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Abstract

The MinneT A C trading agen t is designed to comp ete in the Supply-Chain T rading Agen t Comp eti-

tion [4 ]. It is also designed to supp ort the needs of a group of researc hers, eac h of whom is in terested

in di�eren t decision problems related to the comp etition scenario. The design of MinneT A C breaks out

eac h basic b eha vior in to a separate, con�gurable comp onen t, and allo ws dynamic construction of analysis

and mo deling to ols from small, single-purp ose \ev aluators". The agen t is de�ned as a set of \roles", and

a w orking agen t is one for whic h a comp onen t is supplied for eac h role. This allo ws eac h researc her to

fo cus on a single problem and w ork indep enden tly , and it allo ws m ultiple researc hers to tac kle the same

problem in di�eren t w a ys. A w orking MinneT A C agen t is completely de�ned b y a set of con�guration

�les that map the desired roles to the co de that implemen ts them, and that set parameters for the

comp onen ts. W e describ e the design of MinneT A C, and w e ev aluate its e�ectiv eness in supp ort of our

researc h agenda and its comp etitiv eness in the T A C-SCM game en vironmen t.

1 In tro duction

One of the more comp elling application areas for autonomous agen ts is in electronic commerce. Decisions

can b e relativ ely clear-cut (buy or sell, set a price, submit a bid, a w ard bids, etc.), and comm unications

among agen ts and b et w een agen ts and their en vironmen ts can b e constrained and highly scripted.

Organized comp etitions can b e an e�ectiv e w a y to driv e dev elopmen t and understanding in complex

domains. Since w e don't fully understand ho w to build an automated economic agen t that will op erate

successfully in op en, real-w orld economic en vironmen ts, w e can create sligh tly more constrained en vironmen ts

and carry out comp etitions in those en vironmen ts. Examples related to electronic commerce include the

P enn-Lehman Automated T rading Pro ject [9] and the T A C tra v el game [20]. Another example is the Supply-

Chain Managemen t T rading Agen t Comp etition [4 ] (T A C SCM), whic h engages agen ts in sim ultaneous

buying, selling, pro duction sc heduling, and in v en tory managemen t problems.

This pap er describ es the design of the MinneT A C trading agen t, whic h has comp eted e�ectiv ely in T A C

SCM for sev eral y ears. W e ha v e attempted to resp ond b oth to the c hallenges of the game scenario as w ell as

to the need to supp ort m ultiple relativ ely indep enden t researc h e�orts that are fo cused on meeting one or

more of those c hallenges. W e also ev aluate the success of our design b oth in terms of the comp etitiv eness of

the agen ts that ha v e b een implemen ted with it, and in terms of its abilit y to supp ort our researc h agenda.

In Section 2, w e review the T A C SCM game scenario, fo cusing on the design c hallenges presen ted b y

that scenario. In Section 3 w e review the \non-functional" design c hallenges that address organizational and

researc h needs. Section 4 describ es the design of our agen t, and Section 5 represen ts an early attempt to

ev aluate the success of our design. W e wrap up with a description of some relev an t related w ork in Section 6

and conclude in Section 7.

2 Ov erview of the T A C SCM game

In a T A C SCM game, eac h of the comp eting agen ts pla ys the part of a man ufacturer of p ersonal computers.

Agen ts comp ete with eac h other in a pro curemen t mark et for computer comp onen ts, and in a sales mark et

for customers, as sho wn in Figure 1. A t ypical game runs for 220 sim ulated da ys o v er ab out an hour of real
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time. Eac h agen t starts with no in v en tory and an empt y bank accoun t, and m ust b orro w (and pa y in terest)

to build up an initial parts in v en tory b efore it can b egin assem bling and shipping computers. The agen t

with the largest bank accoun t at the end of the game is the winner.
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Figure 1: Sc hematic o v erview of a t ypical T A C SCM game scenario.

2.1 Game scenario

Customers express demand eac h da y b y issuing a set of RF Qs for �nished computers. Eac h RF Q sp eci�es

the t yp e of computer, a quan tit y , a due date, a reserv e price, and a p enalt y . Eac h agen t ma y c ho ose to bid

on some or all of the da y's RF Qs. F or eac h RF Q, the bid with the lo w est price will b e accepted, as long

as that price is at or b elo w the customer's reserv e price. Once a bid is accepted, the agen t is obligated to

ship the requested pro ducts b y the due date, or it m ust pa y the stated p enalt y for eac h da y the shipmen t is

late. Agen ts do not see the bids of other agen ts, but aggregate mark et statistics are supplied to the agen ts

p erio dically . Customer demand v aries through the course of the game b y a random w alk.

Agen ts assem ble computers from parts, whic h m ust b e purc hased from suppliers, and manage in v en tories

of parts and �nished go o ds. When agen ts wish to pro cure parts, they issues RF Qs to individual suppliers,

and suppliers resp ond with bids that sp ecify price and a v ailabilit y . If the agen t decides to accept a supplier's

o�er, then the supplier will ship the ordered parts on or after the due date (supplier capacit y is v ariable).

Supplier prices are based on curren t uncommitted capacit y .

Once an agen t has the necessary parts to assem ble computers, it m ust sc hedule the assem bly tasks in

its �nite-capacit y pro duction facilit y . Eac h computer mo del requires a sp eci�ed n um b er of assem bly cycles.

Assem bled computers are added to the agen t's �nished-go o ds in v en tory , and ma y b e shipp ed to customers

to satisfy outstanding orders.

2.2 Agen t decisions

An agen t for the T A C SCM scenario m ust mak e four basic decisions during eac h sim ulated \da y" in a

comp etition. It m ust decide whic h customer RF Qs to resp ond to, and set bid prices (Sales). It m ust decide

what parts to purc hase, from whom, and when to ha v e them deliv ered (Pro curemen t). It m ust sc hedule its

man ufacturing facilit y (Pro duction). It m ust ship completed orders to customers (Shipping). These decisions
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are supp orted b y mo dels of the sales and pro curemen t mark ets, and b y mo dels of the agen t's o wn pro duction

facilit y and in v en tory situation. The details of these mo dels and decision pro cesses are the primary sub jects

of researc h for participan ts in T A C SCM. In particular, the Sales and Pro curemen t mark ets are highly

v ariable, and man y of the imp ortan t factors, suc h as the curren t capacit y and outstanding commitmen ts of

suppliers, are not visible to the agen ts.

3 Design c hallenges

Bey ond the c hallenges presen ted b y the T A C SCM problem domain, our researc h needs presen t sev eral

additional issues. The most imp ortan t is that our design m ust supp ort m ultiple indep enden t dev elop ers

pursuing their o wn lines of researc h. The T A C SCM scenario presen ts a n um b er of relativ ely indep enden t

decision problems, and there are man y p ossible approac hes to solving them. Our design m ust mak e it

relativ ely easy for a researc her to fo cus on a particular subproblem without ha ving to w orry ab out getting

a whole agen t to w ork correctly . In addition, w e exp ect to con tin ue participating in T A C SCM o v er sev eral

y ears, and w e w an t to a v oid redesign and re-implemen tation o v er that time, ev en though w e exp ect signi�can t

details of the game scenario to c hange from one y ear to the next.

Decision pro cesses ma y in v olv e somewhat arbitrary parameters, and their in teractions and the sensitivit y

of agen t p erformance to the settings of those parameters ma y not b e w ell-de�ned. This is true ev en in cases

where the agen t is designed sp eci�cally to minimize the n um b er of suc h parameters b y use of optimization

metho ds [13]. T o understand these e�ects, w e need to b e able to con�gure agen ts with di�eren t com binations

of decision pro cesses and their underlying mo dels and parameters.

Exp erimen tal researc h requires data. The T A C SCM game serv er k eeps data from eac h game pla y ed,

whic h ma y b e used to understand and compare the p erformance of comp eting agen ts. Ho w ev er, it is also

necessary to in tegrate game data with information ab out the agen t's in ternal state during the game, in order

to understand the detailed p erformance of agen t decision pro cesses. This suggests a need for a data logging

capabilit y that can b e easily con�gured to extract needed data from a running agen t, while k eeping the size

of log �les under con trol.

4 The design of MinneT A C

T o address the design c hallenges of the MinneT A C agen t, w e follo w a comp onen t-orien ted approac h [18].

The idea is to pro vide an infrastructure that manages data and in teractions with the game serv er, and

cleanly separates b eha vioral comp onen ts from eac h other. This allo ws individual researc hers to encapsulate

agen t decision problems within the b ounds of individual comp onen ts that ha v e minimal dep endencies among

themselv es. Tw o pieces of soft w are form the foundation of MinneT A C: the Apac he Excalibur comp onen t

framew ork, and the \agen t w are" pac k age distributed b y the T A C SCM game organizers. Excalibur pro vides

the standards and to ols to build comp onen ts and con�gure w orking agen ts from collections of individual

comp onen ts, and the agen t w are pac k age handles in teraction with the game serv er.

4.1 A brief o v erview of Excalibur

Apac he Excalibur [5 ] is a general-purp ose comp onen t framew ork. It is widely used as a foundation for

middlew are and serv er sofw are, suc h as the Op enORB CORBA implemen tation

1

and the Co co on w eb appli-

cation framew ork

2

, but its use in the implemen tation of autonomous agen ts is rare. It do es not pro vide the

\classic" facilities for agen t design, suc h as kno wledge represen tation, in ter-agen t comm unication, reasoning

facilities, or a planning infrastructure. Instead, it pro vides a means to build complex, robust systems from

sets of role-based, con�gurable comp onen ts. This satis�es a primary goal of MinneT A C, allo wing researc hers

to w ork indep enden tly on individual decision problems with minimal need for detailed co ordination with

eac h other.

1

Op enORB.sourceforge.net

2

co co on.apac he.org
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Excalibur comp onen ts are indep enden t en tities, in the sense that they t ypically ha v e v ery few dep enden-

cies on eac h other, and minimal, w ell-de�ned dep endencies on the Excalibur framew ork itself. Comp onen ts

are coarse-grained en tities, eac h t ypically comp osed of a n um b er of classes. Con trol in v ersion puts primary

con trol in the Excalibur \con tainer", whic h loads comp onen ts, sets up log�les, con�gures the comp onen ts,

and starts an y comp onen ts that run indep enden t threads.

Eac h Excalibur comp onen t is designed to ful�ll a sp eci�c r ole , and an Excalibur system is a set of roles,

eac h of whic h is mapp ed to a sp eci�c Ja v a class. A role has a name, a set of resp onsibilities, and a w ell-de�ned

in terface. An Excalibur application is comp osed of the Excalibur infrastructure, a con tainer that initializes

the system, and the comp onen ts sp eci�ed b y the con�guration. Con�guration �les sp ecify the sp eci�c roles,

the classes that satisfy those roles, and con�guration parameters for those classes. The con tainer reads the

con�guration �les, loads the sp eci�ed classes, and in v ok es the Excalibur in terfaces on eac h comp onen t.

4.2 MinneT A C arc hitecture

F ollo wing Bass et al. [1 ], w e use the term \arc hitecture" to refer to the set of comp onen ts that mak e up our

system, along with their prop erties and relationships. A MinneT A C agen t is a set of comp onen ts la y ered

on the Excalibur con tainer, as sho wn in Figure 2. In the standard arrangemen t, four of these comp onen ts

are resp onsible for the ma jor decision pro cesses: Sales, Pro curemen t, Pro duction, and Shipping. In some

con�gurations, an LpSolv er comp onen t is included to pro vide optimization services. All data that m ust b e

shared among comp onen ts is k ept in the Rep ository , whic h acts as a blac kb oard [3]. The Oracle hosts a large

n um b er of smaller comp onen ts that main tain mark et and in v en tory mo dels, and do analysis and prediction.

The Comm unications comp onen t handles all in teraction with the game serv er. By minimizing couplings

b et w een the comp onen ts, this arc hitecture completely separates the ma jor decision pro cesses, th us allo wing

researc hers to w ork indep enden tly . Ideally , eac h comp onen t dep ends only on Excalibur and the Rep ository .

Excalibur Container

Repository Oracle

Shipping

Communications

Sales

ProductionProcurement

Figure 2: MinneT A C Arc hitecure. Arro ws indicate dep endencies.

The agen t op ens four con�guration �les when it starts. Three of these are handled b y the Excalibur

infrastructure. The system con�guration �le sp eci�es the set of roles that mak e up the system, along with

the classes that implemen t those roles. The comp onen t con�guration �le sp eci�es run time con�guration

options for eac h comp onen t. F or example, the Sales comp onen t ma y ha v e a parameter that con trols the

maxim um lev el of o v ercommitmen t of its existing in v en tory or capacit y when it mak es customer o�ers. The

log con�guration �le con trols the names and lo cations of log �les that are pro duced b y the running agen t,

the general format of log en tries, and for eac h comp onen t, the lev el of detail to b e logged. The agen t w are

con�guration �le con trols in teraction with the game serv er (see Figure 7).
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4.2.1 Ev en ts

A T A C Agen t is basically a \reactiv e system" in the sense that it resp onds to ev en ts coming from the game

serv er [21]. These ev en ts are in the form of messages that inform the agen t of c hanges to the state of the

w orld: Customer RF Qs and orders, supplier o�ers and shipmen ts, etc. The game is designed so that eac h

sim ulated da y in v olv es a single exc hange of messages; a set of messages sen t from the game serv er to the

agen t, and a set returned b y the agen t bac k to the serv er. F or example, from the standp oin t of the agen t,

eac h da y's incoming messages includes the set of customer RF Qs for the da y , and the return set of messages

includes the agen t's bids for those RF Qs.

More sp eci�cally , Figure 3 sho ws the comm unication activit y for a game da y . The general pattern is

that the game serv er sends out a set of messages represen ting supplier and customer activit y , as w ell as

in v en tory and bank-accoun t status data, the agen t delib erates for some time, and then the agen t resp onds

with a set of messages that resp ond to the customer RF Qs, and supplier o�ers for the curren t da y . The agen t

m ust also sp ecify the pro duction and shipping sc hedules for the follo wing da y , and it ma y issue additional

supplier RF Qs eac h da y . The length of a sim ulation da y is �xed b y the serv er; in the standard tournamen t

con�guration, da ys are 15 seconds long.

Part shipments

Supplier offers

Customer orders

Customer RFQs

day
n+1

tim
e

...agent deliberates...

Inventory status

Game
Server

day
n-1

Supplier orders

Supplier RFQs

Production orders

Shipping orders

Customer offers

Agent

Market summary

Bank status

Figure 3: One da y of comm unications activit y b et w een the game serv er and an agen t.

As sho wn in Figure 3, the agen t do es not need to react to individual messages from the serv er. Instead,

it w aits un til after all the da y's messages ha v e b een receiv ed, and then considers all of them together. In

fact, there is one additional end-of-data message not sho wn in the �gure, whic h con tains no data but simply

tells the agen t that the da y's input messages are complete. MinneT A C handles all data messages b y storing

them in the Rep ository . When the end-of-data message is handled b y the Rep ository , it noti�es the other

comp onen ts that the da y's data input is complete. Comp onen ts use this noti�cation as the signal to p erform

their delib erations and comp ose the da y's return messages. In this in teraction, the Rep ository acts as a

Sub ject and the other comp onen ts as Observ ers in the Observer pattern [6].

An imp ortan t limitation of the Observ er pattern is that the sequence of noti�cations is not con trolled,

although in most implemen tations it is rep eatable. But the order of ev en t pro cessing is imp ortan t for the

MinneT A C decision pro cesses. F or example, it greatly simpli�es the Sales decision pro cess to kno w that the

curren t da y's Shipping decisions ha v e already b een made. T o allo w ev en t sequencing without in tro ducing

new dep endencies, t w o ev en ts are generated b y the Rep ository for eac h da y of a game. The data-available

ev en t is a signal to read the incoming messages and do basic data analysis. The subsequen t de cision ev en t
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is a signal to mak e the daily decisions and p ost the outgoing messages bac k in the Rep ository . The decision

ev en t itself pro vides an additional lev el of sequence con trol b y allo wing comp onen ts to \refuse" the ev en t un til

one or more other comp onen ts (iden ti�ed b y role names) ha v e made their decisions. Comp onen ts that ha v e

refused the ev en t will receiv e it again once all other comp onen ts ha v e had an opp ortunit y to pro cess it. T o

ensure that Sales decisions are made after Shipping decisions, Sales m ust refuse to accept the decision ev en t

un til after it sees \shipping" among the roles that ha v e already pro cessed it. No additional dep endencies

are in tro duced b y this mec hanism, since the role names are simply added to the ev en t ob ject itself, and the

names come from a con�guration �le, not the co de.

4.2.2 Ev aluators

As indicated earlier in this section, a goal of the MinneT A C design is to minimize coupling b et w een the v arious

comp onen ts. Ho w, then, do they comm unicate, if they cannot dep end on one another? One p ossible approac h

is the one used b y the RedAgen t team at McGill Univ ersit y [10], in whic h the comp onen ts comm unicate

through in ternal auction-based mark ets. Our approac h is to use evaluations that are accessible through

the v arious data elemen ts in the Rep ository . The general idea is that when a comp onen t needs to mak e

a decision, it will insp ect the a v ailable data and run some utilit y-maximizing function. The a v ailable data

consists of an y data it main tains in ternally , and the data in the rep ository . An y data reductions or analyses

that are p erformed on Rep ository data can b e encapsulated in the form of Ev aluations, and made a v ailable

to other comp onen ts. These analyses are implemen ted b y the Oracle comp onen t through a con�gurable set

of evaluators .

All the ma jor data elemen ts in the Rep ository are Ev aluable t yp es. As sho wn in Figure 4, eac h Ev aluable

can b e asso ciated with some n um b er of asso ciated Ev aluations. Eac h Ev aluation has a name as w ell as a

v alue. Also asso ciated with eac h Ev aluable is an Ev aluationF actory , whic h main tains a mapping of Ev aluation

names to Ev aluator instances, and is resp onsible for pro ducing Ev aluations when they are requested. It

do es this b y insp ecting the name of the requested Ev aluation, and in v oking the evaluate metho d on an

asso ciated Ev aluator. Ev aluators implemen t bac k-c haining b y requesting other Ev aluations in the pro cess

of pro ducing their results. Ev aluators are hosted b y the Oracle comp onen t, whic h is resp onsible for loading

and con�guring Ev aluators. Ev aluators are registered with the Rep ository when they are con�gured, th us

making them kno wn to the Ev aluationF actory .

EvaluationFactory

getEvaluation() value
Evaluable Evaluation

evaluate()

Evaluator

addEvaluator() type

Figure 4: Ev aluables, Ev aluations, and Ev aluators.

Figure 5 sho ws a simple example of some Ev aluable instances and a set of Ev aluations that migh t b e

asso ciated with them. The pric e ev aluation migh t com bine parts cost information with an estimate of curren t

mark et conditions. The pr o�t ev aluation w ould need parts cost information and pric e . The sort-by-pr o�t

ev aluation w ould need the pr o�t ev aluations on the individual RF Qs.

4.3 MinneT A C comp onen ts

A t ypical MinneT A C agen t consists of the 7 comp onen ts sho wn in Figure 2. Here w e pro vide more detail

on the three \core" comp onen ts, the Rep ository , Comm unications, and Oracle comp onen ts. The non-core

comp onen ts should b e though t of as \role in terfaces" since m ultiple implemen tations exist for eac h of them.

T o 
esh out this concept, w e also pro vide an in-depth lo ok at one of our Sales comp onen t implemen tations,

the price-driv en sales manager used in the 2005 and 2006 comp etitions.
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getEvaluation()

model
quantity
dueDate
reservePrice

Evaluable

profit

price

CustomerRFQCustomerRFQList

sort-by-profit

order-probability

Figure 5: RF Q ev aluation example.

4.3.1 Rep ository

The Rep ository is the one comp onen t that is visible to all the other comp onen ts, as required b y the MinneT A C

arc hitecture. A t the b eginning of eac h da y of the game, new incoming messages are dep osited in to the

Rep ository . The ev en t subsystem describ ed in Section 4.2.1 is then used to notify other comp onen ts to

p erform their analyses and decisions. The decision comp onen ts retriev e data and ev aluations from the

rep ository , and record their decisions bac k in to the rep ository . Finally , the resulting decisions are retriev ed

from the Rep ository b y the Comm unications comp onen t and returned to the serv er.

Ev en ts are generated in resp onse to state transitions. Figure 6 sho ws the state transitions and asso ciated

ev en ts in the Rep ository . When a comp onen t receiv es the data-available ev en t or de cision ev en t, it is exp ected

to p erform whatev er ev aluations are necessary and record the results in the form of Ev aluation instances

and outgoing messages.

data-available event

receiving

message/
data

message/
data

game config
message/

/decision event

/send messages

sim-status message/

init
start

message/

start of
game

final config message/
start-of-game event

Once per day

start
of day

last
day/

end of
game

evaluating

deciding

Figure 6: States and transitions in the Rep ository comp onen t.

The Rep ository pla ys the part of the Blac kb oard in the Blackb o ar d pattern [3], and the remainder of the

comp onen ts, other than the Comm unications comp onen t, act as Kno wledge Sources. Ho w ev er, the Con trol

elemen t of the Blac kb oard pattern is replaced b y the Ev en t and the Ev aluable/Ev aluator mec hanisms.

7



4.3.2 Comm unications

In order to participate in a trading game, the agen t m ust b e able to comm unicate with the game serv er. The

basic comm unication b eha viors are implemen ted in the agentwar e pac k age, pro vided b y the game organizers.

A common w a y to construct an agen t for T A C SCM is to extend and sub class the elemen ts in the agen t w are

co de directly . Ho w ev er, our team felt that this w as a risky approac h, since c hanges to the comm unication

proto col could ripple through to c hanges in the agen t w are, necessitating new rounds of co de-extraction and

disruptions to our agen t implemen tation. Our approac h is therefore to simply \wrap" the en tire agen t w are

pac k age with an Excalibur comp onen t that has resp onsibilit y for comm unications with the game serv er. The

Comm unications comp onen t acts as an A dapter as describ ed in [6]. W e sho w this approac h sc hematically in

Figure 7. The result is that w e a v oid mo difying the agen t w are pac k age, and w e are alw a ys able to use the

latest v ersion of the agen t w are b y do wnloading it and imp orting it in to our en vironmen t.

Repository

files
excalibur

TCP/IP
insert()

getMsg()

configuration

Communications

agentware
configuration

configuration

Agent
Server
Game

Ware

Figure 7: Comm unications comp onen t wraps the Agen t w are pac k age.

4.3.3 Oracle

The Oracle comp onen t is essen tially a meta-comp onen t, since its only purp ose is to pro vide a framew ork

for a set of small con�gurable comp onen ts that ma y b e used to p erform analysis and prediction tasks.

Most of these are Ev aluators, but a few other t yp es are supp orted as w ell. The Oracle itself simply reads

its con�guration data, and uses it to create and con�gure instances of Ev aluators and other sub classes of

Con�guredOb ject. The top-lev el classes within the Oracle comp onen t are sho wn in Figure 8.

init()

oracle

type

Evaluator

evaluate()

evaluate()

AbstractEvaluator

repository

AbstractSelector

nameMap

configure()

createConfiguredObject()

findConfiguredObject()

startOfGame()

Oracle

name

processConfig()

getName()

ConfiguredObject

select()

selectName()

Figure 8: Principal classes in the Oracle comp onen t.
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Con�guredOb ject is an abstract class that has a name and an abilit y to con�gure itself, giv en an XML

clause. The Oracle creates Con�guredOb ject instances and k eeps trac k of them b y mapping their names

to instances. When it starts, the Oracle pro cesses a con�guration clause that t ypically includes at least

t w o sub clauses. The �rst is a <setup> clause, whic h is pro cessed at the time the Oracle is created, during

agen t initialization. A t this time, ob jects can b e created that do not need access to game parameters. A

t ypical example is a mo del elemen t that m ust read its initialization data from a �le or database that has

b een created o�-line, p erhaps b y analyzing prior games using mac hine learning tec hniques [11]. This m ust

b e done b efore the game b egins simply b ecause of the time required to set up these mo dels; once the game

b egins, the agen t m ust complete its w ork in less than 15 seconds eac h da y . Other clauses are pro cessed b y

the Oracle after the start-of-game ev en t has b een receiv ed, th us allo wing ob jects to access game parameters

from the Rep ository when they are created. F or example, man y ev aluators need to initialize themselv es using

data from the serv er's Comp onen t Catalog or Bill of Materials, whic h are sen t to the agen t at the start of a

game.

Figure 9 illustrates the con�guration clause for an Ev aluator called \order-probabilit y" that estimates the

sales order probabilit y for eac h pro duct (the or der-pr ob ability ev aluator in Figure 10) b y com bining a median

price estimate with a slop e estimate. By con v en tion, the output of an y ev aluator that promises to estimate

order probabilit y is an ob ject called a Pricer that has t w o metho ds: getPrice() returns the predicted

median price, and getPriceForProbability(p) returns the price corresp onding to the giv en probabilit y p .

Inputs to this ev aluator are t w o other ev aluators, named \median-price" and \slop e-estimate."

<evaluator class="edu.umn.cs.tac.oracle.eval.LinearOPEstimator"

name="order-probability">

<input median="median-price"

slope="slope-estimate" />

</evaluator>

Figure 9: Con�guration clause for an order-probabilit y estimator that uses a median price and a slop e

estimate as data sources

The most common sub classes of Con�guredOb ject are Ev aluators and Selectors. W e ha v e discussed

Ev aluators at length in Section 4.2.2, and w e shall see an extended example of their use in the next section.

A Selector is simply a switc h that can b e used to select di�eren t mo dels or ev aluators in di�eren t game

situations. F or example, the early part of a game is t ypically c haracterized b y customer prices that start

high and fall rapidly as agen ts acquire parts and b egin building up in v en tories. Later in the game, prices are

less predictable and more sophisticated mo dels ma y b e useful. A simple DateSelector can b e used to switc h

b et w een pricing mo dels at a particular preset date, or a more sophisticated Selector could b e used to switc h

mo dels once the initial price decline b ottoms out. An in teresting subt yp e of Selector is Mixer, whic h blends

one mo del in to another o v er a p erio d of time, thereb y eliminating sharp transitions. This can b e imp ortan t

when feedbac k lo ops are b eing used to trac k prices, as describ ed in the follo wing section.

4.3.4 Sales

T o illustrate the p o w er of Ev aluators, w e sho w in Figure 10 the ev aluation c hain that is used to pro duce sales

quotas and set prices in a relativ ely simple MinneT A C con�guration. Eac h of the cells in this diagram is an

Ev aluator. A v ersion of the Sales comp onen t called PriceDriv enSalesManager is conceptually v ery simple {

it places bids on eac h customer RF Q for whic h the randomized-price ev aluator returns a non-zero v alue. The

core of this c hain is the allo cation ev aluator, whic h comp oses and solv es a linear program eac h game da y

that represen ts a com bined pro duct-mix and resource-allo cation problem that maximizes exp ected pro�t.

The ob jectiv e function is

� =

h

X

d =0

X

g 2G

�

d;g

A

d;g

(1)
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where � is the total pro�t o v er some time horizon h , G is the set of go o ds or pro ducts that can b e pro duced b y

the agen t, �

d;g

is the (pro jected) pro�t for go o d g on da y d , and A

d;g

is the allo cation or \sales quota" for go o d

g on da y d . The constrain ts are giv en b y ev aluators available-factory-c ap acity , the curren t da y's e�e ctive-

demand , pro jected futur e-demand , and b y Rep ository data, suc h as existing and pro jected in v en tories of

parts and �nished pro ducts, and outstanding customer and supplier orders. Predicted pro�t p er unit for

eac h pro duct t yp e is the di�erence b et w een me dian-pric e and c ost-b asis for those pro ducts.

slope-estimateprice-follower

cost-basis

order-probability

allocation simple-price

effective-demand

demand

future-demand

available-factory-capacity

available-supply randomized-price

price-error median-price

Figure 10: Ev aluator c hain for sales quota and pricing.

The output of the allo cation ev aluator is sales quotas for eac h pro duct. Giv en a sales quota for a giv en

pro duct and a represen tation of an order-probabilit y function, the simple-price ev aluator computes a price

that is exp ected to sell the desired quota, assuming that price is o�ered on all the demand for that pro duct.

In other w ords, if the quota is 25 units and the demand is for 100 units, simple-price computes a price that

is exp ected to b e accepted b y only 25% of the customers. Since there is some uncertain t y in the predictions

of price and order probabilit y , randomized-price adds a sligh t v ariabilit y to o�er prices. This impro v es the

information con ten t and reduces v ariabilit y of the returned orders.

Mark et prices are trac k ed b y the pric e-fol lower ev aluator, whic h observ es the daily high prices rep orted

b y the serv er. The price-follo w er implemen ts a straigh tforw ard double-exp onen tial smo othing function

pric e

sm

d

= � y

d

+ (1 � � )( pric e

sm

d � 1

+ tr end

d � 1

) (2)

tr end

d

= 
 ( pric e

sm

d

� pric e

sm

d � 1

) + (1 � 
 ) tr end

d � 1

(3)

where y

d

is the observ ed high price for a giv en pro duct on da y d (the highest price at whic h the pro duct w as

sold on the previous da y), pric e

sm

d

is the smo othed price for the curren t da y d , tr end

d

is the trend for the

curren t da y , and � and 
 are the smo othing parameters. The resulting smo othed price estimate is to o high

to supp ort sales, since it is trac king the daily high price, and it dep ends strongly on the detailed b eha vior of

other agen ts. Therefore, w e use a feedbac k mec hanism to adjust our price estimates, as sho wn graphically

in Figure 11. Eac h da y d , the or der-pr ob ability ev alutor generates a pricing function P

d

( or der j pric e ), and

pric e

est

is the price computed for y esterda y's sales quotas Q

d � 1

. Y esterda y's observ ed price pric e

obs

is

computed b y applying y esterda y's pricing function to to da y's customer orders O

d

. The correction computed

b y pric e-err or is the di�erence b et w een estimated and observ ed prices

err

p

= pric e

obs

� pric e

est

(4)

The me dian-pric e ev aluator then computes a median price

pric e

me d

= pric e

sm

+ err

p

(5)
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P ( or der j pric e )

O

Q

pric epric e

est

pric e

obs

Figure 11: Estimating actual mark et price pric e

act

, giv en sales quota Q , order v olume O and an estimate of

the order probabilit y function P .

for the curren t da y , giving the corrected output of pric e-fol lower .

Another comp elling example of the p o w er of ev aluators in the design of MinneT A C is the sales pricing

and forecasting mo del based on Gaussian Mixture Mo dels describ ed in [11]. The elemen ts of this mo del

replace the pric e-fol lower , me dian-pric e , and or der-pr ob ability ev aluators sho wn in Figure 10, and the slop e-

estimate ev aluator is omitted in that con�guration. There are also t w o Con�guredOb ject t yp es that load

training data for this mo del when the agen t starts. This is the con�guration that ran in the 2006 T A C SCM

tournamen t; the details are b ey ond the scop e of this pap er.

5 Ev aluation

The soft w are arc hitecture of MinneT A C is strongly fo cused on strict con trol of dep endencies, and on 
exible

con�guration. W e ev aluate the success of this design b y asking t w o questions: (1) Do es the agen t p erform

w ell, and to what exten t do es the design a�ect agen t p erformance? (2) Do es the design meet the \usabilit y"

c hallenges describ ed in Section 3?

5.1 P erformance

There are t w o measures of agen t p erformance that could b e a�ected b y the design. One is related to o v erhead:

Do es the design imp ose an unacceptable run time o v erhead? The other is ho w w ell the agen t p erforms in

comp etition against other agen ts that ha v e b een implemen ted with di�eren t designs.

The Excalibur framew ork do es indeed imp ose some o v erhead when the agen t starts up, since it m ust read

con�guration �les, �nd and load co de for comp onen ts, and set up and con�gure the comp onen ts. Ho w ev er,

once the agen t is running, there is essen tially no o v erhead imp osed b y the framew ork. Ev en t pro cessing and

ev aluation is done b y direct lo okup, since ev en t handlers and Ev aluators are registered when comp onen ts are

loaded. W e ha v e run 6 MinneT A C agen ts (with a simple Sales comp onen t) on the same desktop mac hine (a

1 GHz P en tium), and all 6 agen ts are able to complete their daily decision pro cedures in less than 1 second.

A Sales comp onen t that relies on solving a linear program eac h round tak es longer, but its p erformance is

almost en tirely determined b y the time required to comp ose and solv e the linear program.

MinneT A C has done reasonably w ell in the o�cial T A C SCM tournamen ts since 2003. In 2005 and

2006 it w as a �nalist. Eac h y ear, MinneT A C has b een �elded with a new implemen tation of at least one

of the decision comp onen ts (Sales, Pro curemen t, Pro duction, and Shipping), and sev eral others ha v e b een

implemen ted but ha v e not b een en tered in to the comp etition. The ease with whic h these new comp onen ts

could b e implemen ted and con�gured in to the agen t is a testamen t to the design w e describ e here.
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5.2 Usabilit y

Mitc h Kap or sa ys that soft w are design bridges the w orld of p eople and h uman purp ose with the w orld of

tec hnology [8 ]. It's easy to understand what that means when the artifact is a desktop application in tended

to b e used directly b y p eople. But in fact, the �rst user of a soft w are design is the programmer who

implemen ts it, and the programmer who m ust c hange it later is p erhaps ev en more strongly impacted. F rom

the implemen ter's standp oin t, go o d design is easy to understand, easy to implemen t correctly , and easy to

main tain. F rom the main tainer's standp oin t, a go o d design is one that is easily understo o d, and that can

sustain c hange without losing in tegrit y .

MinneT A C is an autonomous agen t. It exists in the game en vironmen t and needs no user in terface,

other than the con�guration �les it reads and the log�les it pro duces. The principal usabilit y criterion is

whether researc hers can e�ectiv ely w ork on the v arious decision problems indep enden tly , and whether they

can extract the data they need to analyze p erformance and con�rm or refute h yp otheses.

There is considerable evidence that our design has met its goals.

� Inexp erienced studen t programmers ha v e b een able to con tribute signi�can t functionalit y without need-

ing to understand the en tire system. Examples include t w o di�eren t Shipping comp onen ts, t w o di�eren t

Pro duction comp onen ts, �v e di�eren t Sales comp onen ts, six di�eren t Pro curemen t comp onen ts, and

o v er 80 di�eren t Ev aluators, written b y at least 22 studen ts o v er a p erio d of four y ears.

� The standardized log-message format pro duced b y the Excalibur infrastructure mak es data extraction

relativ ely easy , ev en though MinneT A C generates appro ximately 5Mb of data for a t ypical game. A

wide v ariet y of analyses ha v e b een carried out with this data. An example of suc h an analysis is giv en

in [12], where w e w ere able to sho w that the original design of the game ga v e a large adv an tage to the

agen t that w on a pro curemen t lottery on the �rst da y of the game.

� One studen t implemen ted a user in terface that tak es full adv an tage of the comp onen t-orien ted ar-

c hitecure of MinneT A C and its reliance on Ev aluators to do m uc h of the analysis. It pro vides sev eral

t yp es of plotting windo ws. Its la y out and the con ten t of the windo ws are en tirely determined b y its

con�guration, whic h sp eci�es the plot t yp es and whic h ev aluators are to b e plotted.

� Selectors and Mixers (see Section 4.3.3) are v ery recen t additions to the MinneT A C design, and they add

considerable expressiv e p o w er for constructing mo dels that can learn and adapt to mark et conditions.

Once the need w as clear, they w ere added and tested in less than four hours, and required no other

c hanges in the rest of the system.

� MinneT A C is an op en-source pro ject, a v ailable at http://tac.cs.umn.edu . The source release in-

cludes the full infrastructure, and relativ ely simple examples of eac h of the decision comp onen ts, a few

ev aluators, and a sample set of con�guration �les. It has b een do wnloaded ab out 30 times p er mon th

since its initial release in April 2005. There ha v e also b een o v er 500 binary do wnloads of the 2005 and

2006 comp etition v ersions of MinneT A C, whic h include some relativ ely complex ev aluators that are

not su�cien tly do cumen ted or tested for release to the public.

6 Related W ork

Most agen t design e�orts ha v e fo cused on either the autonomous b eha vior asp ects of agency , or on in teraction

among agen ts. Norman et al. [15] describ e agen t so cieties that mo del organizational structures and automate

business pro cesses. These ADEPT agen ts negotiate o v er service agreemen ts that can in v olv e man y parties

and man y dimensions. JADE [14] is an agen t framew ork that has b een used to build trading agen ts, and

could ha v e b een used for MinneT A C. Ho w ev er, its primary emphasis is on building m ulti-agen t systems

that comply with FIP A sp eci�cations for in ter-agen t comm unications, and with 
exible deplo ymen t in a

net w ork en vironmen t. This is not a requiremen t for the T A C SCM domain. The MinneT A C design is

c omp ositional in the sense of Brazier et al. [2], but not hierarc hically so. The DESIRE metho d from Brazier

et al. do es not seem applicable to the MinneT A C situation, since w e are dealing with a single agen t in an

existing en vironmen t, and the blac kb oard approac h used in MinneT A C is not easily mo deled with DESIRE.
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RETSINA [17] suggests b oth a m ulti-agen t arc hitecture with a v ariet y of agen t roles, and an arc hitecture

for individual agen ts that pro vides comm unications, planning, sc heduling, and execution monitoring. This

arc hitecture could probably b e adapted to the T A C SCM domain, but its planning and comm unication

capabilities w ould not b e esp ecially useful. V etsik as and Selman [19] sho w a metho d for studying design

tradeo�s in a trading agen t. This approac h could lik ely b e used e�ectiv ely in MinneT A C.

A few of the other participan ts in T A C SCM ha v e describ ed their agen t designs. He et al. [7] ha v e adopted

a design consisting of three in ternal \agen ts" to handle Sales, Pro curemen t, and Pro duction/Shipping. Sales

decisions use a fuzzy logic mo dule. Some algorithmic detail is giv en, but there is little further detail on the

arc hitecture of the agen t. T acT ex05, the winner of the 2005 comp etition [16] is based on t w o ma jor mo dules,

a Supply Manager that handles pro curemen t, and a Demand Manager that handles sales, pro duction, and

shipping. These mo dules are supp orted b y a supplier mo del, a customer demand mo del, and a pricing mo del

that estimates sales order probabilit y .

Ultimately , the T A C SCM problem domain do es not require the sort of 
exible cognitiv e and so cial

elemen ts of these more \traditional" agen t designs. Instead, our fo cus has b een on separating the decision

tasks and supp orting researc h needs, and w e ha v e found the comp onen t-orien ted mo del to b e ideal.

7 Conclusions and F uture W ork

Exp erimen tal w ork with m ulti-agen t systems requires an implemen tation. Often, the design qualities that

b est supp ort exp erimen tal w ork are di�eren t from those normally considered \ideal" in industry . In com-

plex economic scenarios suc h as the Supply Chain T rading Agen t Comp etition, the desired design qualities

include clean separation of infrastructure from decision pro cesses, ease of implemen tation of m ultiple deci-

sion pro cesses, clean separation of di�eren t decision pro cesses from eac h other, and con trollable generation

of exp erimen tal data. In a comp etition en vironmen t, the abilit y to comp ose m ultiple agen ts with di�eren t

com binations of decision pro cess implemen tations mak es it p ossible to test h yp otheses ab out the e�ectiv eness

of comp eting decision mo dels.

W e sho w one w a y to construct suc h an agen t, using a readily-a v ailable comp onen t framew ork. The

framew ork pro vides the abilit y to comp ose agen t systems from sets of individual comp onen ts based on

simple con�guration �les. W e also sho w that t w o basic mec hanisms, ev en t distribution with the Observ er

pattern and our Ev aluator-Ev aluation sc heme, p ermit an appropriate lev el of comp onen t in teraction without

in tro ducing unnecessary coupling among comp onen ts.

There are man y p ossible extensions to the basic design w e sho w here. One that w e are curren tly pursuing

is to add an \executiv e" comp onen t that w ould allo cate \resources" to comp eting implemen tations of basic

decision pro cesses within a single agen t. This w ould allo w a high degree of adaptabilit y in the game en vi-

ronmen t, where the lev el of demand can 
uctuate greatly , and where the actions of other agen ts can ha v e a

signi�can t impact on the mark ets.
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