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Abstract

There are quite a few solutions for crew scheduling, including some commercial applications. The same happens for aircraft scheduling and for flight scheduling including revenue
management. However, the airline operations problem did not receive the same attention has
the other airline scheduling problems. In this paper we introduce this problem and report the
work we are doing in the development of a Distributed Multi-agent System that will be capable
of dealing with the crew and aircraft recovery problem, during the airline operations phase.
The MAS deals with different operational bases and all bases cooperate to find the solutions
to the local problems. Robustness is a key feature and we achieve that through redundancy
in finding the possible solutions to the problem, using agents that compete in finding for the
best solution to be applied. To be an “Intelligent System” some kind of learning must be
available. We are using learning to define the crew member’s profile, to learn the use of stand
by crew members and include this learning in future crew scheduling and in suggesting new
solutions based on previous decisions. Finally, we would like to explore the possibility of having
a “kind of electronic market” for available crew members/aircrafts among airline companies,
to be used in crew and aircraft recovery. This would work as a “market” of solutions to specific
local problems and these solutions would compete with the recommended local solutions. To
develop the system the latest MAS methodologies, frameworks, tools and technologies will be
used. This includes GAIA, JADE, Agent-web services and IBM Rational suite of tools.
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Introduction

One of the most important areas in an airline company is the crew scheduling. Basically, after
defining the commercial flight schedule it is necessary to assign the necessary crew members to
the flights (and before that the aircraft fleet) and produce what’s called a roster. Usually this is
done in two phases: (1) pairing construction, that is, the creation of anonymous pairings starting
and ending at home base that should cover all the flight positions defined in the company flight
schedule, and (2) assign all pairings and other activities (for example, stand by duties) to individual
crew members. This is known as crew rostering.
After publishing the crew schedule or roster it is necessary to monitor any changes to this
schedule and act accordingly. This is the operation phase that is also known as tracking. Our
MAS addresses this important area, especially with the inclusion of intelligent features that allows
finding the best solution to the majority of the problems that arise during tracking. This includes
the replacement of crew members that do not report for duty, flight delays, commercial changes,
and son on. This kind of action is known by crew and aircraft recovery.
The MAS is also able to deal with different operational bases, with their own resources, solving
the local problems and contributing to the solution of problems in other bases. We would also
like to explore the possibility of trying to define a kind of “electronic market” of crew members,
aircrafts and solutions that will include other airline companies.

During the operations phase there are a lot of things that the system can learn: (1) the individual
crew member profile related with bids preferences and individual execution of the schedule roster,
(2) the real utilization of stand by crew members and (3) new solutions based on the previous
decisions applied to solve the problems. The result of this learning can be applied during crew and
aircraft recover (3) and during the crew scheduling (1) (2) to improve the resulting crew schedule.
To do our MAS we are observing the Airline Operations Department of TAP Portugal [9] - the
major Portuguese airline. This department works 24 hours a day and 7 days a week. We have
access to all the information and we are allowed to talk with the users and find out how they solve
the problems.
The rest of this paper is structured in the following way. Section 2 discusses the Airline Scheduling in a more detailed way. Section 3 introduces the methodologies, tools and technologies used.
Section 4 presents the Vision and Scope of our proposed MAS. Section 5 presents the analysis and
architecture of the MAS and Section 6 gives an overview of what we want to explore in the future.
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The Airline Scheduling Problem

According to [7] the interdependences of the several phases in the airline scheduling problem are
illustrated according to figure 1.

Figure 1: Phases and interdependences of the scheduling problem
Publish Timetable
The commercial flight schedule, that is, the schedule of flights that can be “sold” to passengers.
Fleet Assignment
The allocation of aircraft type (fleets) to the schedule flights.
After these two phases the planning process runs in parallel. The crew scheduling problem is
usually solved in two phases: crew pairing and crew rostering.
Crew Pairing
Consists of creating anonymous pairings, starting and ending at home base. Legal rules are applied
at this time (for example, maximum duration of each flight duty period, minimum rest time between two flight duty periods, maximum consecutive critical periods, etc.) as well as some company
rules (for example, minimum time for the rotation of the aircraft, maximum number of flight legs
in each flight duty period, maximum number of duration days for each pairing, etc.).
Crew Rostering
Consists of assigning the pairings and other activities (for example, stand by duties, training, and
reserves) and applying legal rules (for example, days off, vacation, and limits on duty/block time)
to individual crew members. For a more detailed list please consult [6].
The crew scheduling must be completed a few weeks before the day corresponding to the start of
the schedule and the result of this phase is a personalized roster for each crew member, usually for
a one month period.

Roster Maintenance
Consists of reflecting later changes, i.e., commercial flights changes, roster availability, etc., in the
crew schedule.
Tail Assignment
Consists of assigning the actual aircrafts (tail numbers) to flights and, consequently, the routing of
aircrafts individuals. This is typically done a few days before day of operations. In TAP Portugal
[9], for example, the personal roster is already published with the aircraft tail numbers. However,
this assignment is not final and it is dependent of the operations control.
Revenue Management
Corresponds to the adjustment of prices and seat availability according to the market and is carried out during the entire period from the publication of the flight timetable to the day of operations.
Operations Control
Or Disruption Management as called in [7] corresponds to the monitoring of the schedule execution,
trying to solve all the problems related with crew members, aircrafts and passengers. Every change
in the schedule, for example, flight delay or cancellation, aircraft fleet change, crew members that
do not report for duty, new flights scheduled, etc., that happens in this phase must be feasible for
crew as well as for aircraft and should minimize the passenger inconvenience. A high-level view of
this process as found in [7] is presented in figure 2.

Figure 2: Disruption management
During this phase, we call Crew Recovery to the process of solving crew related problems,
Aircraft Recovery to the process of solving aircraft related problems and Passenger Recovery to the
process of solving passenger problems. We’ll focus our interest, especially, in the Crew Recovery
process and, until a certain extension, in the Aircraft Recovery process. We’ll not address the
Passenger Recovery process in this paper.
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Methodology, Tools and Technologies

To develop our MAS we adopted the use of GAIA [11] as the Analysis and Design methodology.
Figure 3 gives a commented overview of this methodology.
In the analysis phase this methodology produces the following outputs: The environment model,
the preliminary role model, the preliminary interaction model and the organizational rules. In the
architectural design the role and interaction model are finished and in the detailed design the Agent
Model and the Services Model are defined. GAIA does not deal directly with implementation issues.
The results are a detailed but technology-neutral specification.
Following the suggestions of the authors of GAIA and because the collection of requirements
are in input for GAIA, we have adopted a goal-driven early-requirements analysis [8], [3], [2] for
early-requirements analysis and AUML [1] as the notation to use when appropriate.
To model and develop the MAS we use IBM Rational Software Architect [10] and, for the
database, IBM Universal DB2.

Figure 3: GAIA Methodology: a commented overview
Finally we use Java Agent Development Framework [4] as the middleware platform for our
system. JADE is a pure Java, middleware platform intended for the development of distributed
multi-agent applications based on peer-to-peer communication. Includes Java classes to support
the development of applications agents, and the “run-time” environment that provides the basic
services for agents to execute.
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Vision and Scope of our MAS

We are developing a Distributed Multi-agent System, applied to Airline Operations, with emphasis
in the following:
• Monitoring events.
• Automate the resolution of the most trivial problems in Crew and Aircraft Recovery.
• Solve problems for each operational base and share available resources with other bases.
• Open to solutions from other airline companies.
• Learning preferences and new solutions.
• Robustness through redundancy [5].
The main problems that arise during operations control are the following (for a more detailed list
of typical problems consult [6]):
Flight delays
Due to weather conditions, air traffic control restrictions, boarding problems, etc. This type of
problems can lead to delays on the flights that depend on the arrival of the aircraft and/or in
connection flights. Crew problems might arise.
Aircrafts malfunctions
Can lead to problems similar to the previous one. Crew and aircraft problems might arise.

Crew members not reporting for duty
It is necessary to find an available crew member for replacement. Can lead to flight delays in some
conditions or, in the most complicated cases, to flight cancellation.
Crew member’s delays in reporting for duty
Might be necessary to call the stand by crew. Might lead to problems similar to the previous one.
Commercial changes to the flights
Changes in the flight schedule, new flights, cancellation of flights and so on. Usually leads to a crew
scheduling (pairing and rostering) problem.
The final goals of our MAS are:
Problem anticipation
A successful and effective monitoring of events should be able to forecast possible problems and
allow on time resolutions.
Detailed and correct information
The system should be able to give the necessary information for the users to understand how the
solutions were achieved or, in some rare cases, to allow the users find a solution.
Apply the solution
The system should be able to apply automatically the best solution found or, in some especial cases,
the solution selected by the user. This might include the automatic creation of crew pairings and
their assignment to crew members.
Crew member profile
The system should be able to learn the crew members bid preferences as well the individual execution of the crew roster.
Use of the stand by crew members
The system should be able to learn the utilization of the stand by crew members during operations
control. The knowledge that came up from this learning should be used in future crew scheduling.
This will allow a better use of this rare and expensive resource.
Quick solution for trivial problems
Crew problems like the replacement of a crew member and/or flight delays that lead to crew problems, should be solved quickly and automatically.
From controllers to managers
The system should allow a reduction of the number of users that usually take care of operations
control. The idea is to have Operations Managers/Crew Tracker Managers instead of Operations
Controller and Crew Tracker Controllers. The system should do the control and the users should
be the managers.
Robustness through redundancy [5]
The system should be able to find solutions to the same problem using different algorithms.
As one can see this domain has very complex problems. Our objectives are ambitious but also
realistic. To be able to achieve them we came up with the following list of features to be implemented:
• Monitoring crew members reporting for duty.
• Monitoring of flight departures and arrivals.
• Monitoring stand by crew members.
• Monitoring commercial changes to the flight schedule.

• Log absences communicated by crew members to the operations control.
• Implement several algorithms to be used in finding the solutions: Evolutionary Computing,
Column Generation, Integer Programming, Heuristic Methods and others.
• Assign automatically the best crew to open positions in a pairing after choosing the best
solution from the several proposed by the different algorithms.
• Create/change pairings resulting from commercial flight changes or other problems after
choosing the best solution from the several proposed by the different algorithms.
• Log and learn the profile of each crew member related with bid preferences to be used in
future crew scheduling.
• Learn the profile of each crew member from the individual execution of each crew member
schedule and apply that profile in future crew scheduling.
• Learn from the use of the stand by crew members and apply that knowledge in future crew
scheduling.
• Learn from the applied solutions and with that knowledge propose new solutions.
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Analysis and Proposed Architecture

After observing the actual airline control operations system at TAP and combing that observation
with the vision and scope for the system, we came up with some hypothesis and predictions. The
experiments regarding our hypothesis are still “work in progress”. However we think it is important
to write our hypothesis and predictions now:
First, we hypothesize that the main objective of airline operation (that is, flights always on
time) will be much easier to achieve (that is, less flights delayed) if we take advantage of the fact
that the crew members belong to different bases. We predict that if we solve the problems first with
local resources and then with non-local resources, the solutions to the eventual problems will be
much faster to find and, in some cases, the non-local solutions might be the only solution available.
Second, we hypothesize that the use of different algorithms to solve the same problem (in crew
and aircraft recovery) will improve the achievement of the main objective of the crew and aircraft
recovery process (that is, to always find the better solution regarding “ensuring every flight has a
crew” and “ensuring that all flights are on time”, respectively). We predict that using different
algorithms (genetic algorithms, heuristic, etc.) in comparison with using always the same algorithm,
to solve the same problem, will permit to (1) always find the best solution (according to the criteria
defined by the company) and (2) to always find a solution, especially taking into account the fact
that we might benefit from solutions presented by other bases, as stated in the first hypothesis.
Third, we hypothesize that the implementation of a learning mechanism that will learn from the
use of crew members (in comparison with the previous and published schedule and in characterizing
specific situations) will permit a better use of the resources (especially crew members) in future
schedules. We predict that, for example, if we learn the real use of stand by crew members in
each month and in specific situations, will allow adjusting the stand by roster in similar months or
similar situations of future schedules, permitting to release crew members to be schedule to flights
(crew members are one of the most expensive resources in an airline company).
Forth, we hypothesize that if we extend the learning mechanism to learn the profile of each crew
member, regarding his/her preferences, will increase the level of satisfaction of them. We predict
that applying the learned profile of each crew member in future schedules of corresponding months
will produce a roster that will achieve the goals of the airline company and, at the same time, the
satisfaction of the crew members. Increasing the level of satisfaction of a crew member will decrease
the crew member’s absence to work.
In this paper our main focus is in the two first hypotheses. The examples that we provide will be
more concentrated in the crew recovery process and the other two processes (aircraft and passenger
recovery) will be presented only when necessary to understand the full picture.
As stated before, for the early-requirements we use a goal-driven approach, in this case, based
on TROPOS [2]. The first step is to do the Actor Modeling, which, according to [2], “consists of

identifying and analyzing both the actors of the environment and the system’s actors and agents”. In
early requirements modeling the main focus is on the application domain stakeholder’s intentions as
“social actors which want to achieve goals”. The actor diagram is a representation of that modeling
and a simplified version for airline operations is presented in figure 4.

Figure 4: Simplified actor diagram for airline operations control in TAP
The Crew Recovery actor has the main objective of ensuring that every flight has all the necessary crew members to operate. This is indicated in this diagram by the hardGoal represented
above the actor. The Aircraft Recovery actor has the main objective of ensuring that all flights
departure on time. The objectives of these two actors are related by two hard goal dependencies:
crew recovery actor depends on aircraft recovery actor to fulfill it’s objectives by the flights on time
goal dependency. Likewise, aircraft recovery actor depends on crew recovery actor to fulfill it’s objectives by the all crew on board goal dependency and on aircraft maintenance actor to have good
maintenance services. The Passenger Recovery actor has the main objective of ensuring a trouble
free flight to all passengers and this objective is pending by the flights on time goal dependency
with the aircraft recovery actor. All these three actors have very precise objectives (that’s the
reason for being indicated has a hardgoal) and their objectives are much related with each other.
From this diagram we can also observe other actors: Commercial Services actor is preoccupied
with doing the best revenue management possible. Aircraft Maintenance Services wants to provide
the best maintenance services and contributing to the fulfillment of the aircraft recovery actor
objectives through the good maintenance services soft goal dependency. Finally, the Crew Member
actor just wants to have no problems during the duty.
The next step is to do Goal Modeling, “conducted from the point of view of the actor, by
using three basic reasoning techniques: means-end analysis, contribution analysis, and, AND/OR
decomposition. In particular, means-end analysis aims at identifying plans, resources and softgoals
that provide means for achieving a goal. Contribution analysis identifies goals that can contribute
positively or negatively in the fulfillment of the goal to be analyzed. In a sense, it can be considered
as an extension of means-end analysis, with goals as means. AND/OR decomposition, combines
AND and OR decompositions of a root goal into sub-goals, modeling a finer goal structure.” [2].
The goal diagram is a representation of this modeling and in figure 5 we present a simplified version
of the Crew Recovery Goal Diagram.
For the actor Crew Recovery the goal ensures every flight as a crew is decomposed into monitor’s roster and assigns crew members to open flights. These two goals must be achieved so that
ensures every flight has crew be also fulfilled (that’s the reason for the AND-decomposition). Goal

Figure 5: Simplified version of the Crew Recovery Goal Diagram
decomposition can be closed through a means-end analysis with the objective of identifying plans,
resources and softgoals that provides means to achieve the goal. For example, the plan Query CRA
for crew no shows (depicted as a hexagon) and Query compass for open flights are means to fulfill
the goal monitors roster.
In figure 6 we present a simplified version of the Aircraft Recovery Goal Diagram.

Figure 6: Simplified version of the Aircraft Recovery Goal Diagram
As stated these are only simplified versions of some of the diagrams of the early-requirements of
our MAS. After the early requirements we start the analysis phase. According to GAIA [11], and
during this phase, we need to do the following tasks:
• Determine whether multiple organizations have to coexist in the system and became autonomous interacting MAS.
• Build the Environment Model, treating it in terms of “abstract computational resources such
as variables or tuples, made available to the agents for sensing, effecting or consuming”.

• Build the Preliminary Role Model, identifying the basic skills required by the organization
to achieve its goals, as well as the basic interactions that are required for the exploitation of
these skills.
• Build the Preliminary Interaction Model, capturing the dependencies and relationships between the various roles in the MAS organization, in terms of one protocol definition for each
type of inter role interaction.
• Define the Organizational Rules, that is, the responsibilities of the organization as a whole.

Figure 7: A simplified version of the proposed architecture for the MAS organization
The diagram of figure 7 presents a simplified version of our MAS architecture, after doing the
analysis according to GAIA. To avoid filling the diagram we did not represent all the resources
included in the environment as well as other agents that might be needed. We have also opted to
use the same graphical that appears in the GAIA paper, instead of a more formal one as AUML.
From this diagram we can see that there are two sub-organizations inside our MAS. According
to GAIA, sub-organizations are necessary when there are portions of the overall system that have
one or more of these conditions:
• Exhibit a behavior specifically oriented towards the achievement of a given sub-goal.
• Interact loosely with other portions of the system.
• Require competences that are not needed in other parts of the system.
As one can see, the two sub-organizations defined in this diagram, sub-organization 1 and suborganization 2, have a behavior specially oriented to the achievement of a given sub-goal, that is,
fulfill the objective “ensures every flight has crew” and “ensures all flights on time”, respectively. It
is also possible to infer from this diagram that each one of these sub-organizations are hierarchical,
having the Crew Recovery Agent and Aircraft Recovery Agent on the top of that hierarchy. Here the
agents Find Solution 1, Find Solution 2 and Find Solution 3, are competing so that they present
the best solution to the Crew Recovery agent. A similar situation happens on the other suborganization. With this organization we hope to prove our second prediction and give “robustness”
to our MAS through this “redundancy”.

It is necessary to point out that other bases can also propose solutions to the problems raised
by another base. In this case we have cooperation between the bases because it will be difficult for
another base to give a better solution than the ones found by the local base, making it impossible
to compete. However, this cooperation will be much important because the solution presented by
another base might be the only one possible. With this cooperation we hope to prove our first
prediction.
Our third and forth prediction are related with learning with the utilization of the crew members
in comparison with the published roster and in characterizing specific situations, and with learning
the profiles and preferences of each crew member, respectively. We hope to improve future schedules
with the learning from our systems. In this diagram this is simply identified by the Learning Agent.
In a future paper we will develop much more this feature. The Monitor Events Agent will be
responsible for monitoring all events that happen on our system, like, for example, crew members
not reporting for duty, flight delays, and son on. This agent will be responsible to broadcast for the
entire system when such an event happens. The Apply Solution Agent will be responsible to apply
the solution when that solution has been found. With this approach and when implementing our
system in an airline company, it will be easy to, for example, request approval from a user before
applying the solution.
From this diagram we can also see the interactions between agents, represented by the arrows
connecting them. It is possible to see that Monitor Events Agent interacts with Crew Recovery
Agent and Aircraft Recovery Agent but not with, for example, Find Solution 1 Agent. One of the
outputs of the GAIA analysis is a Preliminary Interaction Model and these interactions will be
represented in that model. For that representation, we will use AUML as a notation. That model
is finished during design but, as we stated before, we are not presenting that information in this
paper.
Finally from this diagram we can also see the access to the environment that each agent will
do. The environment is represented by the dark large ellipsis and each resource by a small and
darker ellipsis inside the environment. We did not represent all the resources involved, so that the
diagram did not become too cluttered. The arrows between the agents and the resources represent
the permissions that the agents/roles have. These permissions are taken from the Preliminary Role
Model that is also one of the outputs of the analysis. The Preliminary Role Model is finished during
design, but, from this diagram it is possible to see that some agents/roles have Read permission, that
is, are only authorized to read or sense from the environment and others have Change permission.
In this latter case, they are authorized to change the environment.
We would like to point out that in the final design of our MAS architecture we will have to take
into account issues like, computational time needed by each agent to perform it’s tasks, deployment
in a distributed environment and communication inside the MAS, security, privacy, etc. These issues
might lead to several changes in this architecture.
We know that the information presented in this paper is a simplified and yet incomplete version
of the system we are developing. However we believe that it has the necessary information to
motivate us in applying a multi-agent system, with all the “intelligent” advantages that come from
that kind of systems, to such a demand domain of business. Usually these kinds of problems are
approached with methods from Operations Research. From our experience and even though there
are some commercial applications to deal with this domain, the fact is that they all use the same
type of algorithm or method to solve all kind of problems raised during airline operations. That
characteristics leads to the fact that some of the solutions for the problems still have to be found
by the user, using his/her experience of the domain. We believe that a multi-agent system, with
the “intelligent” features we are incorporating in our system, will have all the conditions to be the
tool for the solution of all type of problems that might appear.
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Future Work

Besides continuing to work in our MAS, we would like to explore the possibility of having a “kind
of electronic market” for available crew members/aircrafts among airline companies, to be used in
crew and aircraft recovery. This would work as a “market” of solutions to specific local problems
of the airline companies and these solutions would compete with the recommended local solutions
obtained from the own airline company MAS.

Nowadays, airline companies some times have to rent aircrafts and crew members from other
companies, to be able to solve problems. What we want to do is to create a market, not only of
aircraft and crew members as a “bundle” but also of specific solutions. For example, if a specific
airline company needs a crew member to do a specific duty, the best solution (or the only one in
some cases) might be the use a crew member from a different airline. We know that things are not
so linear regarding the use of crew members from other airlines companies. Airline internal rules,
labor and country specific rules, European rules and crew qualifications, just to mention a few,
are to be taken into account when approach this subject. Others things like the communication
between different information systems, security, privacy and authorization, are also problems that
we will have to deal with. Finally we will also have to deal with everything that characterizes an
electronic market. We know that it is a hard job but we believe that, after solving all the questions
related with the regulation that will be necessary, this kind of market might be a profitable one for
airline companies or to companies that might be created just specialized in supplying solutions to
these problems.
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