1.
ik
Definition 11. The accumulated break time for day j is defined as:

Zjb

T = 3

k=ij,

The weekly break time 7, measures the time the driver has continuous break
along a week (week ends, holiday). Weekly break time includes dairy break
time. Both concepts, break and weekly-break should be considered as separated
entities related to constraints required by the UE.

Definition 12. The weekly break time T,” for driver i is defined as the set of all
four break times corresponding to the four weeks within the sliding time window:

TV = {1, T

where Tiwj weekly break time in week j



Definition 13. The weekly break time for week j, T;", is the sequence of all
time slots assigned to driver ¢ along week j in which he/she is either out of the
office:

T =

i iy 7T My,
Definition 14. The accumulated week break time for week j is defined as:

Yjw

T = 30

k=i,

The break time is included in the weekly time, and such relationship is for-
malized according the following expressions:

7 14 21 28

wi Dby w5 _ by qwi Dby qwi by

tijl = E Tz ’tijl = E Ti vtijl = E Ti vtz'jl = E Tz (1)
k=1 k=8 k=15 k=22

2.3 Constraints and preferences
The following constraints should be satisfied in any allocation solution:

Coverage The addition of all the time slots of effective working time of the
drivers allocated to a service should cover the duration of the service.

Overlapping Different services with common drivers assigned should not have
overlapping times.

Constraints on effective working time The maximum effective working time
within a day is 12h, with some exceptions.

Constraints on effective working time There are several maxima on the ef-
fective working time: 12 hours in a day, 90 hours in a week, and 4.5 h of
continuous driving time

Constraints on presence time : the maximum is 20h per week in average
inside the sliding time window.

Constraints on break time : the minimum continuous break time between
two consecutive journeys is 11h. In case that the time is split in several bits
at least one of the bits should be 8h long, the remaining bits should be at
least 1h long, and the total amount of all the bits should be 12h. Vehicles
with two drivers are allowed to have a minimum continuous break time of
8h within 30hours.

Constraints on weekly break time : the minimum continuous weekly break
time is 36 hours.

All such constraints are subject to different exceptions. For the sake of length,
we do not include the formal specifications of the constraints and preferences here
(see [3] for a full description and formalization of the problem).

Regarding preferences, two main issues should be addressed:



Cost Drivers with low cost are preferred than expensive drivers. Low cost
drivers means 0 basic cost, since they are employer of the company. Oth-
erwise, drivers are hired as required. The same is applicable to buses.

Continuity Time slots of effective working time for a given driver are preferred
to be continuous.

2.4 Problem formulation

Definition 15. Driver’s allocation problem. Given a set of services S = {s1, ..., 81}
required in day z, and a set of drivers D, assign a set of drivers D? € 2P for
each service s; subject to the constraints and preferences described above.

Each driver di € D" should then have allocated at leat one time slot in his
effective working time tij € Tg” for service i, and eventually some time slot in
his presence time 7 € T}*. The remaining time of the day is allocated as break
and weekly-break time for the corresponding driver.

Different solutions are feasible. Each solution sol has a global cost c¢(sol) that
relates the number of constraints violated, the number of preferences unsatisfied,
the drivers cost and the buses cost. The optimization problem consists then on
finding the best solution. Formally:

Definition 16. Driver’s optimization problem. Given a set of services S = {s1, ..., s}
required in day x, a set of drivers D, and a function cost ¢, find the set of drivers

D' € 2P for each service s; subject to the constraints and preferences described
above so that ¢ is maximized.

The complexity of the problem is known to be exponential, regarding the
number of services requested.

3 Multi-agent resource allocation approach

The road passenger transportation problem described in the previous sections
has a lot of information regarding drivers, namely different time variables. In
addition, constraints are mainly focussed on the different time variables of the
drivers. So we believe that the problem is naturally distributed according to the
drivers information. For this reason, we propose a multi-agent system as the
supporting system for the allocation problem, in which each agent represents
the interest and preferences of a driver. Then, each agent is responsible of a
single resource, a driver, and the multi-agent resource allocation is the process of
distributing a number of items (services) amongst a number of agents according
to [4].

We also adopt from [4] the interpretation of the social welfare term. If each
agent has its individual preferences, measured by an utility function (cost of a
solution), the concept of social welfare is the sum of the individual utilities and
can be used to measure the quality of the allocation from the viewpoint of the
system as a whole.



From our experience, we propose the use of combinatorial auctions as the
allocation procedure. It is a centralized procedure, in which a single agent, the
auctioneer, decides upon the allocation from the bids reported by the remaining
agents (drivers).

A picture of the system is shown in Figure 1. The remaining of this section
is devoted to explain the driving and auctioneer agents.

GUI wrapper agent MULTI-AGENT SYSTEM

Transport
Data base
wrapper agent

Auctioneer

Fig. 1. The multi-agent resource allocation system

3.1 Driver agent

A driver agent keeps information about a single driver (resource), that is, their
occupancy, their constraints and preferences. For this purpose, each driver agent
has an agenda. The agenda of driver d; for day x contains the assigned services
to this driver. It is composed of several time slots, each one with the following
attributes: identification, duration, starting time, end time, service (see table
3.1).

Table 1. Driver agent agenda.

slot id|duration|start time|end time|service
t1 durf tit tft Sj1
t5 dury tis tfy S5,
ty dury, tiy, tfy 55,

The starting time tif of each slot ¢ assigned to a service sj, is later than



the starting time of the service ti;, .
Vk’,tii S t% > tijk S S

Analogously, the end time ¢f}’ of each slot ¢7 assigned to a service sj, is
earlier than the end time of the service ti;, .

Vk‘,tf;f S ti < tfjk € Sj,

Each day, the driver agent participates in the auction process supervised
by the auctioneer agent, in order to find the allocation of the services for the
given day. For this purpose, each driver agent generates all possible agendas
according to the required services and measures the goodness of each agenda
according to a cost function c(agenda). The cost function takes into account
the number of violated constraints, closeness of effective working time slots, and
drivers preferences. For example, agendas with lots of gaps between different
effective working time slots have a high cost than agendas with continuous time
slots.

3.2 Auctioneer agent

The auctioneer agent is responsible of the allocation procedure. Particularly,
it starts a combinatorial auction process from which all the drivers agents are
informed of the current requested services. Then, the drivers agents answers with
the corresponding bid.

According to the services requested, each driver agent d’ generate a possible
partial solution or alternative regarding the tasks that it can perform. Each
alternative is a pair (Seqé, c;-), where Seq§ is the sequence of services that the
driver can accomplish according to the agenda and the corresponding cost. For
each service, the corresponding initial and end time are also provided.

Seq;’ = {< 8j17tijl7tfjl >, < Sj27tij27tfj2 >, < Sjni"tijni,?tfjniv >}
J J J

Since there are n drivers, each of which generating n’ alternatives, the total
amount of alternatives are Y. ; n;. The best combination of all of them should
be selected. This is what has been call the winner determination problem. Cur-
rently, there are two algorithms showing the best results: CABOB [5] and CASS
[6]. We has chosen CASS, mainly because of our experience on it.

4 Results

We have implemented a first prototype of the system in JADE (see [7] for de-
tails) and we have performed several experimental tests with real data coming
from a inter-urban transport company, that for confidential reasons we cannot
mention here. There were 70 drivers and in average 40 services per day should be
scheduled. In each experiment different parameters have been changed : amount
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Fig. 2. First results. X-axis shows the service/bid ration, while the y-axis the percent-
age of services covered.

of bids per driver, amount of services per bid, and rate between drivers and
services. That is, when both, the amount of drivers and services is huge (close to
the maximum), the response time of the system is too high. So, we have estab-
lished a tradeoff between both concepts: when there are few number of drivers, a
higher amount of bids per driver are allowed; otherwise, a lower amount of bids
per driver are generated.

Figure 2 shows our first results. The x-axis corresponds to the number of ser-
vices per bid, and the y-axis the percentage of services from which an allocation
has been achieved. That is, due to the constraint on the number of bids allowed
to the drivers, not all the services are covered by the system. As the number
of services is increased, each driver submits less number of bids in the auction
process. The best results obtained are when each driver submits in average 2
services per bid.

We think that this preliminary results can be improved with the develop-
ment of better bidding policies for driver agents. Moreover, we are thinking on
developing some kind of recursive auction techniques in order to start a new
allocation process with the remaining services.

5 Discussion and conclusions

In this paper we have presented the road passenger transportation problem,
from a formal point of view, and an approach to find a solution by means of
multi-agent resource allocation. Transportation problems are a matter of concern
from the Intelligent Agent research community, as the recent publication of [8]
has shown. However, most of the problems are related to logistics for industrial
procurement [9] , traffic control [10], and even bus routes for cities [11]. However,
the inter-urban transport poses particular challenges to the research community
that have not been tackled before. The definition of different time measures, as
effective working time, presence time, break and weekly break time, characterize
the problem with quite complex constraints and preferences not handled in other
domains.



The preliminary results shown on this paper point out the computational
complexity of the the multi-agent system when dealing with real problems. Fur-
ther improvements and research effort is required. Regarding improvements, we
are thinking of using the CASS source code that is free from the author’s web
page. For sure, his code is more effective than our re-implementation. Second
improvement is related to the agent platform. JADE has several drawbacks re-
garding computational costs, and probably, other platforms as RePast can be
more suitable.

Finally, we are also interesting on researching bidding policies that guarantees
the finding of a complete solution without the necessity of dealing with all the
combinations. In this sense, and according to [12], the complexity of the problem
can be reduced depending on the topological space of the bids.
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