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Abstract

It is an ingrown fear to most travelers, frequent or not, to lose their
baggage while flying from one destination to another, but if you take
a look behind the scene you will experience a system with a com-
plexity unlike most others.

The baggage handling system (BHS) of an airport is just one link in a
long chain of processes your bag is going through. The BHS stret-
ches from check-in or unloading of a plane onto the BHS (connec-
ting flights), to it is collected at the gate and transferred to your flight.

The conventional control software uses a strategy primarily based on
a shortest path algorithm, not taking into account dynamical changes
or utilizing less packed areas of the system to increase capacity.

We changed that perspective towards a decentralized multi-agent
based solution by developing strongly collaborating agents, to repla-
ce the original control software. The hierarchy of agents horizontally
spans the system through local agents capable of altering the flow of
totes, and vertically through mediator agents, which have a global
perspective and support decisions of the local autonomous agents.

The local agents monitors their own local neighborhood for rising
queues and other delaying factors, which aggregate to a status of
the node, influencing the decision of other agents trying to route
totes through this node. Interactions are handled as a combination of
contract-nets, queries, and subscriber interaction schemes, which
generalized the agent interfaces from the specific application.

An agent-based approach not only improves robustness of the sys-
tem, and utilize the entire BHS in a more convenient and dynamical
way, it also include strategies for maximizing capacity of the system,
which follows a work in-progress against capacity curve (WIPAC).

In this paper we present the agent-based design of the control-
software, and elaborate on the mutual collaboration compliant with
the FIPA interaction schemes. We present ontologies used for shar-
ing information and services among the agents as well as the results
of our work for a major airport hub in Asia, and compare it against
the traditional centralized strategies. We complete the paper by
drawing some conclusions and present ideas for future work.



1 Introduction

The baggage handling system (BHS) for transfer baggage in major airports is
similar in setup and functionality to many job shop and manufacturing systems —
baggage enters the systems through various channels, undergoes various
processes (mainly routing), before it leaves the BHS at the departure gate.

A BHS is a huge mechanical system, usually composed of conveyor-like mod-
ules capable of transferring totes (plastic barrels) carrying one bag each. We
have researched a BHS for a major airport hub in Asia, with more than 5000 of
these modular components each with a length between 2-9 meters, which run
at speeds from 2-7 meters per. second. The BHS alone can easily be up to 20
km. in total length and may cover an area of up to 600.000 square meters. A
BHS should be capable of handling more than 100.000 pieces of baggage
every day, and for the airport we have researched the maximum allowed trans-
fer time for a suitcase is 8-11 minutes for a distance of up to 2.5 km.

The figure below shows a tiny part of a BHS.

1.1 The core task

The overall task of a BHS could be described as simple as transferring bags
from A to B, but the highly dynamic environment complicates the control and
optimization of capacity in the system. Changes in flight schedules, lost bag-
gage information, and breakdowns are some of the factors, which in combina-
tion with peak loads on the system result in queues and delayed baggage.

In many airports the BHS only takes care of transit baggage for connecting
flights. All check-in baggage is distributed to the correct flights using a tradition-
al sorter system, unless the passenger checks in long before departure, so the
bags need temporary storage. In general the BHS could be described as a pro-
duction system with a number of input facilities (toploaders) receiving baggage
from arriving planes (or early check-in baggage), which is the procurement to
the production system [1].



Apart from toploaders, the system has a dischargers at the departure gates,
which temporarily are allocated to one or more flights. If a bag enters the BHS
before a discharger has been allocated to the flight, it must be sent to temporary
storage (EBS — Early Baggage Storage) or claimed by the passenger.

BHSs are typically built by conveyor-like systems with totes” or DCVs transport-
ing the baggage. As totes or DCVs in many systems have to stop or slow down
when discharging or unloading, respectively, the capacity for that lane section
goes down, and a queue can accumulate behind the discharger, thus more
dischargers are often allocated to the same flight to distribute the load.

Identity and destination of the bags is unknown until scanned at the input facili-
ty, as no reliable model exists for arriving bags, which together with complexity
and time constraints makes exact off-line scheduling impossible.

Traditionally the control software of the BHS is built on a rather simple centra-
lized, but reliable, approach based on static shortest path calculations of the
system. Each pre-calculated route between toploaders and dischargers are
given a route number and when the destination of a bag is known by the sys-
tem, it follows that route until it reaches the destination — no redirections during
the transfer, unless there has been a lane breakdown.

The structure, complexity and task of the BHS make is an appropriate candidate
for an agent-based control system.

1.2 MAS technologies

MAS technology, which spawned from artificial intelligence as DAI (Distributed
Artificial Intelligence) [2], offers an approach to decompose complexity of sys-
tems into a number of collaborating autonomous agents. System-wide tasks are
solved partly by subtasks in the individual agents, which are coordinated and
aligned through their interaction patterns.

Interaction schemes and communication protocols for agents can be specified
or programmed in an ad-hoc or domain specific manner, but to increase com-
mon understanding and platform independence, FIPA? provides a set of specifi-
cations for interaction protocols supporting both negotiation and co-ordination
between agents [3]. The protocols have analogies in human societies and are
adopted or extended for software agents. Examples of such interaction patterns
are auctions, publisher-subscriber relationships, and queries. Also the terminol-
ogies in agent messages can be generalized using ontologies, which have roots
in knowledge engineering, and it decreases the dependencies among the
agents and the underlying platform.

1.3 DECIDE

Our research case of the BHS for the airport in Asia is conducted in collabora-
tion with the company installing and producing the BHS, FKI Logistex. This case

! Atote is a container into which your baggage is inducted upon entering the system, and a DCV
(Destination Coded Vehicle) is a small train-like wagon running on a rail-system

> FIPA is an IEEE standards organization that promotes agent-based technologies



is part of a larger research project called DECIDE, which focus on promoting
and proving the appropriateness of multi-agent based control in production and
manufacturing systems.

Major Danish manufactures are among the other partners of the consortium: Le-
go, Grundfos, Bang and Olufsen (B&O), and Odense Steel Shipyard. The pro-
ject has been supported by The Ministry of Science, Technology and Innovation
of Denmark.

2 Approach

Recent year's advancement in computer and graphics performance has made it
possible to do realistic real-time simulations of very complex environments,
including productions systems like the BHS. The ability to continuously interact
with the simulation model during operation creates a perfect off-site test-suite
for the control-software, which emulates the real BHS.

2.1 Emulation model

Together with another consortium partner, Simcon, the BHS company FKI Lo-
gistex has created an emulation model of the researched BHS using the Auto-
Mod simulation and modeling package [4]. AutoMod is a de-facto-standard for
systems analysis of manufacturing and material handling systems.

One of the strong advantages of using AutoMod is that you can communicate
with the model over a standard socket connection, which is almost identical to
the connection between the control server and the PLCs in the real hardware.
Thus the control software cannot see the difference, if it is connected to the
emulation model or the real hardware. The same protocol and telegrams are
used, which simplifies the development process, and makes the emulation
model reliable, whenever the basic communication has been tested correct.

A snapshot of the emulation model is shown in the figure below. It shows the
area with input facilities for terminal 3 of the airport.

In our agent-based approach the connection is handled through a special agent
name, AdapterAgent, which act as a gateway between the agents and the emu-
lation model. So the agents are still virtual collaborating processes running on a



centralized server, therefore the agent approach can replace the traditional
control software with no hardware changes.

2.2 Agent based design

Given the layout of the BHS the most intuitive approach of decomposing and
decentralization the decision logic, is to add agents anywhere the flow of bags
can change. The main reason for this approach is that no practical arguments
exists for changing decisions for bag on the conveyor lines between the nodes
in the graph spanning the routes of the BHS®, as no changes in direction can be
made before it reaches a new node of the graph.

The node agents corresponds mainly to diverter and merger modules in the real
setup, but other specialized modules exists, such as lifts and cross-transfers,
which can direct a bag in 4 directions.

Ideally, with respect to generality and simplicity in the design of the agents and
control software, the domain of observation for each agent should only span the
edges from the node to the next node in the graph, which means the input and
output lines of conveyors at each node. But for some decisions, agents require
more information about the current status of the load on the entire system, e.g.
when deciding between alternative dischargers far from the current location.

In order to support such kind of system-wide collaboration of agents, a number
of mediator agents assist the node agents with dynamic information about the
routes and load on the system. The RouteAgent is the most important mediator
agent, which can be queried for information about routes from one node to oth-
ers in the BHS. The route information contains information about the nodes
along the route, which corresponds to the agents that the node agent should
collaborate with, but it also informs about delays on different routes, so e.g. a
dynamic shortest-path route can be chosen.

More details of the individual agents are given in the sections below. Only a
subset of the most important agents is described.

ToploaderAgents

ToploaderAgent waits for arriving baggage, which can then be inducted (or top-
loaded) into an empty tote, and starts its journey on the BHS. Empty totes (the
transport barrels on the BHS) come from a stacking storage and the bags
comes from traditional conveyor belts.

DivertAgents

DivertAgent represents divert elements in the BHS, which basically can send a
bag along one of two output directions. So here is an option for choosing be-
tween routes, if both output legs can lead to a legal destination. A special va-

*In theory the flow could be more fluent, thereby increasing the capacity, if bags can avoid stopping
and minimize acceleration and deceleration, but in practice that should be controlled by the strate-
gies of the node-agents.



riant of the divert elements are the so-called cross-transfers, which can send a
tote along all four directions (left, right, forward, and backward).

MergeAgents

When the graph has divert elements, there must also be merging elements for
the graph to be connected. The task of the merger is to forward totes from the
two input legs and send them along the single output leg. Adjusting the ratio
between the two input legs is the primary task for the MergeAgent.

DischargeAgents

DischargeAgent corresponds to a discharger in the system, which besides be-
ing allocated to different flights also has the task of emptying totes and sending
the empty totes back to the tote stackers. Attention must be given to the task of
the dischargers, because even though the job seems rather simple (discharge
the present tote or not), the empty totes must be directed back to the tote
stackers, which are located near the toploaders. The empty totes shares the
conveyor lanes with the full totes. That is a focus point for optimal resource
utilization, which complicates the control of the discharger and the decisions of
choosing between alternative dischargers at the node agents.

RouteAgent

The RouteAgent is a mediator agent, which allows the node agents to request
various information about the topology of the system. Is a certain destination
reachable, all functional routes to a given destination, and the list of nodes (di-
verter and mergers) along the route to a given destination, etc.

2.3 Agent interactions

In order to increase the generality of the agents, and prepare the software
agents of the BHS to be used for other manufacturing systems with little or no
modifications, it was decided to specify both agents and their interactions
against the FIPA standard.

FIPA interactions schemes are based on human interaction models closely
related to micro economic trade schemes. Negotiation between agents comply-
ing with the FIPA standards therefore follow common understandable interac-
tion schemes such as auctions, publisher-subscriber relationship, contract-nets,
queries, etc.

To illustrate the principle of interactions used in the implementation, a topload-
ing task is described in the following section.

Toploading bags

Initialization of a transport on the BHS is coordinated between two consecutive,
but independent, stimuli from the emulation model, the event of a new bag arriv-
ing and being scanned at the toploader, and another telegram when it is being



inducted into an empty tote, and released from the toploader. These stimuli are
named item detected and item inducted.

The purpose of paying attention to scanning of items serves two purposes. First
the identity of the bag and destination in the BHS is revealed, which must be
tied to the tote at induction, but it also enables a pre-planning of the route, when
the destination is known. Thus negotiation with the corresponding dischargers
can be handled before the tote is launched at the item inducted stimuli.

As mentioned above each flight departure could be associated with a number of
dischargers to spread the load on the system. A contract-net is an obvious
choice for negotiating with the dischargers; The toploader has a task, discharg-
ers can “solve” the task, and the toploader agent takes the final decision. After
deciding which discharger to use, the toploader agent must co-ordinate with the
node agents (diverters and mergers) along the path to route it towards the dis-
charger. Depending on the strategy used for the routing, the toploader would
either make an agreement with all agents along the path or alternatively just the
first one. In the later case the route might be re-directed when the tote ap-
proaches that agent, as it re-calculates the best choice at the time. We call the
two strategies Routing by static shortest path and Routing on the way. In gen-
eral FIPA interactions form a unified approach to develop agents and simplify
the development process. Each agent can be designed and implemented indi-
vidually, if we can clarify its role in the community. It must support interaction
mechanisms according to the agent’s domain knowledge and understand how
its role could be relevant to other agents.

2.4 Ontologies to generalize communication (relax the coupling)

Ontologies are mechanisms to provide meta-level communication between
agents [5]. Ontology is similar to an object hierarchy and can be used at many
levels of abstractions. Agents compliant with the FIPA standard follow the FIPA-
ACL communication act ontology, which specifies both the syntax and seman-
tics of the message structure. On top of that the FIPA-SL ontology provides
standards for encoding the actual content of the message, including abstract
descriptors used for queries. We have specialized the content language with an
ontology that follows the concepts and terminology of the BHS system.
The strengths of using ontologies are to simplify message parsing, but more
important the ability to send abstract messages used for queries, proposals, etc.
Query messages for the RouteAgent are good examples of ontology-based
messages. Two concepts are understood by the RouteAgent:

e RouteBetween, a concept used for queries to other agents along parts

of a route or a full route.
o LineBetween, a more fine-grained concept providing all details about
elements in the line of connected nodes of the BHS.
An encoded message of a query could look like:
(iota
:Variable (Variable :Name x :ValueType set)
:Proposition (routeBetween



:origin (element :elementID DFBO1.TLAOO01)
:destination (element :elementID DLA02.DIA023)
:viaPoints (Variable :Name x :ValueType set)
:numNodes 0

)
which mean a proposition should be meet by finding only one (iota) list of
points along the route between the origin and destination, as the variable (x) is
set at the viaPoints entry.

3 Agent strategies

The primary reason for exchanging the conventional control software with an
agent-based approach is to decrease the level of complexity in each decision
node, which allows more advanced strategies to extend the routing of totes, in
order to increase robustness and maximize capacity of the BHS. In the following
sections two examples of strategies for route observations and capacity utiliza-
tion are described.

3.1 Queue observations

Each node agent in the BHS collects information about the status of its local
domain, which means the edges (conveyor lanes with no redirecting possibili-
ties) to the previous and the following node of the graphs.

The information collected expose values for a edge/lane, such as the number of
totes per element, the average delay for totes, and the average urgency of
bags, which means how close a bag is to its departure (in time).

Queue observations are used in various decisions throughout the system, and
queue statuses are exchanged by agents using the interaction schemes to sup-
port the decisions. Queue status helps an agent decide whether it is appropriate
to send more totes along a route or alternative routes should be searched.

A special collaborating strategy between neighboring diverters and mergers has
been used with success to speed up urgent baggage by sending other bags on
a minor detour. Urgent baggage is lined up along the shortest path out of a di-
verter, and non-urgent baggage can be sent by an alternative route if the load of
the area is high, indicating the delays and number of totes. Of course if there is
no pressure on the system all totes follows the shortest path. When the routes
merge again at the mergers, it will give higher priority to totes from the merging
leg with the most urgent baggage, by this means we have established a method
for totes to overtake others in the BHS, which is impossible using the conven-
tional control software.

3.2 Saturation management and the WIPAC curve

Another important strategy is trying to avoid queues at all by minimizing the load
on the system in critical areas. We assume everybody is familiar with slow start-
ing queues of cars at an intersection, when the light turns green. Acceleration
ramps and reaction times relative to drivers ahead accumulate to long delays in



traffic queues, even though in theory all drivers should be able to accelerate
synchronously (no reaction time). The same problem arises in the BHS, where
reaction times correspond to the delay of the element head reporting clear”.
These matters result in the characteristics of the work in-progress against capa-
city curve (WIPAC), which is further described in [6], which in principles states
that the capacity of the systems goes dramatically down, if the load on the sys-
tems exceed a certain threshold value, as indicated in the figure below.

Capacity/Through-put
Momentarily capacity maximum

>

Work In-progress / Load on system .
The curve is dynamical, due to the various and changing load on the system,
and the maximum cannot be calculated exactly. Thus the strategy is to quickly
respond to minor observations, which indicates that the maximum has been
reached, and then block new inputs to the area. We call this approach for satu-
ration management, and currently we block a toploader if the routes from the
toploader are overloaded. Queues close to the toploader are most critical, as
the toploader have great impact on filling up those queues, whereas the parts of
the route far from the toploader could easily have been resolved before the new
totes arrive. Instead of blocking the toploader completely, we can just slow
down the release of new totes using the following fraction of full speed for the

toploader.
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where v, is the full speed of the toploader, and w; are weights of the queue
statuses, q;, along the routes. The weight is given by a coefficient a and the
distance from the toploader d;. Queue status is a number between 0 and 1,
where 1 indicates no queue.

4 Results

Beside the more implicit results of simplifying the development process of new
control software, and generalize control of the agents, our experiments have
shown significant results regarding performance and throughput of the BHS.
Results related to overtaking totes and queue accumulations are easy to moni-
tor in the emulation model. While the effect of the saturation management strat-
egy is more appropriate to compare in the graph below.

*In the mechanical setup of the BHS a tote can only be forwarded from one conveyor element to
the next element, if that element is clear. A synchronized row of totes can then pass at full speed,
from one element to another, but in queue situations acceleration ramps delays each element.
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5 Conclusion and future work

Is this paper we have presented important research contributions from the DE-
CIDE project about multi-agent based control of a baggage handling system
(BHS) in a major airport hub in Asia.

The agent-based approach has spread the decision and control logic of the
system to a large number of collaborating agents and replaced a complex cen-
tralized control structure. It has enabled new strategies and observations in the
local agents to increase robustness, capacity, and throughput of the BHS com-
pared to the traditional approach.

5.1 Future work

We continue our research on the BHS and will develop more new strategies for
the local agent, and increase their mutual collaboration to maximize the utiliza-
tion of the BHS during peak times.

We will try to minimize the use of mediator agents by giving roles and profiles to
the agents, as mediators become a bottleneck in communication between the
agents. Ideally a swarm of local agents provide the most general setup, which
easily can be ported to other manufacturing and material handling systems.
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