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Abstract

During the last decades, transportation systems have kifestrgrowing volumes of
transporting materials and the focus is on quality, religland throughput maximiza-
tion. The throughput of these automated sorting and tratisganachines is limited
by mechanical capabilities and also by the performanceeopthcess devices (surface
scanners, address reading devices, bar-code readingsge®ic.). What we require are
structured distributed control strategies, applicablegineral transportation systems,
characterized by materials being processed, while theytransported by conveyor
systems e.g. sorting machines, baggage handling, distribsystems. The goal is e.g.
to maximize the throughput. In this paper we take postalraatmn as an example of
transportation system. We give an overview on how postamation works, we define
the control problems and list some important open problent®ntrolling the system.
Finally, we propose possible approaches to address sorhess bpen problems.

Keywords

transportation systems, distributed control, postal matoon, throughput control
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1 Introduction

In the last decades, there has been a growing interest inlmg@ad controlling large-
scale hybrid systems. A hybrid system is a dynamic systeralwénathibits both contin-
uous and discrete dynamics. If we consider, e.g. a conveybers then the transport
of parcels on the conveyors can be modeled as a continuoasgs,ccharacterized by
e.g. the speed of the conveyor, which can in principle bestelglcontinuously. Ac-
tions like feeding a parcel on the belt, removing the paneghuting it, etc. provide
discrete actions on the system. What we are interested inyigdicontrol these large-
scale hybrid systems. Up to now, most control methods foribdysystems are based
on centralized control and/or on ad-hoc techniques. Howeentralized control of
large-scale systems is often not feasible in practice dw®maputational complexity,
communication overhead, and lack of scalability. A struetiucontrol design method is
also lacking. Therefore, our aim is to develop a structuretiteactable design method-
ology for robust control of large-scale hybrid systems.

More specifically, we refer at transportation systems li@gisg machines, baggage
handling, and distribution systems. They can be modeledrgbiad system. Typical
issues of this application are: coordination of the proogssnits, task allocation, time
scheduling, prevention of jams and deadlocks, buffer am@sg] maximization of the
throughput, avoid damage of the goods, cost minimizatitmn, €he issues which we
proposed to investigate are typical for a general classaofsfyort processes, charac-
terized by materials being processed, while they are tategp by conveyor systems.
In this paper we will focus on postal automation, as an exarmptransportation sys-
tem and later on we will extend the problem of controlling plosstal sorting system to
baggage handling or other sorting systems.

We require a control strategy that can deal with the cougbetgveen tasks. Therefore
distributed control is needed. Several techniques hawadyr been developed, see
e.g. Siljak (1991), Fusrikov (2000), Kosakaya & YamaokaO@0) Mutambara (1998),
Popovic & Bhatkar (1990), etc.

Furthermore, we propose to incorporate a hierarchicaliragknt framework. Hier-
archical control is a compromise between centralized awértealized control, com-
bining the advantages of both (global system performaneéddractability). In multi-
agent systems (Weiss (1999), Russell & Norvig (2003), Sy(Esa8), Vlassis (2003),
Kosakaya & Yamaoka (2000), Russel & Subramanian (1995)) éméral is divided
among autonomous agents, each controlling and monitonnigpdividual unit, or a
group of neighboring units, being able to communicate armbtperate. Therefore the
systems chosen to be modeled and controlled will be splitlisgstems, each having a
local controller. Those will be supervised and controllgdathigher-level controller or
supervisor.

We may also use Model Predictive Control (MPC), see e.g. Qin &giesil (2002),
Allgower et al. (1999), Camacho & Bordons (1995) which can balwoed with multi-
agent control (Negenborn et al. (2006a), Negenborn et @gR)), or distributed con-
trol (Camponogara et al. (2002)). According to Maciejowg0d@2) MPC is a popular
control methodology in the process industry, providing ynattractive features: itis an
easy-to-tune method, it can handle constraints in a sysiemvay, it is applicable to
multi-variable systems, and is capable of tracking preedaled reference signals. In
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MPC at each sample step the optimal control inputs that niz@m given performance
criterion over a given prediction horizon are computed, apglied using a receding
horizon approach.

This paper is organized in the following way. In Section 2, pvesent a survéyon
postal automation, describing the state of the art. Se8tueals with general problems
of postal sorting machines. In Section 4 we present posdil@etions for solving the
problems either by making minor design changes or by usirinara based approach.
Here we introduce and formalize the terms of model prediatimntrol and multi-agent.
Finally, in Section 5 we conclude and present the future work

2 Postal automation

2.1 Manual mail/flats processing

There are two main categories of letters: mail and flats. By waiunderstand regu-
lar letters, while flats are large letters (A4 size envelppath more or less informa-
tion printed on it (sender and destination address, adesnent messages, stamps and
mail class service information), plastic-wrapped maiige magazines, newspapers or
catalogs. Moreover in the flat category are often includegd amall parcels with a
maximum thickness of about 40 mm.

Manual mail/flats processing involves series of operatianth human hands at work
every step of the way.

As it can be seen in Figure 1, the process begins with posteaatifiats in post boxes.

The postmen collect the mail items and transport them to tst pffice. There the

culling process starts. This means that the mailed itemseparated into different
streams like letters, flats and packets. The letters/flat$aaed in the same way, and
in the canceling section the postal stamps used for postagealed so that the stamp
cannot be used again. In the sorting phase, the mail/flatssitre sorted (first by

category: express, registered, etc. and later on basedstal pode and/or address).
Afterward, in the carrier sequencing phase, they are degzbsn the corresponding
bins. Finally, they are delivered to the customers.

Canier Delivery
sequencing

Manual mail processing

Y

‘ Automated mail sorting machine

Figure 1: Manual versus automated mail processing

1This survey was performed as the first step of the first awgtRitD project.
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2.2 Automated mail processing

As illustrated in Figure 1, automated mail processing camdleamany operations in
an automated way (starting with culling the mail and finighivith carrier sequencing)
leading to better efficiency.

Before explaining how the automated mail sorting processksyave will notice that it
can be divided in two parts: first, mail preparation, thenieg@nd sorting.

Mail preparation involves the following steps:

e culling, to separate out the items that cannot be handledutyneaated systems
(what is not regular letter).

e facing, to ensure that mail items are faced and orientedrdicagly, simplifying
subsequent processing.

e canceling.
e sorting by category (express, registered, etc.).

When mail leaves the mail preparation process, it moveshatoading/sorting process.
The sorting information is printed onto the letter in formaobar-code. Finally, based
on the bar-code, the mail will be allocated to specific pasddivery routes.

Every letter is automatically read, whether its addressashime printed or handwrit-
ten. The high-performance reading technology used is @ipGibaracter Recognition
(OCR). The procedure is the following: OCR tries to read all tifermation from the
addresses or bar-codes. The information is printed in abde-form. If there is no
machine-readable information, an image of the letter valttansmitted automatically
to the video coding system. Operators view the address irmagemonitor, read the
delivery information and enter it via a keyboard. A trangpmtalay line of several sec-
onds (which can be increased) allows the system to delivéinganformation on-line
before the mail item reaches the code printing and outleiosec

If a longer time is needed to read the address since the insagecessed off-line,
an identification code will be assigned to the mail and thietewill be sent to a spe-
cial stacker until the image has been processed. Therefoaendliary feeder can be
attached to balance the combined on-line OCR and video cayisigm process, in-
creasing the efficiency.

2.3 Automated flats processing

A flats sorting system performs all mail sorting functions farge letters, plastic-
wrapped mail items, magazines and catalogs. The feederedenly receives flats and
therefore the process is similar to that for regular lettexsept for the culling phase,
which does not exist in here.

The main difference between the two automated sorting syssie the sorting part. In
the regular letter case, the mail is transported throughtecaéconveyor system to the
specific destination. In contrast to this way of sorting, flag piece is inserted into a
transport box (cassette) of the sorting section by theiimgetdevice. The transport box
carries flat pieces and sorts them into destination traysrdow to the selected sorting
scheme. Finally, when the tray becomes full, it is replacedrbempty one.
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3 Problems

3.1 Control problems

The throughput of a mail piece sorting machine is limitedh®yihechanical capabilities
of the machine and also by the performance of the addressgedevice. Therefore,
one of the most important problems to be controlled for ouirsg system is the feeding
rate. The feeding rate (in quantity/second) is a contraliinfphis has to be set as high
as possible (in order to maximize the throughput), and loaugh in order to avoid
unprocessed mail items reaching the end of the delay linketboverflow). One can
notice that once a mail item has been fed, it cannot be stopipeé the conveyor is
moving with constant speed.

In Lohmann (1996), this problem has been controlled usingsailbuted parameter
system with boundary and initial condition as a mathemhbircadel.

The problem of locating the block of typed or handwritten tohedion address and
extracting the necessary information has been treated tryalarge extent (see e.g.
Whichello & Yan (1996), Gader & Khabou (1996), Koerich et &005), L. Heutte &
Hernoux (2000))

To the authors’ best knowledge, there are no papers thatibedwmow to solve the
route assignment problem for postal automation applinatibut it is solved (inside the
company), the conveyor system having constant speed.

3.2 Open problems
At the moment, some of the typical issues in a postal cenéetharfollowing:

e there is too much damaged mail in the culling phase.

e jams appear in the sorting phase (which can only be solvedyjustopping the
machine, eliminating the jammed mail item (reroute it) atattég the system
again).

e alot of operators are needed at the video coding desk (a@oheing to improve
the OCR or to increase the deadline with the cost of slowergasing).

e many operators are also needed for emptying the bins ings,tra the storing
mail section.

4  Possibilities for improvement

4.1 Anew set-up

In order to solve the open problems of postal automation vmencake minor design
changes.

To prevent damage of the mail a new automation for sortingsnbaicategories can be
designed. In this section we will propose such a set-up. @neise a conveyor system
for transporting the mail and sensors for checking the wikthgth, height and weight
of each of the items. When there is one which does not correlsjoom regular letter, it
will be pushed to another conveyor so as to collect them imtmemachinable tray.
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All the automation discussed in Section 2.2 can be put tegetbtaining a compact
letter sorter. This system is based on the design of a compader sorter with fac-

ing, canceling, reading and coding functions, linked tbgetvith the carrier sequence
sorter.

In order to use less operators for emptying the bins, a heweyam system can be
designed, such that full trays will be automatically repldevith empty ones. The full
tray will be pushed in front by a simple pushing system. The cenveyor system will
be placed behind the one where the trays used for depodingported mail items are,
as it is illustrated in Figure 2. We propose a multi-actuatamveyor, because we want
to move the trays one by one, if there is an empty space on teeygor as a result of
replacing a full tray.

empty tray
muli=acwator?______ /|| S 7
convgyor system /_>
storing place for the trays in which the mail items are depositec

Figure 2: Replacing full trays

This multi-actuator conveyor system can move trays to thiet (jto assure empty trays
for all destinations at all time instants) or in front (to k&ge a tray when it becomes
full). For detecting when a tray becomes full, we proposede sensors attached to
each destination route, detecting the fill level. We consadeeay to be full if the height
of the stack of flats in the tray reaches &%/ of the actual height of the tray. The tray
will be moved to the right if there is an empty place and thg indront has more than a
certain free storage (we can e.g. assume moreittafiee storage). An algorithm has
to be implemented to move the trays on the multi-actuatoveypor system avoiding
deadlocks. In this case, a deadlock might appear when thacernore mail for the tray
which has less thab% free capacity (and therefore the tray cannot move to the)righ
but tray is needed on the right side. This can be avoided ifamepredict the model of
incoming mail (arrival hours, number of consequently nmaitris) for each destination.

Regarding the flats sorting machine, we can design a new systbmtransport box
system will move as usual, with constant speed, but the trstes, will move to the
left, to the right or not move at all, in order to maximize thewber of empty transport
cassettes. The transport system is illustrated in FiguF@Bmaximizing the through-
put a second feeder device will be used. This is useful whenrthchine is fed with
presorted mail.

2The carrier sequence sorter is the automation that deaisstating the mail into the corresponding
bin.
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Feeder Device

Feeder Device

\\

Figure 3: Sorting part of a flats sorting machine

4.2 Control based approach
4.2.1 Model predictive control

In the previous section we have seen that we can solve somepoplelems by making
minor design changes. In this section, we propose contq@osgches to solve some
control problems for the existing set-up.

We introduce the control methodology calletbdel Predictive Contro{(MPC) see e.qg.
Qin & Badgwell (2002), Allgower et al. (1999), Camacho & Borddii®95), Ma-
ciejowski (2002). MPC can be used for setting the feeding oathe sorting machine.
As for mail it is not easy to predict if the address and/or glosbde are easily read by
OCR or not, we can use this technique for flat sorting machine.

In order to solve the deadlock discussed in Section 4.1, Wermaed prediction of the

incoming mail model (for each destination), because whatveset to optimize are the

trays’ movement on the multi-actuator conveyor system. gaad is to assure an empty
tray (as back-up) for each destination.

We will now explain MPC in more detail, the working principbeing illustrated in
Figure 4.

MPC is an on-line controller design method, in which on stethe model is used to
predict the future behavior of the system over a given ptedihorizon|k, k + N,] for

a given input sequence and where a cost critesios optimized subject to constraints
on the inputs and outputs.

Predictive control uses a receding horizon principle, wtiee control input is obtained
by solving a discrete-time optimal problem over a contrpuinsequence. This means
that after computation of the optimal control sequencey ¢mé first control sample



Multi-Agent Controllers for Large-Scale Transportatioys&ms 7

control system measurements

inputs

MPC controller

control | optimization
actuons(\
objective,

model [prediction [ constraints

A

Figure 4: MPC - working principle

will be implemented, subsequently the horizon is shifted, t8e model is regularly
updated based on the measurements coming from the sensbtseaoontrol inputs
are computed using this new information. The idea of regetorizon is illustrated in
Figure 5. Attimek the future control sequenegk|k), ..., u(k+ N. — 1|k) is optimized
such that the performance indgxis minimized subject to the constraints. At tirhe
the first element of the optimal sequeneék) = u(k|k)) is applied to the real process.
At the next time instant the horizon is shifted and a new ogtition at timek + 1 is
solved.

A
past<«——>» future

——————————————————————— TREERY TERPRR SEERRNY )

o predicted outputs y

setpoint 1

_____________________

I I
K+N. K+Np
M, prediction horizon

>

Figure 5: Conventional MPC. At time £k the future control sequence
u(k|k),...,u(k + N. — 1]k) is optimized such that the performance index/ is min-
imized subject to the constraints. Here the performance/ to be minimized is the
difference between the output and the set points.

The control problem described in Figure 5 is to find actie(),....u(k + N.) , such
that afterV, steps the system behavigapproaches the desired behawvjor

In this research we will develop an approach to design ctetsofor multi-actuator
continuous transport systems. The main goal of the coetridlto obtain coordination
and synchronization between the processing units, so asxamize the throughput.
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Additionally constraints will arise in order to avoid unpessed items, damage of the
goods, etc.

For setting the feeding rate we will use is a single-agent MPg& problem can be
formulated in the following way:

find the feeding rate that maximize the throughput

subject to
the model of the system
the time® that OCR needs for reading the address and/or postal code
the bound&on the feeding rate.

Another way to see the second constraint is the following:fidt travel distance from
the scanner to the current position should be smaller tratothl travel distance.

The main advantage of MPC is that it is an easy-to-tune mbdséd control approach
that can effectively deal with constraints on the inputdpats and states of the system.
The actual control objectives and operating constraimsbearepresented explicitly in

the optimization problem which is solved at each contraldns

4.2.2 Multi-agent control

In order to control a stand alone sorting machine, cengdlcontrol can be used. How-
ever, when considering large-scale sorting systems, waleall e.g. with a large num-
ber of coupled postal sorting machines, which may have ni@ne one feeder device.
Due to computation complexity, necessity of communicadod scalability, we pro-
pose to use a multi-agent approach, see e.g. Weiss (199%e¢lR&sNorvig (2003),
Sycara (1998), Vlassis (2003), Kosakaya & Yamaoka (20003sBlu& Subramanian
(1995) and we will combine it with model based predictive tcoh

Accordingly to Russell & Norvig (2003), amgentis any entity that can perceive its en-
vironment through sensors and act upon it through actuatarsng goals and limited
knowledge. This definition includes humans agents who perdle living environ-
ment through their senses and act upon it using their bodatimagents, which have
cameras as sensors and wheels; motors or grippers as astsafoware agents, which
receive entry data and act corresponding to the implemeortagtam, and so on. The
term of autonomous will be used to refer to an agent capabieaking independent
decisions and taking actions to satisfy internal goalsdbasanly on its own perception
rather than on prior knowledge given to it at design moment.

A system composed by a group of agents which can eventuadiseict with each other

is calledMulti-Agent SystenMAS). In a MAS, each agent in general has incomplete
information, being restricted to its capabilities, datadésentralized, system control is
distributed, while the computation is asynchronous (pelrat serial).

In this section, we consider an episodic environment, altegrto the application which
we have chosen to model and to control. In an episodic envieon, the state history
generated by the actions of the agent can be consideredidediim episodes, each

3There is a maximal time allotted to the OCR to read the addvelsigh is %, whered is the travel
mail/flat distance from the OCR scanner to the sorting sectindv is the constant speed of the conveyor.

4The feeding rate is bounded Byand a maximal feeding rate, which will be computed taking int
account the mechanical capabilities of the machine.
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of which is terminated by an action. This kind of environmisngimpler, in the sense
that each agent decides what action to perform only baseaeotutrent episode. Each
episode starts with the arrival of a new mail/flats, and enttls the execution of the

physical action recommended by the sorter: routing thegpiethe specific tray.

Definition 1 An agent is, in this case, a tuplé&, O, A, f, f,, fa, o), Where:

e X is the internal state space of the agent.
e O is the observations (perceptions) space of the agent.
e Aisthe agent's action space.

e f: X xO — As the agent’s function, which is mapping from perception
sequences to actions.
e f,: S — O isthe perceptual function of the agent, which is a mappinmftoe

environment state to the agent’s perceptions, witere the environment's state
space.

e f,.: X x O — X isthe agent’s transition function, which is describing htw t
agent evolves as a result of the environment’s perception.

e 1, Is the initial state of the agent.

As we already noticed, an agent function maps perceptiomiseoénvironment states
into actions. If we see it as a controller, the perceptiopsagent the input or the control
feedback and the actions are command output.

Before defining the multi-agent system, which contains a agents, we introduce
some additional notations. Lét be the set of MAS agents. An agent in the get
will be denoted indexed by, We will only consider the discrete time case, therefore,
the current value of the discrete time variable will be deddiy k. To refer to theth
agent’s observation that it can perceive at any instamte will use the conventional
notationo;(k) € O;(k), a;(k) € A;(k) is the agent’s action; (k) € X;(k) the internal
state andi(k) € S(k) the environment'’s state, all at stépThe joint actions of all the
agents € A will be denoted by = [ay, as...agima]* € A = Ay X Ag... X Agima-

Definition 2 A MAS is a tupl€A, S, fe, so), Wwhere:

e A isthe set of agents.
e S is the environment’s state space.

o f.: S8 x A G is the environment's transition function, which is desaripi
how the environment evolves as a result of the agents’ action

e s, is the initial state of the environment.

The environment is perceived through the functign This determines the agent to
update its internal stat¥; (k) with respect to the perception of the environment as soon
as it can be observed t8§;(k + 1) = f.(X;(k), O;(k)). The updated internal state is
used for determining the action choice. The environmeritchiinge as a result of the
agents’ actions upon it and the cycle will start again. Weéwiite an abstract algorithm

to describe this interaction between the agents and theirosmment.
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Algorithm 3.1 MAS evolution:

k<0

loop

coi(k) = fo(s(k)) perceive with respect to environment
cxi(k+ 1) = falzi(k), 0i(k)) the agent’s state evolves

tai(k) = f(ai(k+1),0i(k)) action is taken

cs(k+1) = fo(s(k),d®™(k+ 1)) the environment's state evolves
k—k+1

: end loop

O~NOOU A WNPR

Another important issue to discuss is t@mmunicatiorbetween the agents. We will
add a communication channel to the environment, througlthwagents will receive
and/or send messages to the environment.

The only differences in the agent’s definition will be theldaling:

e the perception space of the agent will@e= O° x M, whereO® will represent
the space of environment observations ad&" will be the received message
space of the agent (a state of the observation space heiadto®)t, (m)T").

e the actions space of the agent will He= A° x M*"4, whereA® will represent the
space of actions of the agent on the environment, whités will be the sent mes-
sage space of the agent (a state of the action space hbeing(a®)T, (m=2)*"h).

Definition 3 A communicative MAS is a multi-agent system, where:

A is the set of agents.

S = S° x S¢ whereS°¢ is the state space of the environment, &fdis the
state space of the communication channel (a state space einthironment with
communication channel being:= [(s°)T, (s°)T]7T).

o f.: S x At . G s the transition function, which describes how the envi-
ronment evolves as a result of the agents’ actions and conaation. The joint
actions of all the agentsc A will be denoted by
@ = [[(af)", (m )T, [(a5), ()T ()T ()T € A

e sy is the initial state of the environment with communicatioaruhel.

Therefore, assuming this communication channel embedudddei environment, its
states £°) and messages«(“') are read by the agentthe state of the agent is updated,
decision actions are taken and messages are sent to thereneimt. The action result
will be updating the environment state, while the rest of dgents will receive the
broadcast message.

The evolution of the communicative MAS follows the samedias Algorithm 3.1 (with
appropriate replacement of the notations).

In the definitions and algorithms above we have considereataessible environment
(one in which the agents can obtain complete, accuratep-aiate information about
the environment’s state).
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5 Conclusions and future work

In this paper we have given an overview of how postal autanatvorks, what the
control and open problems are, and also some techniquesaiigtbe used. This has
led to the identification of certain problems and attribiata rather non-mathematical
level.

We have presented few techniques which will be used to maaktantrol some of the
typical problems of postal sorting machines. We have iniced and formalized the
terms of multi-agent and model predictive control. Mulgjeat control was combined
with model predictive control for setting the machines’deg rate.

As we have already mentioned, we are interested in a gerlesd of transportation

systems, characterized by materials being processec thiey are transported by con-
veyor systems e.g. sorting machines, baggage handlingipdison systems. There-

fore, in the future we will write a general model of the traogption systems, apply
the discussed approaches and analyze the system, makatsmsifor it and compare

them with the results obtained in practice.
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