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Abstract

1 Introduction

Market-oriented programming is a new ap-
proach to design and implementation of re-
source allocation mechanisms in computer sys-
tems [1]. It has its roots in di erent disci-
plines, such as economics and computer sci-
ence, in particular the area of multi-agent sys-
tems. Market-oriented programming is seen
as a programming paradigm based on abstrac-
tions such as prices and demands. Concepts,
terminology and theory from microeconomics
form the foundations of the paradigm. Central
aspects of these foundations are investigated
and some new insights are presented. Further-
more, some relations between conventional op-
timization/resource allocation approaches and
market-oriented programming are described in
this paper.
There are our previous researches to apply

market-oriented programming into resource al-
location problems [2, 3]. And the Pareto op-
timality in market-oriented programming was
left into microeconomics, and never tried to be
proved in these approaches using multi-agent
programming. In this paper we construct a
Walrasian type virtual market, that is a prin-
cipal market model in microeconomics, and try
to confirm the Pareto optimality in our market
model by comparing the solutions with conven-
tional analytic approaches, such as constraint
method and fixed-point algorithm.

The main conclusion of the paper is that
there are some potential pitfalls of Walrasian
virtual market, but when used with care it pro-
vides a highly natural and e cient means for
generic resource allocation problems with using
computational market.

2 Walrasian virtual market

There exists a market-oriented programming
to construct a computational market (i. e. vir-
tual market), which consists of several hetero-
geneous agents [1]. Agent activities in terms
of products required and supplied are defined
so as to reduce an agent ’s decision problem
to evaluate the tradeo s of acquiring di er-
ent products in the market-oriented program-
ming. These tradeo s are represented in terms
of market prices, which define common scale of
value across the various products. The prob-
lem for designers of computational markets is
to specify the mechanism by which agent inter-
actions determine prices [2].
Market-oriented programming is the general

approach of deriving solutions to distributed
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resource allocation problems by computing the
competitive equilibrium of an artificial econ-
omy. It involves an iterative adjustment of
prices based on the reactions of the agent in
the market. General concept of the negotiation
mechanism in market-oriented programming is
shown in figure 1. Definitions of the virtual
market are based on general equilibrium con-
cept in perfect competitive market, and that
means it satisfies a necessary condition of Wal-
rasian type virtual market.

Figure 1: Market-oriented programming

Supply / demand functions represent agent’s
willingness to sell / buy resources, respectively.
They are defined as the relationship between
price and quantity of the trading resource. Let
Pt(s) be the price of resource s at time t. tms

and tns represent the supply function of sup-
plier m on resource s at time t and the de-
mand function of demander n on resource s at
time t, respectively. The bidding mechanism
computes an equilibrium price in each sepa-
rate market. It involves an iterative adjust-
ment of prices based on reactions of agents in
the market. Agent s submits supply and de-
mand functions ( tms and tns) and the auc-

tion adjusts individual prices to clear, rather
than adjusting the entire price vector by some
increment. The mechanism associates an auc-
tion with each distinct resource. Agents act
in the market by submitting bids to auctions.
In this paper bids specify a correspondence be-
tween prices and quantities of the resource that
the agent o ers to demand or supply as a basic
study. Given bids from all interested agents,
the auction derives a market-clearing price.

3 Economic agent

We describe demand agent (i.e. consumer)
as cm (m = 1, 2,…,M), and supply agent (i.e.
producer) as sn (n = 1, 2,…, N). The number
of kind of goods is assumed as I in our Wal-
rasian VM.

3.1 Demand agent

3.1.1 Demand utility

Suppose demand agent cm has utility function
uc , which is described with in equation (1). In
this equation xci represents the demand quan-
tity for resource i:

　 uc = ac
IY

i=1

(xci )
b

where
IX

i=1

bci = 1 (0 < ac , bci )

(1)

In this paper we adopt Cobb-Douglas function
[4] as a demand function described in equation
(1), because the Cobb-Douglas function is one
of the primitive functions in microeconomics,
which handles economical scale in the market
by index constant b.

3.1.2 Budget

Budget of demand agent cm is formulated by
initial quantity of resource (i): eci , and their
price: pi as follows:

Bc =
IX

i=1

pie
c
i + rc (2)

In this equation rc represents supplier’s profit,
which suppliers return to demanders under
zero-profit conditions in the general equilib-
rium theory [5].
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3.1.3 Bidding functions

Demand agents send their bid to their target
resources in the market, and the bid is for-
mulated as demand function. The function is
obtained as the optimal solution as maximis-
ing problem of equation (1) under the con-
straints described in equation (2). The fol-
lowing demand function is calculated by La-
grange’s method of (indeterminate) multiplier
in this research.

xci (pi) =
bci B

c

pi
i = 1, 2, . . . , I (3)

We assume demander cm supplies all the ini-
tial resources into the market according to the
principle of microeconomics, and demander’s
supply function of resource j is defined as fol-
lows:

ycj = ecj (4)

3.2 Supply agent

3.2.1 Production function

As described in demand agent definitions,
Cobb-Douglas function is basic functions which
handles economical scale in the market easily.
In microeconomics production function is as-
sumed to be concave function, and that means
market prices are established at a predictable
level in the general equilibrium theory in con-
cave shape production function.
We also formulate production function of

supply agent sn to resource j as Cobb-Douglas
function to satisfy the assumption, shown as
equation (5). Cobb-Douglas function is defined
as a concave function in 0 < < 1 in this equa-
tion.

ysj = s (xsi ) (0 < s , 0 < s < 1)
(5)

3.2.2 Profit

According to microeconomics assumption, sup-
ply agents have no initial resources. They can
earn their profit s by producing value added
resources from purchased resources. The profit
function is defined as follows:

s = pjy
s
j pix

s
i (6)

3.2.3 Bidding functions

Supply agents send supply functions to produc-
tion resources, and demand functions to pur-
chase resources, respectively. They maximise
their profit by solving maximising problem of
equation (6) under the constraint in equation
(5). We also solve the problem by Lagrange’s
method of multiplier in this research, and ob-
tain the following demand function and supply
function in equation (7) and (8), respectively:

xsi (pi) = (
pi

s s pj
)

1

1 (7)

ysj (pj) = (
(pi)

s ( s ) (pj)
)

1

1 (8)

4 Analytic approach

We demonstrate the proposed algorithm suc-
cessfully calculates Pareto optimal solutions by
comparing VM solutions with an analytic ap-
proaches, named fixed-point algorithm. We
will explain this analytic approach briefly be-
low.

Scarf showed that how to compute an ap-
proximate Walras equilibrium and proposed a
general algorithm for the calculation of a fixed
point of a correspondence [6]. This algorithm,
named Scarf’s algorithm, has been surprisingly
e cient to find a general equilibrium that was
guaranteed to converge, though does not per-
mit a gradual improvement in the degree of ap-
proximation of the solution.

The Scarf’s algorithm applies a procedure to
the problem of computing a fixed point of map-
ping of the unit simples into itself, a mapping
whose existence is established by fixed point
theorem. In using Scarf’s algorithm to find
such a fixed point, the unit simplex is divided
into a finite number of smaller simplices, each
defined by I vertices that are each associated
with a label (figure 2). Each vertex is labelled
with the index number of goods, which has the
maximum value in market excess demand. The
algorithm tries to seek the subdivided simplex
whose vertices have all labels without any du-
plicates, and Pareto optimal solution must be
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inside the subdivided simplex. The market ex-
cess demand of goods i at the vertex is defined
as the next equation:

Ei = (
MX

m=1

xci +
NX

n=1

xsi ) (
MX

m=1

yci +
NX

n=1

ysi )

(9)

Figure 2: An example of 2-dimentional unit
simplex

5 Experimental results

Experimental 2-producer-2-consumer mar-
ket is illustrated in figure 3. In this market
2 kinds of goods, goods 1 and goods 2, are also
traded.

Figure 3: Virtual market in trade market

Experimental values of each parameter (i.e.
initial value set) in the model are shown in Ta-
ble 1(consumer agent) and Table 2 (producer
agent). Consumer agents send their bids as
supply & demand functions to both the goods
homogeneously. Producer agents send their de-
mand & supply function to goods 1 & goods 2,

respectively. That means they both produce
goods 2 from goods 1 in this market.

Table 1: Initial conditions of consumers

Utility Endowment Utility
Agent function(uc ) (ec

1
, ec
2
) value

c1 1.0(xc1
1
)0.8(xc1

2
)0.2 (30.0,80.0) 36.50

c2 1.0(xc2
1
)0.3(xc2

2
)0.7 (70.0,20.0) 29.12

Table 2: Initial conditions of producers

Input Output Production
Agent goods goods function

s1 goods 1 goods 2 ys1
2
= 2.0(xs1

1
)0.7

s2 goods 1 goods 2 ys2
2
= 3.0(xs2

1
)0.5

Simulation results on price and trade
changes of each goods in the Walrasian VM
are shown in figure 4, and 5, respectively.
In this model we obtained equilibrium price

vector p̂ = (p̂1, p̂2) as follows:

Equilibrium price vector:
p̂ = (0.95673, 0.98543)

Normalised equilibrium price vector:
p̂ = (0.49261, 0.50789)

And final resource allocation in consumer
agent and producer agent are shown in table
3 and 4, respectively.

Figure 4: Price transition in trade market

It has been observed that the total con-
sumer’s utility is increased in table 3 compared
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Figure 5: Supply & demand transition in trade
market

with table 2, because the producer’s profit is re-
turned to consumer agents in this market under
the zero-profit conditions in the general equi-
librium theory. The utility of agent c1 is in-
creased by 17.2 % especially. That is because
of the agent’s preference to goods 2 as well
as the zero-profit conditions. In this market
all the producer agents supply goods 2, and
that increases the utility of agent c1. On the
other hand, the utility of agent c2 is slightly
decreased, because it becomes slightly di cult
to get both goods due to the stronger supply
flow from producer agents to agent c1.

Table 3: Equilibrium conditions of consumers
in trade market

Consumption Utility
Agent (xc

1
, xc
2
) value

c1 (71.96,24.35) 57.94
c2 (25.69,81.14) 57.46

Table 4: Equilibrium conditions of producers
Agent Production Input Profit

s1 2.16 1.12 0.55
s2 3.32 1.23 1.41

Total 5.48 2.35 1.96

We applied fixed point algorithm in this
market model to confirm Pareto optimality of
the VM solutions. We calculated a fixed point
of mapping of the unit simples into itself, a
mapping whose existence is established by fixed
point theorem. In using Scarf ’s algorithm to

find such a fixed point, the unit simplex is di-
vided into a finite number of smaller simplices
(i.e. grid size). In this paper the grid size is
set to 100,000 for the precise comparison.

We obtained equilibrium price vector p̂ =
(p̂1, p̂2) by the fixed point algorithm as follows:

Equilibrium price vector:
p̂ = (0.49262, 0.50789)

It is obvious that the equilibrium price set
obtained by Walrasian VM is almost equivalent
to the one from the fixed point algorithm, and
that means VM solutions have been confirmed
to be converged into Pareto optimal. The small
di erence is caused by the grid size of the fixed
point algorithm.
We compared the calculation time between

VM approach and fixed point algorithm. CPU
consumption time (second) for each approach
in this market model is as table 5.

Table 5: CPU consumption time
Method CPU time (second)

VM 0.0017
Fixed point algorithm 12.025

VM approach is obviously more than 7,000
times as fast as the analytic approach in this
model. It has also been proved that the pro-
posed VM based approach is much more prac-
tical in terms of calculation time to obtain
Pareto optimal solutions in resource allocation
problems.

By the computer simulation, we have con-
firmed that Walrasian VM takes advantage of
the market analogy into resource allocation
problem, and that leads to e ective search of
Pareto optimal solution for supply chain man-
agement.

6 Conclusions

Market-oriented programming is a new ap-
proach to design and implementation of re-
source allocation mechanisms in computer sys-
tems, and we newly proposed a Walrasian Vir-
tual Market (VM) approach with microeco-
nomics based market-oriented programming.
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Firstly we mentioned our general concept to
apply VM into resource allocation problems,
and explained general idea of Walrasian market
model in economics. Then central aspects of
market-oriented programming are investigated
and some new insights are presented. After a
brief explanation of the analytical approaches,
named fixed-point algorithm, we defined agent
behaviour based on Walrasian market-oriented
programming. As a basic study, we analysed
its Pareto optimality by computer simulation
experiments, and it has been confirmed that
our approach is e cient both in Pareto opti-
mality and calculation performance.
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