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Abstract. Supply c hain formation is an imp ortan t problem in the com-

mercial w orld, and can b e impro v ed b y greater automated supp ort. Hence,

the m ultiagen t systems comm unit y should w ork to dev elop new solutions

to the problem. The problem is complex and c hallenging, and a complete

mo del m ust encompass a n um b er of issues. In this pap er w e highligh t

some issues that m ust b e understo o d to mak e progress in mo deling sup-

ply c hain formation.

1 In tro duction

Muc h of the p opular co v erage of electronic commerce has fo cused on tec hnol-

ogy for facilitating bilateral exc hange b et w een customers and merc han ts. Ho w-

ev er, complex economic activit y often in v olv es in terrelated exc hange relation-

ships among m ultiple lev els of pro duction, often referred to as a supply chain .

Whereas a great deal of curren t commercial e�ort is b eing dev oted to tec hnology

to supp ort and manage supply c hains, m uc h of it is orien ted to w ard main taining

pre-existing relationships in the c hain. T o ac hiev e the oft-expressed visions of

dynamically forming and dissolving business in teractions (e.g., the rhetoric of

\virtual corp orations") requires automated supp ort for supply chain forma-

tion , the pro cess of b ottom-up assem bly of complex pro duction and exc hange

relationships.

Automated supp ort can extend b ey ond sp eeding the comm unications, calcu-

lations, and routine computation in the supply c hain formation pro cess. The arti-

�cial in telligence and m ultiagen t system (MAS) comm unities are w ell-p ositioned

to dev elop tec hnology that will increasingly automate the decision making in

business in teractions. Ho w ev er, w e m ust recognize that merely describing com-

putational en tities as \agen ts" will not immediately solv e the problem. Institu-

tions and mo des of in teraction m ust b e carefully designed to ac hiev e desirable

b eha vior. Supply c hain formation is a complex and c hallenging problem, and a

complete mo del w ould encompass a n um b er of issues. W e fo cus on the issue of

resource con ten tion, whic h has not b een w ell addressed in most mo dels relev an t

to supply c hain formation.
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In this pap er w e highligh t some issues that m ust b e understo o d to mak e

progress in mo deling supply c hain formation. W e outline these issues broadly in

Section 2. In Section 3 w e discuss sev eral relev an t mo dels in m ultiagen t systems,

and highligh t task dep endency net w orks for represen ting resource con ten tion. In

Section 4 w e describ e some di�culties that arise from resource con ten tion, and

suggest that mark et-based approac hes can b e e�ectiv e in solving them. In Sec-

tion 5 w e iden tify some op en problems in supply c hain formation, and conclude

in Section 6.

2 Asp ects of Supply Chain F ormation

The de�ning c haracteristic of supply c hain formation is hier ar chic al subtask

de c omp osition . Agen ts ha v e sp ecialized capabilities and can p erform only cer-

tain com binations of tasks, or pro duce certain resources. In order to complete

a complex task, an agen t ma y delegate subtasks to other agen ts, whic h ma y in

turn delegate further subtasks.

R esour c e c ontention constrains the set of feasible supply c hains. When

agen ts require a common resource (e.g., a subtask ac hiev emen t, or something

tangible lik e a piece of equipmen t) to complete their o wn tasks, resource scarcit y

ma y exclude these agen ts from join tly op erating in the supply c hain.

Agen ts aim to maximize their value in a supply c hain. The mo del should

accoun t for v alues o v er m ultiple attributes suc h as monetary cost, time, and

qualit y .

In a MAS con taining autonomous, self-in terested agen ts with priv ate infor-

mation, no en tit y has all information necessary to cen trally form supply c hains.

This de c entr alization constrain t implies that w e should distribute decision

making throughout the supply c hain. Ideally , agen ts w ould b e able to form sup-

ply c hains in a strictly b ottom-up manner, requiring only lo cal comm unications

and limited kno wledge of the rest of the system.

Ev en when distributed, agen t in teractions during supply c hain formation

can b e complex. Agen ts do not generally ha v e the incen tiv e to truthfully rev eal

information, hence w e m ust analyze str ate gic inter actions b et w een agen ts.

Unc ertainty in tro duces man y complications in a mo del of supply c hain for-

mation. The constructed supply c hain can b e disrupted b y failures in agen ts, fail-

ure in comm unications, and in ten tional fraud. Agen ts ma y b e allo w ed to legally

decommit from their con tracts for a cost (e.g. to tak e adv an tage of b etter op-

p ortunities). The negotiation pro cess itself ma y b e a�ected b y uncertain ev en ts.

Bounds on rationalit y , v ariations in kno wledge across agen ts, and m ultiplicit y

of equilibria mak e an agen t's negotiation strategy uncertain. F ailures in agen ts,

negotiation mediators, and comm unications c hannels can o ccur during negotia-

tion. Ev en if w e kno w the full negotiation proto col and agen t strategies and no

failures o ccur, async hronous comm unications in tro duces random elemen ts in to

negotiation.



3 Mo dels of T ask Allo cation and Supply Chains

Sev eral existing mo dels from the MAS researc h literature capture some, but not

all, elemen ts of supply c hain formation. W e review some of the dominan t mo dels

of relev ance here.

Rosensc hein and Zlotkin [6] study a class of problems they call T ask Orien ted

Domains (TODs). A TOD consists of a set of tasks that m ust b e accomplished,

and a (generally non-additiv e) cost function o v er sets of tasks. Sandholm [7]

examines a generalization of TODs to include agen t-dep enden t costs and con-

strain ts on task ac hiev emen t. Agen ts are initially allo cated a set of tasks, and

ma y negotiate m utually b ene�cial exc hanges of tasks to lo w er their costs. An-

dersson and Sandholm extend the mo del to allo w agen ts to pa y to decommit

from con tracts when b etter con tracts b ecome a v ailable [1]. These mo dels ad-

dress strategic in teractions and increasing v alue via bilateral and m ultilateral

task exc hange, but do not incorp orate the subtasking relationships c haracteris-

tic of supply c hains.

Hierarc hical subtask decomp osition is a core feature of the mo del under-

lying the contra ct net proto col [2]. Subtasking pro ceeds in a distributed

manner, in that agen ts comm unicate only with p oten tial and actual subtasking

partners. The proto col can 
exibly accommo date m ultiattribute optimization

criteria. Ho w ev er, these optimization criteria are applied lo cally within a lev el,

in a greedy fashion, and do not re
ect negotiation at other lev els in the ev olving

supply c hain.

Joshi et al. [3 ] consider issues arising from sim ultaneous negotiation of m ul-

tiple subtasking issues at v arious lev els of a supply c hain. In their async hronous

mo del, agen ts ma y ha v e the opp ortunit y to �nalize a con tract while other nego-

tiations are still p ending. This uncertain t y induces a complex decision problem

for agen ts that do not wish to o v erextend their commitmen ts.
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Fig. 1. A task dep endency net w ork.

Balancing in teracting subtask commitmen ts at m ultiple lev els is esp ecially

imp ortan t in the presence of resource con ten tion. W e represen t resource con-

ten tion in a supply c hain with a task dep endency network [8]. The no des of



a net w ork represen t agen ts and go o ds. W e use the term go o d to refer to an y

task or discrete resource pro vided or needed b y agen ts. The edges in the net w ork

represen t input/output relationships b et w een agen ts and go o ds. An edge from

go o d to an agen t indicates that the agen t can mak e use of one unit of the go o d,

and an edge from an agen t to a go o d indicates that the agen t can pro vide one

unit of the go o d. A c onsumer is an agen t that obtains some v alue from acquir-

ing a go o d. A pr o duc er can pro vide one unit of one output go o d, con tingen t on

acquiring eac h of a set of input go o ds. A supplier can pro vide a go o d, at some

cost, without requiring an y inputs.

Figure 1 sho ws an example task dep endency net w ork. The go o ds are indicated

b y circles, the consumer and suppliers b y b o xes, and the pro ducers b y curv ed

b o xes. The consumer v alue and supplier costs are indicated under the resp ectiv e

agen ts.
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Fig. 2. The optim um allo cation (and only solution) in the net w ork.

An al lo c ation is a subgraph con taining all agen ts that acquire or pro vide

go o ds, all go o ds that are acquired or pro vided, and all edges corresp onding

to the acquiring/pro viding relationships b et w een the go o ds and agen ts in the

allo cation. A fe asible al lo c ation is one in whic h: 1) pro ducers that pro vide their

outputs also acquire all necessary inputs, and 2) all go o ds are in material balance

(the n um b er of edges in to a go o d equals the n um b er of edges out of a go o d).

An optimal al lo c ation is a feasible allo cation that maximizes the di�erence

b et w een the sum of consumer v alue, and sum of supplier cost in the allo cation.

A solution is a feasible allo cation in whic h one or more consumers acquire a

desired go o d. Figure 2 sho ws the optim um allo cation (and only solution) for the

net w ork from Figure 1. The allo cation includes the shaded agen ts and go o ds and

the solid edges.

4 Problems With Resource Con ten tion

Consider a simple greedy allo cation proto col, whereb y subtask requests 
o w from

consumers to suppliers, and subtask o�ers 
o w bac k to the consumer in a single

pass. A t eac h p oin t in the o�er 
o w, an agen t sends o�ers as a function of the



b est o�ers it receiv es. Figures 1 and 2 sho w an example of ho w suc h a greedy

p olicy could run in to trouble with resource con ten tion. Lo cally , it app ears that

B-C-to-D could pro vide D c heap er than A-B-to-D . Ho w ev er, the only solution

includes C-D-to-E , whic h requires the one a v ailable unit of C . This necessarily

excludes B-C-to-D from the solution.
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Fig. 3. A harder task dep endency net w ork.

W e migh t address this problem b y augmen ting a greedy proto col with lo ok a-

head or bac ktrac king capabilities to iden tify these constrain ts. Ho w ev er, w e ar-

gue that ev en with these capabilities, the proto col w ould 
ounder when faced

with more complicated net w orks suc h as the one in Figure 3. An y solution m ust

include suppliers S-1 and S-2 (the optim um is sho wn in Figure 4). Ho w ev er, b e-

cause these suppliers ha v e the highest costs, the net w ork w ould sev erely mislead

a greedy proto col.

W e can sho w that the problem of �nding solutions is NP-complete, hence it

should not b e surprising that greedy approac hes w ould ha v e di�cult y . Indeed,

w e should not exp ect an y decen tralized proto col to alw a ys form optimal supply

c hains.
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Fig. 4. The optim um allo cation (and only solution) to the harder net w ork.



W e iden tify a mark et-based proto col that, while not uniformly optimal, p er-

forms w ell on task dep endency net w orks [8 ]. Mark ets utilize pric e systems

to guide agen t decisions in a decen tralized manner. Agen ts negotiate through

sim ultaneous, ascending auctions, one for eac h go o d. W e examine simple, non-

strategic agen t bidding p olicies, requiring only lo cal information. The proto col

quic kly �nds solutions for the example problems sho wn in this pap er. Exp eri-

men ts suggest that the proto col reliably con v erges to solutions (when they exist,

and when the consumers ha v e su�cien tly high v alue) [10 ]. When com bined with

con tract decommitmen t to remo v e dead ends in the supply c hain, the proto col

pro duces high v alue allo cations on a v erage [9].

5 Op en Problems

T ask dep endency net w orks accoun t for resource con ten tion in supply c hain for-

mation, whic h has not b een adequately addressed in other mo dels. W e ha v e

iden ti�ed a mark et-based proto col that p erforms w ell on task dep endency net-

w orks, but there remain man y op en problems to b e addressed.

Strategic in teractions are extremely complicated in an y reasonable mo del

of supply c hain formation. In our w ork w e ha v e assumed simple agen t bidding

p olicies that w ork w ell from a system p ersp ectiv e. W e m ust p erform a strategic

analysis to determine the plausibilit y of the p olicies, and ho w they fare against

other p olicies. Additionally , w e w ould lik e to understand ho w agen ts migh t ex-

ploit kno wledge of the net w ork to their adv an tage.

T o a certain degree, w e can mo del m ultiattribute v alue in task dep endency

net w orks. F or instance, w e can mo del discrete-time sc heduling preferences b y

replicating agen ts o v er p erio ds in a time in terv al. Ho w ev er, this replication b e-

comes infeasible as the n um b er of attributes gro ws. Incorp orating m ultiattribute

v aluations more directly w ould require an extension to the mark et proto col.

In task dep endency net w orks, w e can also mo del 
exible pro duction of m ul-

tiple units and m ultiple output go o ds b y represen ting a single pro duction en tit y

as m ultiple pro ducer agen ts, one for eac h pro duction c hoice. Again, this can

b e reasonable for small-scale m ultiplication, but ma y not scale w ell with exten-

siv e pro duction c hoices. Moreo v er, w e cannot claim that the m ultiple agen ts are

strategically equiv alen t to the single en tit y they represen t. W e consider these to

b e in teresting c hallenges, imp ortan t to future dev elopmen t of our mo del.

In a highly dynamic system w e migh t exp ect c hanges to necessitate real-

lo cation after quiescence. An adaptiv e system w ould detect|in a decen tralized

fashion|when lost resources cause infeasibilit y or when new opp ortunities mak e

an impro v ed allo cation p ossible. W e plan to study ho w w ell mark et allo cations

degrade or impro v e in resp onse to reallo cations, and ho w to comp ensate agen ts

that lose v alue in the reallo cation.

Rational agen ts w ould use probabilistic reasoning to adjust their negotiations

to accoun t for the p ossibilit y of later reallo cation. W e can also in tro duce devices

suc h as securities and con tingency con tracts to impro v e allo cations in the face

of uncertain t y .



Although w e ha v e presen ted the task dep endency net w orks as pre-de�ned

en tities, in a dynamic system w e w ould exp ect the go o ds of in terest and the

a v ailable auctions to c hange o v er time. Mullen and W ellman [4] studied mec ha-

nisms and p olicies for starting and main taining auctions, and others [5, 11 ] are

w orking to design go o ds description languages to allo w agen ts to comm unicate

their needs.

6 Conclusion

Supply c hain formation is an imp ortan t problem in the commercial w orld, and

can b e impro v ed b y greater automated supp ort. The problem is salien t to the

MAS comm unit y and deserving of con tin ued researc h.
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