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Abstract

This paper proposes and evaluates a model of supply chamedwasrks of auctions. In this model,
companies are represented according to the first level @dipply Chain Council’'s SCOR model
and the trading strategy of the agents is adapted from a moolebsed by Steiglitz and colleagues.
Specifically, the highest level of SCOR treats a company agpeising three functions, namely
SourceMake andDeliver. Our companies may also have these three functions, vmreeand
Deliverare modelled in a way similar to the agents proposed by Ste#gid his colleagues, that is,
they hold products in their inventory and place shouts todngell products so that their inventory
remains at its target level. After presenting our model, el its behaviour with a simulation
based on the JASA auction simulator. This study providegims into supply chain dynamics and
associated trading behaviours. In particular, the sinaratesults show that price dynamics are
more complicated than simply balancing consumption, fansation capacities, and the supply
of raw materials. In addition, we identify three patternga€e dynamics in our auctions, explain
their cause, and propose rules linking initial conditiond ¢he occurrence of such price patterns.

Keywords: Supply chain modeling, SCOR Model, Auctions, System dyegamigent-based Simula-
tion.

1 Introduction

Supply chain management is one of the most widely studiebl@mas in contemporary manufacturing
and industrial management (Simchi-L&tial., 2000). Supply chain management involves the design,
modeling, implementation, and coordinated control of reeks of resources in order to supply goods
and services to consumers. Typical goals are to build sugmyns that are, for example, agile (able
to respond rapidly to changing market circumstances), (@é&h the smallest possible commitment to
items in stock), and robust (resilient against unforesegistical problems). Improvements in supply
chain management can yield significant competitive adggnfar producers, hence the considerable
interest this subject has aroused.

One increasingly popular approach to the design and mareageshcomplex systems is the use
of market mechanisms- see e.g., Clearwater (1996). Markets are widely recogniseproviding
efficient mechanisms for resource management and allocdtiistorically, the inevitable coordination
and management overheads associated with implementifgtizsed systems have meant that their
use has been reserved for large applications. However,ittespread availability of cheap networked
computer systems has meant that the overheads associdtedpsrating market systems are now
sufficiently low that they can be much more widely used (wis)dor example, the growth of online
auction-houses such as eBay).



It is not surprising, therefore, that researchers woulé@stigate the use of market mechanisms for
supply chain management. An interesting market-basedmsyist which traders produce and consume
goods was Steiglitet al. (1996). In this paper, we build on their work. As part of a &rgroject to
apply concepts from economics to the design and managerhdistributed computational systerhs,
we have studied supply chains ssquences of linked marketplaceb this model, entities in the
chain exhibit buyer/seller behaviours, rather than, f@anegle, order/deliver behaviours (as in the Beer
Game (Sterman, 1989)). In this model, a supply chain thesistnof sets of market interactions
involving three connected flows up and down the chain: negisjs, and money.

Our work builds on the prior work of Steiglitzt al, as follows. Essentially, we have adapted their
model tonetworksof auctions in order to utilize their tools (speculationddhe three price signals) in
the management of supply chains. For that purpose, we hplieated the experiments in these three
papers$ using the JAVA Auction Simulator API (JASA)and study how these results scale to networks
of auctions. Our aim, therefore, is to understand if todisative for management of the dynamics of a
single auction remain effective in the presence of suppiircdynamics; that is, to understand if these
tools can also handle the different streams (needs, psdaund money) in supply chains, as well as the
interactions among these streams. With regard to sucha@apbf tools, we have already stabilised
the prices in a supply chain modeled as in this paper by mdameoulation (Moyaux and McBurney,
2006b). We also plan in (Moyaux and McBurney, 2006a) to attepinethodology proposed by Mizuta
et al. (2003) to broadcast different price signals in order toissgbsupply chains. However, adapting
such tools to supply chains is not the topic of this paperctvfidcuses on the model and its dynamics.

The remainder of this paper is structured as follows. Faligva survey of related work, Section 3
introduces our model. Section 4 presents the dynamics girtbe when a single market is considered.
In particular, we identify three patterns of price dynamiesplain their cause, and propose two rules
linking such patterns with some initial conditions of themalation. Section 5 extends these observa-
tions and explanations, and adds a rule in a scenario withrstgoential markets. Finally, Section 6
concludes the paper.

2 Background and Related Work

According to Dodd and Kumara (2001), Mark S. Fox was prob#yfirst to model a supply chain as
a multiagent system (Foat al, 1993). Besides the construction of an agent-orientedvaodt archi-
tecture (Foyet al,, 2000), Fox and a colleague of his have proposed COOL (CO@iidn Language),

a language based on KQML for coordinating industrial disttéd applications (Barbuceanu and Fox,
1996). Many other applications of multiagent systems t@suphain management have followed. For
instance, Cloutieet al. (2001) also worked on coordination by proposing CAT (Cotigeny Agree-
ment and Transaction) to the bus manufacturer Prévost @AT allows business partners to share
high level information, next interact (e.g. negotiate)hwaach other, in order to commit on punctual
manufacturing or informational actions to perform in theufe. Another example is provided by An-
thes (2003) who reports that Procter & Ganfdlsaves USD300 million annually on an investment
of less than 1% of that amounthank to agent-based simulations. In fact, Nutech Sohgiformer
Biosgroufs) provided Procter & Gamble with an agent-based simulatf@pmrtion of its retail supply
network in order to study the impact of certain policies &gapby the companies in this network. Next,

1Seehttp://mww.marketbasedcontrol.com/

2\We not present our replication here of the results of theetimapers by Steiglitz. Note that when we refer to these
papers, we refer in fact to our replication of their models.

3Seehttp:/iwww.csc.liv.ac.uk/ ~sphelps/jasa/ andhttp://jasa.sourceforge.net/

4Seehttp://www.prevostcar.com/

5Seehttp:/www.pg.com/

®See http://www.biosgroup.com/lit_featured.asp and http://www.nutechsolutions.com/
lit_featured.asp



additional studies are more focussed on the use of markstgpjply chains. The Trading Agent Com-
petition - Supply Chain Management (TAC-SCiMpay be the most famous model in this category. As
indicated by its name, this is a competition in which ensagrbpose software trading agents in order
to buy components from several suppliers, assemble thespa®nts, and sell the finished products
to end customers, all automatically.

Such a model of a market-mediated supply chain allows stgdguestions as the long-term costs
and benefits in a business-to-business (B2B) context oh@rdiictions in comparison with a long-
term relationship. In other words, is it better to have a raarkediated supply chain in which the
competition among traders leads to the short-term optimrag traditional RFQ/RFP (Request for
Quote/Proposal) process in which learning may end with seb&ing-term result? (Geoffrion and
Krishnan, 2003, p. 1147) In addition, markets are often glhouo be efficient when they are perfect,
but are they able to handle the complexity of supply chairedyies due to their interconnected flows?
Markets may therefore be an efficient way to manage supplynsha

In the model of Steiglitzt al. (1996), a single type of agent produces food and gold, tretes
food for gold via a market modelled as an auctioneer. Twoiofdspeculators are also introduced,
which both stabilise the clearing price when no price bubllee created. Subsequently, Steiglitz and
Shapiro (1998) extended this initial study of the model bglgsing the occurence of these price bub-
bles and interrupting them during their formation. In bo#tpers, trading agents bid a price calculated
asP(t—1) xB(f,g), whereP(t — 1) is the previous price in the auction, and whB(€, g) is a function
of the internal state of the agent (this strategy will be itledan this paper). Later, this model was ex-
tended to understand how an auctioneer can stabilise tteipra single auction by broadcasting more
information about the state of the auction than simply theaclearing price (Mizutat al., 2003).
Specifically, the auctioneer broadcasts one of the follgwirice signals: (i)P0 is the non-weighted
average of the prices in all (bid and ask) shoutsHlijs the average of the prices in all shouts weighted
with the quantity of these shouts, and (H2 is another weighted average of the prices proposed by the
traders. Next, the traders then bid the piRggt — 1) xB(f, g), P1(t— 1) «B(f, g) or P2(t— 1) * B(f, g).
When the auctioneer broadcaB®, thenP slowly reaches its equilibrium; whe?l is broadcast, then
P fluctuates forever; finally, using2 causes rapid convergence to the equilibrium.

The problem with Steiglitzt al's model is the assumption that, in every round, tradersdaeci
to produce either food or gold. Such an assumption repscateeconomy of ancient time in which
the agents are not specialised on a specific productionitgctiir stark contrast, the agents in modern
economies are very specialised: either they are farmersgndve food, or they are miners who dig for
gold. Such a specialisation generates an interdepencyatheriwo types of agents: farmers rely on
miners to fulfil their needs in gold, while miners have to @radth farmers in order to obtain the food
they consume. Since miners always sell gold and buy foodstreams flowing in opposite directions
appear, namely a stream of food linked to a stream of golds Waiy, miners and farmers form the
most simple supply chain.

In this paper, we first study such a simple supply chain witly dmo types of agents, in which
the miners are called end customers because they are tloe sunoney, and the farmers are seen as
raw material producers because they provide end custonigrpreducts. Then, we extend this model
with a third kind of agents, called manufacturers, thatsfanm the products bought from the raw
material producers in order to sell the transformed itemhléaend customers. This model is thus quite
similar to the TAC-SCM. Since two kinds of products are exxel among these three types of agents,
two markets are required, i.e. one market per product type tiivik that such an improvement over
Steiglitzet al.'s model does not only make it more realistic with regard talera economies, but also
sheds light on the different interdependencies in suppdynsh In fact, the different streams traveling
accross supply chains cause both the markets and the diffigyees of traders to be interdependent.
For instance, the fluctuations of the price in the first mankay impact on the fluctuations of the price

"Seehttp://iwww.sics.se/tac/
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Figure 1: The two structures of supply chain consideredigghper.

in the second market.
The model with two and three types of company-agents is ntwdaoced.

3 The Supply Chain Model

Our aim in this section is to give a detailed description @& supply chain model whose properties
we subsequently investigate. The basic idea of the modaéiriplg that the supply chain itself is
modelled as a chain of interconnected markets. Thus, fanpbg a market connects raw material
producers to manufacturers, and another connects endwerstéo manufacturers. Our belief is that by
building supply chains in this way, we can in particular métiem more efficient and more responsive
to prevailing market circumstances.

Our model makes use of the first level of the Supply-Chain &jmrs Reference-model (SCOR),
and we describe how SCOR is used in our model in SubsectionThé& ordering strategy used by
companies in our model is described in Subsection 3.2. Teetihe JASA auctioneer in the model

is described in Subsection 3.3. Finally, some definitiors the settings of parameters conclude this
section.

3.1 The Companies Modelled with Supply-Chain Operations Rierence-model (SCOR)
There are three types of entity in our model of a supply chain:

e End-users (denotd@ndCustome),

e Manufacturerslanufacturei), and

e Producers of Raw MaterialRéwMatProd).

These different entities are illustrated in Figure 1(anufacturet in Figure 1(b) is modelled directly
according to the first level of SCOR, while the other four camps in Figures 1(a) and 1(b) are
simplifications of this model. The three functioBgliver, Make and Sourcedirectly correspond to
SCOR. We will use “inventory” to refer to @eliver or a Sourceas an agent holding products in
inventory and bidding in an auction. Companies, sucBredCustomer, are also agents (their activity
is calledMake which encapsulate inventory-agents. We use “she'Smurce, “he” for Delivers and
“it” for their company. In more detail, the companies in Figl have the following functions.
EndCustomer in Figures 1(a) and 1(b) has two functions:

8SCOR also considers twReturnfunctions in parallel wittDeliver andSource and aPlan function controlling the five
other functions.



e Maked) producesMakeédMoney= +M > 0 units of money by adding this quantity Money),
and consumeMakeéProducts= —P < 0 units of food in every round. The consumption of
products is achieved by removing them from the invent®ourc®. If EndCustomer cannot
consume the quantitilakedProducts then it forgets this fact in the future (i.e., it neither slie
nor tries later on to consume more to compensate for a pasofdood).

e Sourcé is an inventory-agent who bids Marke1 in order to buy products so that her inventory
level Sourc@Levelis kept atSourc@Target She starts the simulation at lev@burc@Ini. The
products are paid witiMoney). The bidding strategy is the one introduced by Steigditzl.
(1996), and presented in Subsection 3.2.

Manufacturei in Figure 1(b) has three functions:

¢ Deliverl is an inventory which uses Steigliet al. (1996)'s bidding strategy to place ask shouts
in Marke®1. The goal ofDeliverl is to sell products so that the level Dliverl stays at
Deliverl Target Money is shared amonBeliverl andSourcé.

e Makel is the production function dlanufactureit which transforms a quantity déflakel Products
units in every round at a production costiakel Money(considered null in this paper).

Specifically, Makel performs two actions in every round: (i) if the work-in-pess inventory
of Makel is full with Makel Productsitems, then this content is moved in2eliverl to sim-
ulate the end of the transformation of these items, and (iigweverSourcé contains more
thanMakel Productsitems, a new production batch is launched by moving a quaotiexactly
Makel Productsitems fromSourcé into Makel. WhenSourcé does not contain enough items,
then nothing is moved, so that the work-in-process invgniidakel is either empty or full, but
never half-full.

e Sourcé is similar to other inventories, that is, she holds prodacits bids inMarketl2 in order
to purchase the raw materials which will next be transforimgt¥akel.

RawMatProd in Figure 1(a) andRawMatPro@ in Figure 1(b) have two functions, which reflect
EndCustomer:

e Make(1,2} producesMake(1, 2}Products= +P > 0 units of food every round by adding them
into the inventoryDeliver{1, 2}, and consumeMake{1,2}Money= —M < 0 units of money
every round. If it cannot consume this quantity of moneyprigéts this fact in the future (i.e.,
RawMatProd 1,2} neither dies nor tries to consume more money in the future).

e Deliver{1, 2} bids inMarket{01, 12} in order to keep its leveDeliver{1, 2}LevelatDeliver{1, 2} Target
and starts the simulation at lev@kliver{1, 2}Ini.

The sequence of actions is as follows: Qiglivers andSource place their shout first; next (ii)
Makes produce, and/arke®1 is always invoked befor&arketl2. In figure 1(b), this results in the
sequence: (ipourc® andDeliverl place a shout iMarke®1 (in random order, i.e. eithe3ourc® or
Deliverl first), (ii) Marke®1 is cleared, (iii)Sourcé andDeliver2 place a shout itMarketl2 (in any
order), (iv)Marketl2 is cleared, (vIMake) is invoked, (vi)Makel is called, (vii)Make2 is executed,
and (i’) another similar round starts by haviBgurc® andDeliverl place a bid inMarke1, etc.

3.2 The Bidding Strategy from (Steiglitzet al., 1996)

As just described, companies do not bid directly in auctighis is the role of theirSourceand/or
Deliver inventories. We now describe the bidding strategy they UBecause we use the bidding
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strategies proposed by Steigliet al. (1996), we will also use their terminology, and explain how
we combine these strategies with the SCOR model presentibe jprevious section. With regard to
terminology, the model in (Steiglitet al., 1996) has the lowest possible number of goods to enable
trade, that is, two goods, which are called “food” and “goldfi the remainder of the paper, we will
call the first kind either “food”, “good”, “unit”, “product’or “item”, and the second type either “gold”
or “money”.

Next, JASA splits any bidding strategy into two parts, namtéke valuation of the good and the
bidding strategy itselfThe valuation of the goois detailed in (Steiglitzt al., 1996, p. 5) as

Valuatior(t,f, g) = P(t — 1) « B(f, g),
where:

e P(t— 1) is the price in the considered market in the previous round,
o f is the food inventory normalised by its target level,

e J represents the “gold inventory normalized by the curreiiesaf [the target level of the con-
sidered inventory]” (Steiglitet al, 1996, p. 5),

e B(f,9) = [booo — (Booo —boo) €791~ with = In(X==p0). Breturns a value below one when
the food inventory is above its target level, iR.< 1 whenf > 1, which makes the inventory-
agent bid at a price lower tha(t — 1) in the hope to sellg amplifies the value returned B/
depending on the richness of the agent, e.g., the richer erbilne more expensive she is ready
to buy her food. Finally, the scaling parameter8Badire given in (Steiglitz and Shapiro, 1998,
p. 43):bgo = B(0,0) = 4.0, by; = B(0, 1) = 8.0 andby., = B(0, 00) = 16.0.

An important comment should be made ab&(t,g). This function makes sellers decrease prices
and buyers increase prices, which is of course not what wiealy see in real life. The reason for
this apparently strange design arises from the definitibasloand bid shouts: (i) in bid shouts, buyers
announce the maximum price they agree to spend on every daghh (ii) while, in ask shouts, sellers
announce the minimum price they want to be paid for every geld. Next, any auctioneer clears the
auction in more or less the same way by choosing a price htgaerthe price proposed in all matched
ask shouts (and lower than any unmatched ask shout) and Hedgwice proposed in all matched bid
shouts. If we want matches to occur, th(h, g) has to be defined in the counter-intuitive way it is now.
If B(f,g) was designed according to intuition, then buyers would @ippse a price below(t — 1),
sellers would propose a price abd®é — 1), and no shouts would ever be matcied/e do not aim at
addressing this question but only at adapting Steiglital. (1996)’s model and stabilisation methods
to supply chains. However, we will pay attention to this liaion when interpreting simulation runs,
since it makes all suppliers try to decre@seavhile this should be the role of their clients.

Finally, f, g andP need to be adapted to our model by repladifatuation(t, f, g) by:

; SourcéLevel Money)
° Valuatlor(t’ Sourc@®Target’ POl(t—l)*Sourc@Target)
_ _ SourcéLevel Money)
- POl(t 1) * B( Sourc@Target’ POl(t—l)*Sourc@Target) for Source,
; DeliverlLevel Money
° Valuatlor(t’ Deliverl Target’ POl(t—l)*DeliverlTarget)
_ o DeliverlLevel Money .
- POl(t 1) * B( Deliverl Target’ POl(t—l)*DeliverlTarget) for Deliverl.

®How to design a valuation function is related to the originhef value of goods, which is a large question (Dobb, 1981).
For example, does value come (i) from the scarcity of godgdr¢m the work necessary to produce goods, or (iii) frora th
utility drawn from using goodsB(f, g) implements the first of these three examples.
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Asks \ Bids ‘

. . . Asks Bids
(askl) 1 unit at£1.1 | (bidl) 1 unit at£2.2 - - -
(aske) 1 unit ate2.1 | (bid2) 1 unit ate1.2 (askl) 1 unitat£1.1 | (bid1) 1 units atE2.2
| K P — 91 andbidOuote— (b) Example 2:askQuote= Pyig: = 2.2 andbidQuote=
(@) Example 1askQuote= Pasie = 2.1 andbidQuote= Poca = 1.1

Phige = 1.2

‘ . Asks \ Bids

Asks Bids
- - - (askl) 1 unit at£1.1 | (bidl — 1) 1 unit at£2.2
(askl) 1 unitat£1.1 | (bid1) 2 units atE2.2 (bid] — 2) 1 unit at£2.2

(c) Example 3:askQuote= bidQuote= Ppig1 = 2.2 )
(d) Another representation of Example 3askQuote =
bidQuote= Ppig1 = 2.2

Figure 2: Three examples of clearing by our JASA auctioneer.

; Deliver2Level Money
° Valuatlor(t, Deliver2Target’ P12(t—1)*DeIiver2Target)
_ . Deliver2Level Money .
- P12(t 1) * B( Deliver2Target’ P12(t—1)*DeIiver2Target) for Deliver2.

Thebidding strategymust calculate two values: the price and the quantity sldoutbe price shouted

is simply the true estimatedaluation’t,f,g), that is, the value of the good actually estimated by the
agent without trying to pay less or be paid more. Next, thatstyy calculates the quantity shouted in
the following way:

e Essentially, the quantity bid is the one needed to kkep 1, i.e., to keep the inventory at
its target level. That is, &ourcewho wants to buy proposes the quan{i8ourcg0, 1}Level—
Sourcg0, 1} Target), and aDeliverwho wants to sell bids foiDeliver{ 1, 2} Target-Deliverl, 2Leve)
units.

Since Delivers are not allowed to buy, anflource not to sell, the quantity returned by the
previous two subtractions is always positive.

e However, if an inventory (i.e. 8ource sinceDelivers can only sell) wants to buy while it belongs
to a company not rich enough (i.e., if the product of the psheuted by the quantity shouted
is higher than the fundMoneyowned by the company), then she tries to buy the maximum
quantity she can afford at the placed pri¢gluation(t, f, g), that is, the quantity placed is the
largest integer which is less than or equaMoney/Valuation(t, f, g).

3.3 The Clearing House Auctioneer Provided with JASA

Besides the buyers and sellers, an institution is neededatohnhese two kinds of traders. In our
model, this is a JASA auctioneer which calculaiem every round. that (Steiglitet al., 1996, p. 7)
“no buyer [should] pay more than his bid” and “no seller [sldpsell for less than his offer”. We shall
explain how our auctioneer is different from those used BygBtz et al. (1996), Steiglitz and Shapiro
(1998) and Mizutaet al. (2003), and also the difference between the broadcast prcel the clearing
pricePcl.

Calculation of the Clearing Price Pcl

We now explain the operation of our auctioneer through thestlexamples in Figure 2. Example 1 in
Figure 2(a) assumes four shouts, nanadid, ask, bidl andbid2, which are ordered in this figure in
ascending order of price for asks, and by descending ordeniad for bids. With this order, matched
shouts are at the top of the table, and unmatched shouts bbttoen. In fact, we can see in the first
line of Figure 2(a) thaaskl at the lowest sell pric€l.1 can be matched with théd1 at the highest buy



price£2.2. On the contrary, in the second lirssk with the second lowest sell pridg®.1 cannot be
matched withbid2 at the second highest buy pri€&.2. Since “no buyer [should] pay more than [her]
bid” and “no seller [should] sell for less than his offer” €Rjlitz et al,, 1996, p. 7), then the auctioneer
should choose the clearing priBel so that two conditions are satisfied:

e 1.1 <Pcl<2.2(i.e. Pasu < Pcl < Pyig1) in order to matctaskl with bidl in the first line, and

e 1.2 < Pcl < 2.1 (i.e., Ppige < Pcl < Pagr) in ordernot to matchask with bid2 in the second
line.

Therefore, the auctioneer should cho&s#so thatl.2 < Pcl < 2.1. Then, where exactly to place the
clearing pricePcl? JASA choosePcl by defining two numbers callasskQuoteandbidQuote(Phelps,
2007):

e askQuotas the price “buyers need to beat in order for their offersdbrgatched”.

e “sellers need to ask less thAidQuotein order for their offers to get matched”.

In Example 1,askQuote= P,gp = 2.1 because a new buyer would have to place a bid shout with a
price aboveP,sp in order to be matched with the unmatchasik. Similarly, a new seller needs to
ask less thamidQuote = Pyigz = 1.2 to have her ask matched with the unmatch@t2. Pcl must
necessarily be betweaskQuoteandbidQuoteto satisfy the two aforementioned conditions. In this
paper, our auctioneer choodesl so thatPcl = 0.5 x askQuotet 0.5 x bidQuote= 1.65. Finally, we
call P01 the broadcast price andPcl01 the clearing pricd’cl in Marke®1, andP12 andPcl12 their
equivalents irMarketl 2.

Next, Examples 2 and 3 in Figures 2(b) and 2(c) illustrate s adten encountered later in this
paper. In this case, there is only one buyer and one seller, dffers are matched, but the trader
bidding for the highest quantity is favoured. To see thisafbgle 2 starts with a configuration in
which both traders bid for the same quantity. It is easy tackhbat an additional bid shout should
propose less thafi2.2 in order to get matched withskl, otherwisebidl will win instead of the new
bid shout; thubidQuote= P,gq = 2.2. Similarly, an additional ask shout should propose mora tha
£1.1 to get matched witbidl at the place ofiskl; thusaskQuote= P,gq = 1.1. However, let us
assume thabidl is not for 1 but for 2 units. This scenario is described in FégR(c), which may
conveniently rewritten be as Figure 2(d) in whiciul is split into two shoutdidl — 1 andbidl — 2.

As before, a new bid shout should propose less i#a in order to get matched witski, otherwise
bidl will win instead of the new bid shout; thusdQuote= P, = 2.2. But the difference between
Examples 2 and 3 is that a new ask shout should not proposemureethanP,ig; = £1.1 anymore,
but less tharPyig; 2 = £2.2, to get matched witlbid1l. As a consequenc®jdQuoteincreases up to
£2.2,bidQuote= askQuoteand the buyer forceBcl to move in the direction she wants. As explained
before, the direction the buyer wants is to increBsé conversely to what intuition states. However,
some of the price dynamics analysed in Sections 4 and 5 caone tfiis method used to clear the
auction. Specifically, we often obtain smooth price fluatuz when theSourcebuyer and théeliver
seller bid for the same quantity, then thréce suddenly changdsecause a trader decreases or increases
the quantity he or she proposes while the other trader kegp®ging the same quantity. Of course,
other auctioneers/clearing algorithms may cause othee piynamics than this. Examples 3 illustrates
a phenomenon encountered in the results in this paper wiea ithonly one buyer and one seller in
a market: in this scenario, we see that the trader propokmdpighest quantity forces the auctioneer
to choose his or her price, while the exchanged quantityapgsed by the other trader (in Example 3,
the quantity exchanged is the one proposedsii, and the clearing price is the one askedbiidl ).

Definition of the Broadcast PriceP

Examples 1, 2 and 3 illustrate hd¥cl is chosen by the auctioneer when at least one ask shout can be
matched with at least one bid shout. If no matches are pessiénPcl = 0. However, choosing
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P = Pcl = 0 is a problem for the bidding strategy used in this paper, lee¢his makeall agents bid
a priceP x B(f,g) = 0. As a consequence, F(t) = 0 in some round, thenP(t + k) = 0 in any round
(t+k),k > 0. In order to avoid this problem, we make a distinction betwe actual clearing price
Pcl and the priceP broadcast by the auctioneer. The three papers by Steiglitowtimake explicit this
distinction betweer? andPcl, but deal withPcl = 0 in a way which can be described as (Steiglitz
etal, 1996, p. 9):
P(t)=Pcl(t) whenPcl # 0;

=askQuotét) (i.e. the lowest ask price) when no agents buy;

=bidQuoté€t) (i.e. the highest bid price) when no agents sell;

=P(t — 1) when no agents trade.

Finally, we always start a simulation wit(t — 1) = P(—1) = 1 in all markets.

3.4 Some Definitions
Balanced Supply Chain

We call “balanced” a supply chain in which (i) the total treorsnation capacity of alManufactures

is greater or equal to the total food consumption ofEalldCustomes, and (ii) the total production
capacity of allRawMatProd is equal to the total food consumption of BlidCustomes, and (iii) the
total consumption of money of aRawMatProd is equal to the total production of money of all
EndCustomes.

We start all our simulations with a balanced supply chain,(i) the production of food is balanced
with its consumptionMake)Products= —100 andMakel Products= 100, and (ii) the production of
money is balanced with its consumptiohtakedMoney = 100, MakelMoney = —100 (simulations
start withMoney{0, 1,2} = 1000). In addition, all inventory targets are the same througtioe: paper
with Sourc@Target = Deliverl Target = Sourcd Target = Deliver2Target = 1500, or, shortly, all
InventoryTarget= 1500.

Equilibrium Price Peq

The definition of the equilibrium pricBegneeds to be adapted from that of (Steigéital., 1996, p. 11),
where it is the “price at which just enough agents producd tosatisfy the need of all nonspeculating
agents.” The idea of this definition is that agents start pcody food (respectively, money) when
P > Peq(respectivelyP < Peg because it is more cost-efficient than producing moneypéesvely,
food), which eventually triggers an excess (respectivelgeficit) of food and thus a decreasePRof
below Peq(respectively, an increase BfabovePeg.

Conversely to Steiglitzt al. (1996), the price has no influence on the production of foodun
supply chain model. Specificallfpeqis the ratio of the production of money over the production of
products when:

e MakelMoney= 0 (see Figure 1 for notations),
¢ the productions of products and money are balanced with ¢besumption, and

¢ there is only one company per level of the supply chain: ongEndCustomeyr, oneManufacturei
and oneRawMatProd1, 2}.

In this very particular caséleqis the same in the single market in Figure 1(a) and in the two ma
kets in Figure 1(b):P0leq = P12eq = P/M. In this paper, we always udd = P = 100 (e.g.
Make)Products = —100 and MakeédMoney = +100 for every EndCustome), so thatPOleq =
P02eq = 1.



However, this paper also considers scenarios violatingthitvd condition, that is, with several
companies per level of the supply chain (see Subsectionandl®.3). In that casé&eqis much less
trivial and will be studied in future work.

4 The Single Market Scenario

This section presents the price dynamics when sBn@#Customeis trade with som&awMatProd s
in Marke®1, which corresponds to Figure 1(a). Let us recall that we kdheentoryTarget to 1500
in this paper, but allonventorylns to change.

4.1 Price Dynamics in the Single Market with Two Agents

We start with only oneendCustomer and oneRawMatProd, that is, the most simple supply chain
possible with only two companies. Table 1 shows that initiahditions are very important in our
supply chain model, because the dynamicB@f strongly depend on the initial value of the inventory
levels. We now investigate this characteristic of our madel look for regularities in its behaviour.
First of all, the most basic setting is in the center of tablehtnSourc@ini = Sourc@®Target= 1500
andDeliverlini = DeliverlTarget = 1500. With this configurationP01 smoothly fluctuates around
PO0leq = 1. We call B this pattern of smooth fluctuations because it éstibrder between the two
other patterns in Table 1. As soon as one of Hottentorylng (i.e. eitherSourc@Ini or Deliverlini)
decreases (by one unit since itis the minimal change, bec#\BA uses integers to represent inventory
levels), price fluctuations become chaotic; we call C thisotit pattern. In stark contrast, as soon as
either of bothinventorylns increases, we obtain Pattern A in whiei falls to zero. To explain these
three patterns, we should first notice that the initial défece (> InventoryTarget— " Inventory

Ini) > 0 remains during all the duration of a simulation becauseh@)gupply chain is balanced, and
(i) if an inventory Sourc®/Deliverl could not buy/sell all the units required to keep her/hielet
InventoryTargetthen this is memorised imventoryLevekt£ InventoryTargetand bought/sold later on.
With that in mind, we can find the following characteristidglte three patterns:

1. Pattern C

(a) When Pattern C happenSet(}" InventoryTarget > Inventorylnj) < 0, e.g.Sourc@lni =
501 with Deliverllni = 2500, andSourc®Ini = 2500 with Deliverllni = 501 both incur
Pattern C.

(b) How Pattern C happendPattern C is chaotic, that is, it looks like a random procedsle
it is not random at all since the simulation follows deteristic rules!® Next, we can
describe Pattern C as a succession of two types of periods:

e Period of increase of ®1: In such periods, the auctioneer favours the biyeurc®
because she bids for more units tHaaliverl. Deliverl bids for less units because
he controls where the initial ladly" InventoryTarget- > Inventorylnj is, and forces
this lack to be withSourc@®. This control works this way: (i) iDeliverl has this lack
at the beginning of the simulation, then she places ask sHoutiess units than his
companyRawMatProd produces during the first rounds of the simulation, so that th
lack is transfered t&ourc®, and (i) if Sourcé® has this lack at the beginning of the
simulation, then she places bid shouts for more than sheuotes but she does not
receive all these products becaisaiverl only proposes what his company produces.

e Period of decrease of(R: In such periods, the auctioneer favours the sé&eliverl,
because&sourc® is too poor P01 is too high) to afford all the units, and bids thus for
less units thaDeliverl.

1%The experiments reported in this paper use no pseudo-randother generators.
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Table 1: Price dynamics iNlarke®1 (with Sourc@Target= Deliverl Target= 1500).




Start of round End of Round
Sourcé® Deliverl Auctioneer
Sourc®— | Quantity | Price Deliverl— | Quantity | Price Quantity
Round || Funds Level bid bid Funds Level asked | asked| exchanged PO1

0 1000 1500 0 0 1000 1499 0 0 0 1

1 1100 1400 100 1.139 | 900 1599 99 0.882 99 1.139
2 1087 1399 101 1.296 913 1600 100 1.007 100 1.296
3 1058 1399 101 1.468 || 942 1600 100 1.148 100 1.468
4 1011 1399 101 1.657 989 1600 100 1.302 100 1.657
5 945 1399 101 1.863 || 1055 1600 100 1.472 100 1.863
6 1141 1399 101 2.087 859 1600 100 1.656 100 2.087
7 750 1399 101 2.329 || 1250 1600 100 1.856 100 2.329
8 617 1399 101 2.590 | 1383 1600 100 2.072 100 2.590
9 458 1399 101 2.868 || 1542 1600 100 2.304 100 2.868
10 271 1399 85 3.164 | 1729 1600 100 2.551 85 2.551
11 155 1384 54 2.850 | 1845 1615 115 2.220 54 2.220
12 135 1338 51 2.592 || 1865 1661 161 1.818 51 1.818
13 142 1289 63 2.228 || 1858 1710 210 1.387 63 1.387
14 155 1252 87 1.769 || 1848 1747 247 0.993 87 0.993
15 168 1239 130 1.292 || 1832 1760 260 0.682 130 0.682
16 180 1269 206 0.869 || 1820 1730 230 0.478 206 0.478
17 181 1375 125 0.548 | 1819 1624 124 0.390 124 0.548

Table 2: Example of simulation trace of Pattern C (winniniggs and quantities are in italics).

(©

Since Sourc® cannot buy all whaEndCustomédr consumes, she lacks more than
(3" InventoryTarget- " InventoryInj units.

The system alternates between these two kinds of periogendeng on whetheBourc®
has enough money to buy all that she consumes (incred@® pfor not (decrease @&01).

A consequence of this alternation is that the pf#f& does not fluctuate in a smooth way
because it is chosen as being alternatively the price pegpesher by the seller or by the
buyer.

Example of Pattern CTable 2 illustrates the two aforementioned types of perideD1
increases from Rounds 0 to 10, next decreases from 10 to diinareases from 17 on.
Numbers in italics indicate the value chosen by the aucéipné/e can see the auctioneer
selects (i) the price bid by th&ourc® buyer and the quantity asked by tBeliverl seller
during the increase d?01, and (ii) the other way around during the decreas@f. As
noted in Example 3 in Figure 2(d), the trader proposing tlghdést quantity forces the
auctioneer to use his or her price, while the exchanged tfyasthe one proposed by the
other trader. Regarding (ii), remember that, in the “peddlecrease oP01”, Sourc@®
does not bid for all the units she needs because she is tootpadford that quantity.
Finally, we can also read in Table 2 that the initial conditicof the presented data are
Sourc@®lni = 1500 with Deliverllni = 1499.

In summary, in Pattern C, th®ourc® buyer is always favoured (i.€201 is the price she pro-
poses), except when she lacks of money in which cas®dtigerl seller is favoured (i.e P01
is his price). Switching between the prices propose&byrc® andDeliverl stabilises the price
aroundP01leqbecausesourcd increase01 as much as she can afford to, whideliverl de-
crease$01 until Sourc® can afford to buy all what she consumes. Switching betweeptices
proposed by these two traders also causes the brutalite dfuttuations oP01.

2. Pattern B

(a) When Pattern B happenSet(>" InventoryTarget > Inventoryln) = 0, e.g.Sourc@Ini =
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501 with Deliverlini = 2499, andSourc®Ini = 2499 with Deliverllni = 501 both incur
Pattern B.

(b) How Pattern B happengattern B corresponds to afder between Patterns A and C. Since
JASA only allows for integer inventory levels, it is not pitde to investigate what happens
close to this border, i.e. when InventoryTarget- 3 Inventoryln) ~ 0. As can be seen
in Figure 1, Pattern B is made of cycles of slow increaseB0af sometimes followed by
sudden decreasesBi1, next always followed by slow decreasedRofl :

e Period of slow increase of(R: In such periods, boti$ourc® and Deliverl bid for
the same quantity (100 units), i.e., the excess in one iovem equal to the lack in
the other inventory. Since bid quantities are eqial)1 is chosen by the auctioneer
half-way between the price proposed by these two inverstoerd, becausBourc®
feels richer tharDeliverl, the price proposed bgourc® raises quicker than the price
proposed byDeliverl decreases.

e Sudden decrease ofP. This is a short period (usually about five rounds) which does
not happen with all initial conditions. In the simulationvimich it occurs, it concludes
a “period of slow increase dP01”. Visually, this decrease corresponds to a shape
different from a sine-like one. When this decrease occtisprresponds to the fact
that Sourc® cannot bid for all the products she needs bec&iseis too high. As a
consequence, the auctioneer uses the price propodedlimerl asP, while it was the
price proposed bgourcé in the “period of slow increase ¢f01”. As a consequence,
the quantities bid by both inventories stop to be equal aaditittioneer choosé¥1
as the price proposed Beliverl, while P01 was half-way between the two proposed
prices in the previous period. Such a choice makes soRbatstops to have the
exponential shape of Functidand has instead a sudden decrease.

¢ Period of slow decrease of0P: This period is the opposite of a “period of slow in-
crease oP01", i.e., Deliverl feels richer tharBourc® and makes thus the price de-
crease.

e Sudden increase of(R: We have never observed such an event, but it would corre-
spond to a lack of products Wyeliverl (which is the opposite of a “sudden decrease
of P01” which corresponds to a lack of money Bpurce).

(c) Example of Pattern BTable 3 illustrates two of the three aforementioned tydgsedods:
P01 increases from Rounds 0 to 32, next decreases from 32 to 83nareases from 93
on. The most noticeable thing in this table is that producishiot seem to move because
both inventories start and finish at the same level. For elgnip every round Sourc®
starts at 1400, consumes 100 units, purchases 100 unitéingsites at 1400. Next, there
is no “Sudden decrease Bf1”, and, thereforeP01 is never chosen as the price proposed
by either trader. In fact?01 is always chosen half-way between the two propositions, and
only the difference of speed of variation between these twpgsed prices explains the
slow fluctuations oP01. This difference of speed of variation is due to the funcigh, g)
which depends on both the weatjlof the company and the inventory lefelwhere onlyg
changes whilé = 1 all the time (indeed, an exception is possitflez 1 during a “Sudden
decrease dP01").

Essentially, the smooth fluctuations Bf1 aroundP0leqin Pattern B are due to the fact that
one inventory is richer§ourc® during increases dP01, Deliverl during decreases) than the
other one while both bid for the same quantity. There may beaditinuities of these smooth
fluctuations; in the simulations in which they occur, suckcdntinuities correspond to a lack of
money by the producer of mon&ndCustomer which manageSource.

3. Pattern A
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Start of round End of Round
Sourcé® Deliverl Auctioneer
Sourc®— | Quantity | Price Deliverl— | Quantity | Price Quantity
Round || Funds Level bid bid Funds Level asked | asked|| exchanged| PO1

0 1000 1500 0 0 1000 1500 0 0 0 1
1 1100 1400 100 1.139 | 900 1600 100 0.882 100 1.011
2 1099 1400 100 1.151 (| 901 1600 100 0.891 100 1.021
3 1097 1400 100 1.163 || 903 1600 100 0.901 100 1.032
4 1094 1400 100 1.175 || 906 1600 100 0.911 100 1.043
30 696 1400 100 1.375 | 1304 1600 100 1.075 100 1.225
31 673 1400 100 1.375 | 1326 1600 100 1.076 100 1.225
32 651 1400 100 1.374 || 1349 1600 100 1.075 100 1.225
33 628 1400 100 1.373 || 1372 1600 100 1.075 100 1.224
91 658 1400 100 0.895 | 1342 1600 100 0.686 100 0.790
92 679 1400 100 0.895 | 1321 1600 100 0.686 100 0.791
93 699 1400 100 0.896 | 1301 1600 100 0.687 100 0.791
94 720 1400 100 0.898 | 1280 1600 100 0.687 100 0.793

Table 3: Example of simulation trace of Pattern B (winninguagities are in italic).

(a) When Pattern A happenSet(>" InventoryTarget > Inventoryln) > 0, e.g.Sourc@Ini =
499 with DeliverlIini = 2500, andSourc®Ini = 2500 with Deliverlini = 499 both lead to
Pattern A.

(b) How Pattern A happensin all rounds,Deliverl sells one unit more thaSourcé® buys,
thus the auctioneer chooses the price bidigjyiverl asP. SinceDeliverl tries to reduce
the price in the hope to sell, théhdecreases. This behaviour is indeed the exact opposite
to a “Period of increase d?01” in Pattern C.

P01 never goes up because we never have the exact opposite ofiad‘®édecrease of
P01” in Pattern C, which would be caused byDeliverl with too few products (which is
the opposite of Sourcé is too poor”). This seems to indicate that a fourth patteokilog
like Pattern C is possible wheénventoryTarget are set closer to zero.

Notice that a consequence of the decreasB0dfto zero is thatDeliverl is not able to
acquire the money consumed by his comp&awMatProd, which quickly cannot have
any of the gold units it is supposed to consume.

Finally, Pattern A looks very unrealistic becau®# falls to zero only because of the initial
levels of the inventories. Since this would not happen in liég simulations in which
Pattern A occurs should be disregarded. The problem withghitern is that it seems not
to be specific to our auctioneer or to the bidding strategst ith it cannot be avoided by
fixing something in the code of the simulator. One solutioavoid Pattern A would be to
introduce a bidding strategy which looks into the past.

(c) Example of Pattern ATable 4 illustrates how01 decreases forever.

In conclusion, the sign of)_ InventoryTarget- Y Inventorylnj allows the determination of the
pattern of the dynamics &f01 when there is only on8ourcé trading with only oneDeliverl. We call
Rule 2this comparison:

Rule 2(temporary version): If on&ourc® buys inMarket1 and oneDeliverl sells in
this market, then:

e If (3" InventoryTarget- Y Inventorylnj < 0, thenP01 has a Pattern C;
e If (3" InventoryTarget- Y Inventorylnj) = 0, thenP01 has a Pattern B;
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Start of round End of Round
Sourcé® Deliverl Auctioneer
Sourc®— | Quantity | Price Deliverl— | Quantity | Price Quantity
Round || Funds Level bid bid Funds Level asked | asked| exchanged PO1

0 1000 1500 0 0 1000 1501 0 0 0 1
1 1100 1400 100 1.138 | 900 1601 101 0.880 100 0.880
2 1112 1400 100 1.006 | 888 1601 101 0.773 100 0.773
3 1134 1400 100 0.887 || 865 1601 101 0.677 100 0.677
4 1167 1400 100 0.780 || 833 1601 101 0.592 100 0.592

Table 4: Example of simulation trace of Pattern A (winning@s and guantities are in italic).

e If (3" InventoryTarget- Y Inventorylnj > 0, thenP01 has a Pattern A.

The next subsection introducBsile 1to apply beforeRule 2 and slightly modifiedkule 2in order
to accomodate with the scenario in which more than ®oerc® and more than onBeliverl trade in
Marke1.

4.2 Price Dynamics in the Single Market with Many Agents

We now study what happens when there are sev@oalrc®s buying from severaDeliverls. As

in the rest of this paper, alhventoryTarget are set to 1500 in this subsection. Since we noticed
in the previous subsection that the sign(df InventoryTarget— > Inventoryln) seems to be more
important than the actual value of the differéméentoryTarged andinventorylns (Rule 2, the cases
Inventorylni = 500 and Inventorylni = 2500 are not taken into account in this subsection. Table 5
proposes a small sample of all the possible combinationsewdral Sourc@s trading with several
Deliverls. First of all, we obtain the same three patterns A, B and Bdafas in Figure 1.

Next, Table 5 should be understood as follows. The first limsgnts two configurations: the left
one is “111 111" in which thre&ourc®s (starting at levels 1499, 1500 and 1501) buy from three
Deliverls (starting at levels 1499, 1500 and 1501), which incurselRa®, while, the right configura-
tion of the first line is “211 111" in which fouBourc@s (starting at levels 1499, 1499, 1500 and 1501)
buy from threeDeliverls (starting at levels 1499, 1500 and 1501) and a Pattern Gagel.

We first check thaRule 2is not enough to predict what pattern will happen when theee a
many agents. In facty" InventoryTarget — (3~ Inventoryln) may be rewritten agy"73°""® Sour
cebi Target+ S"70ee™ Delivert; Target - (375°""°® Sourc@;Ini + 70" Deliver1; Ini), where
#Sourc® is the number oSourcés. The entry “111 121" (left column in third line) provides wgh
an example showing that this reading Rfile 2does not work: Table 5 reports that the simulation
exhibits Pattern A, whil&kule 2would propose Pattern B:

o 1720U® Source; Target= 1500 + 3 = 4500,
o S 70°™e" Deliverl; Target= 1500 * 4 = 6000,
o 750U Source;Ini = 1499 + 1500 + 1501 = 4500,
o 0% DeliverljIni = 1499 + 1500 + 1500 + 1501 = 6000,

e = (3 InventoryTarget— (> Inventoryln) = (4500+6000) — (45004 6000) = 0 = Pattern B.

This example demonstrates that adding Deéverl; starting withDeliverl;Ini = Deliverl;Targetdoes
not change the sign @b InventoryTarget- 3" Inventorylnj, while this Deliverl; proposes products
to sell inMarket01 and impacts thus oR01.
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Table 5: Pattern of the dynamics BO1 when there are 3, 4, 5 or$ourcés trading with 3, 4, 5 or 6

Deliverls.
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Therefore,Rule 2is not enough because the relative numbers of sellers aretdsfiould also be
taken into account. That's why Table 5 presents the nurgigourc® of buyers and#Deliverl of
sellers. With these notations, the results in Table 5 seandiocate that the three patterns A, B and C
of P01 have the following characteristics:

1. Pattern C

(a) When Pattern C happens

e Either(#Sourc® — #Deliverl) = 0 and(}_ InventoryTarget- Y Inventorylnj < 0,
e Or (#Sourc® — #Deliverl) > 0.

(b) How Pattern C happensThe first condition is very similar to the previous subsactithat
is, the casé#Sourc® = #Deliverl = 1) in the previous subsection resembles the case
(#Sourc® = #Deliverl > 1). Specifically, we can see these initial conditions as ggttin
a system with#Sourc® = #Deliverl auctions running in parallel, where every auction
has oneSourc® matched with on®eliverl (the matching is different in every round), and
whereDeliverls collectively forceSourc@s to keep or receive the initial lack of products
(3" InventoryTarget- > Inventorylnj at the beginning of the simulation. In other words,
we observe the same two kinds of periods as for Pattern C iprdhvéous subsection.
The second conditiof#£Sourc® — #Deliverl > 0) is also quite similar to what happens
in the previous subsection. More precisely, there are nonerS8ourc®s thanDeliverls
which means that more products are consumed than produbeddisbalance leads to the
same two kinds of periods:

e Periods of decrease of(R: These periods are as in the previous subsection, that is,
Sourc@s are too poor to afford all what they consume becd@keis too high. As
a consequence, the total quantity orderedSbyrcés is lower than the total quantity
ordered byDeliverl, which causes one of the prices proposed Hyediverl to be
chosen a®01.

¢ Periods of increase of(A: Basically, the total quantity consumed by buyers is greate
than the total quantity produced by sellers, and thus, tia¢doantity to buy should be
greater than the total quantity for sale. However, we hagegaen that this does not
work this way wherP01 is too high. This problem of wealth of the buyers does not ap-
ply (or, at least, is is less acute) during a period of ineez$01. As a consequence,
buyers now bid for a quantity higher than what is proposeddiigis.

(c) Example of Pattern CFigures 3 and 4 illustrate these two types of periods:

¢ Periods of decrease oftR: Figure 3 illustrates this “period of decreaseRdfl” with
the first round in whiclP01 decreases (round 8) when there are ourcés (starting
with levels 1499, 1499, 1500 and 1501) and thipadiverl (starting at levels 1499,
1500 and 1501). Figure 3(a) presents the quantities anegiid by the fouSourc®s
and asked by the thrd@eliverls. As in the examples in Figure 2, asks are written in
ascending order of price, and bids in descending order oépirigure 3(b) presents
how the auctioneer splits these shouts. For exangslid, is split intoaskli — 1 and
askl — 2 so thataskl — 1 can be matched withid4 andaski — 2 with the partbid3 — 1
of bid3. With this representation, we can see that any new ask musglbe/P,q5_o
to get matched witlhid1, i.e. to beatsk3, thusbidQuote= Psgs_2, and any new bid
must be abové,g5_o to afford some of the 69 units afsk3 — 2, thusaskQuote=
I3as|6—2-
This example illustrates how sellers are collectively faal by the auctioneer because
they sell a total quantity higher than the total demand. d¢othat all the prices asked
may be matched by all the prices bid by definitiorMafuation(t, f, g), and, therefore,
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Asks \ Bids

(askl) 100 units a4.85256341| (bid4) 91 units at£7.278684

(ask2) 100 units aE4.85259734 (bid3) 30 units atE7.094054

(ask3) 100 units at4.85263601| (bid2) 30 units at£6.631892

(bid1) 80 units ait4.852597

(a) Ask and bid shouts.

Asks Bids
(askl — 1) 91 units atE4.85256341 (bid4) 91 units ai£7.278684
(aski — 2) 09 units atE4.85256341| (bid3 — 1) 09 units at£7.094054
(ask — 1) 21 units atE4.85259734| (bid3 — 2) 21 units at£7.094054
(ask — 2) 30 units att4.85259734 (bid2) 30 units at£6.631892
(ask — 3) 49 units at£4.85259734| (bidl — 1) 49 units at£4.852597
(ask3 — 1) 31 units at£4.85263601| (bidl — 2) 31 units aiE4.852597

(ask3 — 2) 69 units att4.85263601
(b) Transformation of asks and bids shouts to seeab@uote= bidQuote= Pasiz—2 =
4.85263601 in Figure 3(a).

Figure 3: Example of decreasef1 in Pattern C.

the only way to influenc®01 is to propose more products, as done here by the sellers.
In fact, the buyers would like to bid for the same quantity dmatis proposed by the
sellers, but are too poor to afford this quantity. As a consege, the price proposed
by one of these sellers (hef@,;ss_2) is used ad201, and since sellers always try to
decrease the price, th&01(t) < PO1(t —1).

e Periods of increase of A: Table 4 illustrates a round during a period of increase of
P01. The round considered is the fifteenth of the same simulaRigure 3, which
corresponds to the first round of the second period of inergethis simulation. More
precisely, Figure 4(a) presents the shouts placed by trendeaders, and Table 4(b)
how we can split these shouts to makekQuoteand bidQuoteobvious. The main
thing to notice is thaP01 is now necessarily one of tH&,gs because buyers bid for a
higher quantity, while it was one of th&gs in Figure 3.

Shortly, P01 suddenly “jumps”, as in the Pattern C in the previous sulm@cfrom one of the
Pasks to one of théPigs when we change of period, which explains vkl does not fluctuate
smoothly. As a conclusion about Pattern A, we can say thafpthitern occurs for same reasons
when there is only one trader per level of the supply chaid,where there are more than one
trader.

2. Pattern B

(a) When Pattern B happens

e Only when(#Sourc®—#Deliverl) = 0 and(>_ InventoryTarget > Inventorylnj =
0.

(b) How Pattern B happensAs with Pattern C, the casgtSourc® = #Deliverl = 1) of
Pattern B resembles the caséSourc® = #Deliverl > 1). Again, everything happens
as if #Sourc® = #Deliverl simulations were carried out in parallel. In the first few
rounds, traders with an excess (respectively, a lack) mtsdiids for more (respectively, for
less), and are able to transfer this excess (respectiaek) to another inventory when this
second inventory has a lack (respectively, an excess)islfrimsfer does not occur or is not
completed in a round, it may take place in the next round, at #il inventories eventually
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Asks

Bids

(askl) 229 units a£0.36408550
(ask) 216 units a£0.37159512
(ask3) 100 units at£0.45293937

(bid4) 229 units a€1.04207499
(bid3) 272 units a£0.95046649
(bid2) 280 units a£0.93427686
(bid1) 283 units a£0.91019291

(a) Ask and bid shouts.

Asks

Bids

(askl) 229 units at0.36408550
(ask — 1) 34 units at£0.37159512
(ask — 2) 182 units a0.37159512
(ask3 — 1) 90 units att0.45293937
(ask3 — 2) 10 units at£0.45293937

(bid4 — 1) 263 units at1.04207499
(bid4 — 2) 34 units at£1.04207499
(bid3 — 1) 182 units a£0.95046649
(bid3 — 2) 90 units at£0.95046649
(bid2 — 1) 90 units at£0.93427686

(bid2 — 2) 190 units att0.93427686

(bid1) 283 units at£0.91019291
(b) Transformation of asks and bids shouts to see #iskQuote = bidQuote = Ppigz =
0.93427686 in Figure 4(a).

Figure 4: Example of increase Bf1 in Pattern C.

have their level at theinventoryTarget Next, in every round after this equilibration period,
everySourcé is matched with ®eliverl and the same exchange takes place in each pair
Sourc®/Deliverl as in the previous subsection.

In a few words, Pattern B happens again because buyers ameadilely richer then poorer than
sellers.

Notice that the conditions incurring Pattern B are the muatiitive way to set a simulation and
this pattern will thus occur quite often, even though theseldions are very particular.

3. Pattern A

(a) When Pattern A happens

e Either(#Sourc® — #Deliverl) = 0 and(>_ InventoryTarget- > Inventorylnj > 0,
e Or (#Sourc® — #Deliverl) < 0.

(b) How Pattern A happensAgain, the casé#Sourc® = #Deliverl = 1) of Pattern A
resembles the cageé:Sourc® = #Deliverl > 1), in which P01 falls to zero because the
sellers (instead of the single seller) are favoured by tloti@neer due to the fact they sell
more than the buyers.

In conclusion, the sign of#Sourc® — #Deliverl) allows the determination of the pattern of the
dynamics ofP01 when there are sever8burc®s trading with severdbeliverls. The reasons for this
are almost the same as in the previous subsection. WRuakl1this comparison:

Rule 1 If someSourc®s buy inMarket1, and soméeliverl sell in this market, then:

o If (#Sourc® — #Deliverl) > 0, thenP01 has a Pattern C;
e If (#Sourc® — #Deliverl) = 0, then applyRule 2
o If (#Sourc® — #Deliverl) < 0, thenP01 has a Pattern A.

In order to be used witRule 1 Rule 2needs to be slightly rewritten as:
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Rule 2 If as manySourcé®s buy inMarke®1 as manyDeliverls sell in this market, then:

e If (3 InventoryTarget- > Inventorylnj < 0, thenP01 has a Pattern C;
e If (3 InventoryTarget- > Inventorylnj) = 0, thenP01 has a Pattern B;
e If (3 InventoryTarget- > Inventorylnj > 0, thenP01 has a Pattern A.

5 The Two Market Scenario

We now detail the price dynamics B61 andP02 in the two auctions of the supply chain in Figure 1(b).
For that purpose, we first sketch the changes in the considesmario in comparison with the previous
section. Next, we present the price dynamics when there imithimal number of agents, i.e. one agent
at each level of the supply chain. Finally, we outline how wgeet to study scenarios with more agents
in the future.

5.1 Presentation of the Two Markets and the Three Agents

In comparison with the previous section, we consider theauaionsMarket)1 andMarketl2 instead
of only Marke®1, which leads us to adManufacturei, and to change the name of the raw material
supplier fromRawMatProd to RawMatProd.

5.2 Price Dynamics in the Two Markets with Three Agents

The simulation of two auctions with one seller and one buygrguction shows the same Patterns A,
B and C as in the previous section (see Appendix A for detalis)a consequence, we can summarise
the dynamics oP01 andP12 with Table 6. In fact, it is even possible to generate Tableonf(any
version of)Rule 2(Rule 1does not apply here because there are not more than one md/@na
seller per market). In order to illustrate this, let us cdesithe cas&ourc®lni = Deliverlini =
Sourcélni = 1501 and Deliver2ini = 1499 (i.e. the lower right entry in Table 6, and the bottom
left entry in Table 9) which has Pattern A twicklarke01 has Pattern A according ®ule 2because
Sourc@Ini+Deliverlini = 150141501 is greater thasourc@TargetDeliverl Target = 1500+ 1500.
But there seems to be a problem whharketl2 which should have Pattern B accordingRale 2
(becauseSourcélni + Deliver2init = 1501 + 1499 is equal toSourcé Target+ Deliver2Target =
1500 + 1500), but is replaced by Pattern A in Table 6.

When the application dRule 2does not match the results obtained by simulation, the rpadbie-
tained by simulation is written in italics in Tables 6 (as & Tables 7, 8 and 9). We can see that italics
is only for “A’s in Marketl2. The explanation for this is that a Pattern ANfarkel)1 makes so that
Manufacturet is not able to attract money from the producer of money fredCustome) because
the price falls to zero. As a consequenkbtgnufactured cannot send this money indarketl 2, and,
therefore,P12 cannot have its normal pattern due to the fact Manhufactured becomes poorer and
poorer. This explains why the differences between the egidin ofRule 2and actual simulation re-
sults only (i) affectMarketl 2, (ii) deal with Pattern A ifMarket01 and (iii) incur Pattern A irMarketl 2
but never Patterns B or C. Eventually, we can irRette 3from Table 6:

Rule 3 If a market Marke®D1 in our case) has Pattern A, then a market further from
EndCustomes (Marketl 2 in our case) will also have Pattern A.

Therefore,Rule 2should be applied first, neRule 3 As described in the next subsection when
there are several buyers and sellers in some market, whetherlshould be applied beforfeule 2is
left for future work.
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Table 6: Price dynamics ¢f01 andP12 (details in Tables 7, 8 and 9).
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5.3 Price Dynamics in the Two Markets with Many Agents

Exploring the dynamics oP01 andP12 when there are several companies at both levels of the sup-
ply chain requires many simulations. We have not yet unkendahem because this would require
automation of the recognition of Patterns A, B and C (andha@es, D, E, etc.). This is left for future
work. However, initial results obtained in a few cases wigihsrecognition seem to show that applying
Rule 1 thenRule 2and finallyRule 3allows determining the dynamics BO1 andP12.

6 Conclusions

In this paper we have presented a model of market-mediapgalyschains. Our purpose is to study how
conceptual tools designed to control a single market maxtsmded to the control of linked networks
of markets. Specifically, our model is based on the singl¢i@uand the bidding strategy proposed
by Steiglitz and his colleagues. We replace their agentsobypany-agents represented with the first
level of Supply Chain Council's SCOR model. Finally, we immlented our model within JASA and
ran simulations with one or with two markets in sequence.

The results obtained from these simulations can be sumedaais follows. First, only three pat-
terns of price dynamics are obtained. Next, setting therpatars of a market-mediated supply chain
is more complicated than just balancing (i) consumption raidpcts, transformation capacities and
supply of products, and (ii) consumption and production ohmy. In fact, market dynamics also play
a role. In our model, such dynamics are influenced by therdifiee between the initial and the target
levels of the inventories used to trade in an auction. We fdemtified and explained the relations be-
tween these initial conditions of the inventories and tmedlobserved price dynamics. These relations
are summarized by two rules predicting price dynamics. IFinae studied the impact of the price
dynamics in one market on the price dynamics in the other @aur insights are summarized in a
third rule.

In this paper, all agents have the same inventory targetfifdteéask in extending this work would
be to continue the study of the regularities found betwedre mtynamics and the initial conditions
of the simulation in order allow for different inventory ¢gts. Such an extension may introduce new
patterns of price dynamics, because stock outs may occuedspns not considered with the scenarios
considered in this paper (i.e. stock outs only occur herenvthe price drops to zero, which makes
manufacturers unable to receive money from one market iergcdouy in the other market). Another
interesting point here deals with the fact that inventorgess should be optimised so that the agents
reduce their inventory holding costs. In fact, all the bebass explored in this paper arise from an
automatic procedure for placing shouts in auctions, but ncerfintelligent” decisions than these are
made. Finally, we plan to study different topologies of natke instead of the sequential (straight-
line) structure considered in this paper; that is, we havéasmnly considered auctions linked in
sequence and would also like consider auctions linked wiker for instance, in parallel. We believe
these non-sequential topologies will require companiesaith have several “source” and “deliver”
inventories, instead of only one of each; these differemnitories would trade in different auctions.
For example, a manufacturer could have one “deliver” inmgnselling in the bolt market, and two
“source” inventories, one buying in the screw market andafer one in the nut market. Such an
architecture is under construction for future researchpdication.

Acknowledgments

This research was undertaken as part of the EPSRC-fundpstipomMarket-Based Control of Com-
plex Computational Syster{SR/T10664/01), and we are grateful for this support. We giank Omar
Baqueiro Espinosa, Andrew Byde, Andrew Dowell, Enrico GagdNick Jennings, Tomasz Michalak
and Steve Phelps for their comments and suggestions.

22



References

Anthes, G. (2003). Agents of chang€omputer World http://www.computerworld.com/
printthis/2003/0,4814,77855,00.html (accessed 19 July 2006).

Barbuceanu, M. and Fox, M. S. (1996). Capturing and modealowydination knowledge for multi-
agent systemdnternational Journal on Cooperative Information Systeb{2 & 3), 275-314.

Clearwater, S. H., editor (1996Market-Based Control: A Paradigm for Distributed Resoufdimca-
tion. World Scientific: Singapore.

Cloutier, L., Frayret, J.-M., D’Amours, S., Espinasse, &d Montreuil, B. (2001). A commitment-
oriented framework for networked manufacturing coordorat International Journal of Computer
Integrated Manufacturingl4(6), 522-534.

Dobb, M. (1981).Theories of Value and Distribution Since Adam Sm@Elambridge University Press,
5th reprint of the 2d edition edition.

Dodd, C. and Kumara, S. R. T. (2001). A distributed multivatgaodel for value nets. IRroc. 14th
Int. Conf. on Industrial and Engineering Applications oftificial Intelligence and Expert Systems
(IEAJAIE), volume 2070 ol ecture Notes in Artificial Intelligencgages 718-727, Budapest (Hun-

gary).

Forrester, J. W. (1958). Industrial dynamics - A major bteedugh for decision-makersHarvard
Business Reviev@6(4), 37—66.

Fox, M. S., Chionglo, J. F., and Barbuceanu, M. (1993). Thegirated supply chain management.
Internal report of the Enterprise Integration Laborat@gpartment of Industrial Engineering, Uni-
versity of Toronto, Ontario, Canada.

Fox, M. S., Barbuceanu, M., and Teigen, R. (2000). Ageregried supply-chain managemehiter-
national Journal of Flexible Manufacturing Systerg(2/3), 165—188.

Geoffrion, A. M. and Krishnan, R. (2003). E-business and agg@ment science - Mutual impacts (part
2 of 2). Management Sciencé9(11), 1445-1456.

Lee, H. L., Padmanabhan, V., and Whang, S. (1997a). The lglleffect in supply chain.Sloan
Management Review88(3), 93-102.

Lee, H. L., Padmanabhan, V., and Whang, S. (1997b). Infeomalistortion in a supply chain: The
bullwhip effect. Management Sciencé3(4), 546-558.

Mizuta, H., Steiglitz, K., and Lirov, E. (2003). Effects ofige signal choices on market stability.
Journal of Economic Behavior and Organizatjd®, 235-251.

Moyaux, T. and McBurney, P. (2006a). Modelling a supply oles a network of markets. Proceed-
ings of the IEEE International Conference on Service Systma Service Managament, (ICSSSM
2006) Troyes, France.

Moyaux, T. and McBurney, P. (2006b). Reduction of the bulpdffect in supply chains through spec-
ulation. In C. Bruun, editorProceedings of the Symposium on Artificial Economics 2086ture
Notes in Economics and Mathematical Systems 584 (Springgges 77-89, Aalborg, Denmark.

Phelps, S. (2007).Evolutionary Mechanism DesignPh. D thesis, University of Liverpool (U.K.).
Forthcoming

23



Simchi-Levi, D., Kaminsky, P., and Simchi-Levi, E. (2000Pesigning and Managing the Supply
Chain McGraw-Hill Higher Education.

Steiglitz, K. and Shapiro, D. (1998). Simulating the madnafscrowds: Price bubbles in an auction-
mediated robot markeComputational Economi¢c42, 35-59.

Steiglitz, K., Honig, M. L., and Cohen, L. M. (1996). A compatibnal market model based on individ-
ual action. In S. H. Clearwater, editddarket-Based Control: A Paradigm for Distributed Resource
Allocation pages 1-27. World Scientific: Singapore.

Sterman, J. D. (1989). Modeling managerial behavior. Mispgations of feedback in a dynamic
decision making experimenkanagement Sciencd5(3), 321-339.

A Detail of the two Auctions with one Seller and Buyer per Aucton

This appendix details the results summarised in Table 6t i$haigures 7, 8 and 9 present the dynamics
of P01 andP12 depending on the initial conditions of each of the four ineeies Sourc®, Deliverl,
Sourcé and Deliver2. Table 6 only presented the type of price dynamicd6f and P12, while
Tables 7, 8 and 9 show what happens in detail. The upper graphyi entry in Tables 7, 8 and 9
represent®01, while the graph at the bottom is shoMsirketl 2.

The first point to note is that the price in these three figuessthe same Patterns A, B and C, as
summarised in Table 6. Next, we observe a relationship mtReél andP12. For example, we never
have smooth fluctuations of boB1 andP12 at the same time. That is, 01 andP12 both have Pat-
tern B, then their fluctuations are never sine-like. To sag ttonsider the case in which all inventories
start at their target levels (i.e. caSeurc@Ini = Deliverlini = Sourcélni = Deliver2lni = 1500,
which is in the center of Table 8). According to what we obedrin Subsection 4.1, we should obtain
a Pattern B in both markets. Indeed, this is what we obtaice@xthat the smooth fluctuations have
lost their regularity. This can be informally interpretadthis way: (i) the smooth fluctuations are
caused by a seller feeling richer when his buyer feels pparet the other way around (see explana-
tions about Pattern B in Subsection 4.1), butignufacturet is both a seller iMarkei01 and a buyer
in Marketl2. In (Moyaux and McBurney, 2006b), we related such an impaohe market on another
to a consequence of the “bullwhip effect” (Forrester, 1958 et al,, 1997a,b) on prices.
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Table 7: Detail of Table 6 showing the price dynamic$61 on top andP12 at bottom (1/3).
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Table 8: Detail of Table 6 showing the price dynamic$61 on top andP12 at bottom (2/3).
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Table 9: Detail of Table 6 showing the price dynamic$61 on top andP12 at bottom (3/3).
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