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A Study on Market-based Strategic Procurement Planning 
in Convergent Supply Networks* 

Jayeola Femi OPADIJit and Toshiya KAIHARA:j: 

We present a market-based decentralized approach which uses a market-oriented programming 
algorithm to obtain Pareto-optimal allocation of resources traded among agents which represent 
enterprise units in a supply network. The proposed method divides the network into a series of 
Walrsian markets in order to obtain procurement budgets for enterprises in the network. An inter
action protocol based on market value propagation is constructed to coordinate the flow of resources 
across the network layers. The method mitigates the effect of product complementarity in convergent 
network by allowing for enterprises to hold private valuations of resources in the markets. 

1. Introduction 

The market-based approach to supply network plan

ning requires enterprise units in the supply network 

to focus their strategies on remaining competitive in 

the network [1,2]. Procurement planning is one of 

'the main activities at the strategic planning level of 

the supply network. Since organizations in a sup

ply network are legally independent entities and of

ten have competing goals, it is necessary to device a 

way in which these enterprise units can generate in

dependent strategic plans which will mutually benefit 

participating parties. One way of achieving this is by 

modeling the supply network as a pure-competition 

market [3] in which price mechanisms will determine 

how resources are allocated to participants in the mar

ket . However, one of the major drawbacks of this 

approach is the very sttong assumptions on which 

the pure-competition market is based; this includes 
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the assumption of gross substitionality of market re

sources [4]; this means that resources in the market 

are similar in usage and therefore an increase in pref

erence for one will mean a reduction in preference for 

others, i.e., the value produced when this resources 

are combined is less than the sum of the individual 

values of each resource. In a serial network where 

value creation involves the transformation of a single 

type of production resource to another at each pro

duction layer of the supply network, this assumption 

is plausible especially since all the enterprise units 

at each production phase are producing alternative 

products which may be consumed by any unit in the 

succeeding layer. For a convergent supply network 

however , the assumption becomes less credible since 

production of a resource involves the combination of 

more than one type of input resource. A convergent 

network scenario thus results in a market with com

plementary resources as demand and supply for these 

resources are interconnected. 

In this study, we create stage-wise computation that 

uses pure-competition market mechanism for resource 

allocation while assuming that the autonomy of en

terprise units represent their responsibility for deci

sion making as it affects their preference for suppliers 

of a particular resource and their private budgets for 
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complementary resources. While a number of algo

rithms have been constructed to find computable gen

eral equilibrium [4 ,5], our contribution lies in applying 

the concept to generate procurement plans for multi

layered convergent network intended to preserve au

tonomy of enterprises in the network. We focus on 

the protocol that generates procurement budgets for 

enterprises in the supply network making use of quan

t ified supplier preferences and input resource valua

tions assumed to already have been computed by en

terprise agents. Using the market-based approach , a 

convergent supply network is assumed to be a single 

virtual enterprise made up of different markets for all 

the market resources, the combination of which ul

t imately leads to final product consumption in the 

network. As defined in [6], "A virtual enterprise is a 

temporary alliance of enterprises that come together 

to share core competencies and resources in order to 

better respond to business opportunities and whose 

cooperation is supported by computer networks" . In 

order words, the business enterprises are only con

nected to one another in a virtual domain. 

2. Strategic Planning P roblem 

The convergent supply network treated in this work 

is an agglomeration of different markets which make 

up an industry, e.g. automobile industry, personal 

computer industry, etc. In this model, estimated de

mands from the consumer markets represent the in

vestments into the supply network. Financial invest

ments move upst ream while products move down

stream. Fig. 1 illustrates the convergent supply net

work considered in this work. 

In Fig. 1, there are two types of resources - the pri

mary production resources (capital and labour) and 

the supplier market resources. The supply network is 

divided into layers from the upstream to the down

stream; each of these layers consists of markets repre

sented by the circles. The markets contain enterprise 

units producing the same kind of products and they 

are represented by the different sh~pes in the circles. 

The investment layer is made up of investment agents 

that act as consumers of the final products of the sup

ply network. Also, all the markets except markets in 

the most upstream layer require resources from mar

kets in their preceding layer and supply markets in 

their succeeding layer. The following are the assump

tions for the supply network: 

• Every enterprise unit in a market is autonomous. 

• Each enterprise unit produces one class of prod-
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Fig. 1 Convergent supply network 
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uct: at the strategic level, enterprise resources 

are aggregated. 

• For every input an enterprise unit requires from 

a market there are more than one possible sup

pliers. 

• An enterprise unit has private valuation of what 

percentage of its resources it is willing to invest 

in a particular market . 

It is required to find a Pareto-optimal allocation of 

resources for all the enterprises trading in a given mar

ket. This means, that for every market in which an 

enterprise is trading, its allocation should be such that 

it cannot receive a better allocation from any supply

ing enterprise in that market without any other con

suming enterprise getting a sub-optimal allocation. In 

modeling t his problem, we consider the supply net

work as a Virtual Enterprise (VE). In this case, the 

presence of the enterprise in the network is only rec

ognized by their participation in economic activities 

in the network. The list of symbols used is defined as 

follows: 

Layer S: { Q, M}; Q = investment layer 

M = set of value transformation 

layers 

p: {py ,PK ,PL ,P1 ,p2 , ... ,pr } 

Q: {qi ,q2 , .. . ,qr };qi = investment agent i 

M : {M1 ,M 2 , . . . ,ML};.l\/Ii = set of markets in layer i 

G: {g1 ,g2 , ... ,gr};G= set of resources in VE 

network 

9i = resource traded in market i 

F: {f11 ,f12 , . . . ,Jmn};F= set of enterprises in VE 

network 

f ij = enterprise i in layer j ; 

f ij E Mjk s;; Mj 

f ... { ij ij a ij } 
i J · ao ,ag1,j+1' ·· · , 9 IMj+ 1 l,j+ 1 

aij =production agent for f ij 

aij =procurement agent for market resource 9c 
9 c,j+ l 

in layer (j + 1) 

All the enterprises must maximize the amount of 
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in reaching a Pareto-optimal allocation of resources 

among traders in a competitive market than some 

other competitive market algorithms[9]. The perfor

mance of this algorithm as compared with the Scarf 

algorithm and Price tantonnement algorithm also used 

in competitive market equilibrium analysis is shown 

in [7] and [8]. 

4.1 MOP in Pure Competitive (Wal
rasian) Market 

A market is any arrangement that facilitates the 

exchange of resources by trading agents who either 

seek to maximize their utility from the consumption 

of such resources or profits from the supply of the 

resources. For the ease of exchange, a price system 

is defined which allocates a nonnegative number to 

market resources in order to determine their relative 

value. The term competit ive market denotes the ex

istence of contention for resources among traders in 

that market. In order for trading to take place, the 

total amount of goods demanded in the market equal 

the supply. In a pure competition market , this as

sumption is extended further to mean quantity sup

plied being equal to that which is demanded. W ith 

the existence of a price system, such an equilibrium 

point can be found if it exists by adjusting the prices 

of goods in response to market demand and supply. 

MOP considers a unique type of competit ive market -

the Walrasian market. The model guarantees the ex

istence of equilibrium in a market with multiple goods 

which are grossly substitut ional. 

The Walrasian market guarantees the existence of 

equilibrium in pure-competition market with multiple 

goods which are grossly substitutional. The market 

is modeled as follows: 

9i E G; 1 :::; i:::; k, 
where G is a set of goods in the market. 

Pi(9i ) E P ; Pis price vector, 
ejc E· l <i<k 

i ' - - j 

ei endowment of trader j on resource i. 

Given a set of n cons~mers and m suppliers in an 

economy with k goods, budget of a consumer c is rep

resented as: 

k 

B c= L Pief +7rc. (4) 
i= l 

7r c = profit consumer for renting out its endowment. 

The optimization problem for consumer c is: 

(5) 

where uc is utility function subject to budget con

straint: 

k 

L Pi9f :::; BC , (6) 
i=l 

and a non-negative price constraint: 

(7) 

The utility function is represented as a Cobb-Douglas 

function with constant returns-to-scale[3]; this func

tion defines the value of each consumed resource in 

terms of the preference index of the consumer: 

k k 

uc = IJg~~ ; 'l:af = 1, (8) 
t=l t=l 

a[ = preference of consumer for resource 9t . Using the 

Lagrange mult iplier approach, an optimal bidding func

tion is obtained for the consumer bidding problem as: 

O'.cBc 
g f(Pt) = _ t _ _ 

Pt 
(9) 

The rationality of suppliers dictates that they seek 

to maximize profit. Therefore, the constrained opti-

mization problem of a supplier s is: 

k 

max 1rs = Ps9s - L Pi9i, 
i=l 

m 

1rc = Oc L 1rs , 
s =l 

if.s 

(10) 

(11) 

where 7r 8 is profit of supplier s and Oc is profit sharing 

ratio of c subject to technology of supplier s = T 8
: 

(12) 

k k 

9s = r II gf: ; 2: f3t = 1, (13) 
t=lf.s t=l 

9s is output of supplier s, 

9i 2: O; for all 9i E G; 1 :::; i:::; k. (14) 

/3% = technology index of supplier for resource 9t 

r = production scale of supplier 9t 

Using the Lagrange multiplier approach, the opti

mal bidding function for a supplier is obtained as: 

( 

p ) ( 13.'_ ,) 

gf(Pt)= I' /J;Ps ' (15) 

The equilibrium point is defined as when demand 

is equal to supply for all market resources , 
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m m 

Ld9, = 2-..: sg;; for all 9i E G. 
i=l i=l 

5. Experiment and Results 

5.1 Target Supply Network 

(16) 

Fig. 6 shows a target network used for simulating 

MVPP in a virtual enterprise environment. 

{IM11I, IM12I} = {J,J}; {IM21I, IM21l1 IM23I} = {2,2,2} 

{IM11I, IM12l1 IM13'} = {2,2,2}; {IM,11, IM,,I, IM,11} = {2,2,2} 

Fig. 6 Target supply network 

The following experimental data were used in the 

simulation: Endowment and preference index matri

ces of consumers in investment layer: 

{K LV = ( 100 100 100 100 100) 
' 100 100 100 100 100 ' 

{ }
T ( 0.50 0.30 0.60 0.80 0.40) 

agn,ag12 = 0.50 0.70 0.40 0.20 0.60 · 

The data for the enterprise units are shown in Fig. 7. 

The columns represent data for each consumer in the 

investment layer and each enterprise in the markets 

of the virtual enterprise. The blank columns denote 

value zero. 

5.2 Experimental Results 
First we present a result from price variation in 

the Walrasian markets during value propagation. In 

Fig. 8, it can be seen that equilibrium is reached for 

all the resources in the market, i.e., a point is reached 

when no trading agent is willing to change its bid for 

all of the market resources . This is the same for all 

the other Walrasian markets . 

Next we show an example of allocation of primary 

production resources among the enterprise units in 

the resource transformation layers . Fig. 9 shows that 

the total allocation of primary production resources 

in a particular market are equal; the same holds for 

all the other markets. This means that financial value 

is completely propagated from one layer to the next 

in the upstream direction. Also, the total amount of 

capital and labour in each layer is equal to the total 

that is invested by the consumers in the investment 

layer, which tallies with the assumption of conserva

tion of value in the perfect competition market. Dis

tribution of an input resource in a layer depends on 

the endowments of the procurement agents in that 

layer. The endowment of procurement agents rep

resents the purchasing power of an enterprise in the 

market where the resource is traded. Hence, one of 

the most important strategic decisions an enterprise 

will take has to do with its private valuations of re

sources it needs for production. In this work, we 

assume certain constant values for these private val

uations, however, the determination of this private 

valuations is important so that there will be a rela

t ive balance in the amount of raw materials planned 

for over the strategic period. When tallied, the total 

supplied of all resources in each layer is equal to the 

total demanded in the succeeding layers downstream. 

This also confirms the assumption of conservation of 

products in a perfect competition market. 

Fig. 10 represents the allocation of resources to 

agents in a layer of the network. This form of graph 

was obtained for all the other layers in the network. 

The allocation of resources is determined by the bid

ding function as defined in equation (9). This shows 

that the allocation of a resource to an agent depends 

on its preference index for that resource, its budget 

as well as the price of the resource. The allocation in 

Fig. 10 therefore is a function of the endowment ma

trix, the preference matrix in section 5.1 , the price 

graph in Fig. 8 and profit sharing ratio defined by the 

market. For consumers 2, 3 and 4, the allocation of re

sources partially correlates to their preference values, 

but this is not the same for consumers 1 and 5. The 

reason for this can be found in the prices of the two 

resources; with resource 1 having a lower price than 

resource 2, therefore even when the preferences are 

almost the same, resource 1 is clearly more preferred. 

Even for consumer 2 where the preference index in

dicates a much higher value for resource 2, the differ

ence in allocation is not as large owing to the prices 

of the resources. It can also be seen that consumer 

1 has a larger allocation of resource 1 than consumer 

4 even though consumer 4 has a higher preference 

value. This is due to consumer 1 having a larger bud

get because of an assumed larger profit sharing ratio 

[see equations (4) and (11)] . This phenomenon has 

been confirmed for all the other layers in the supply 

network. 

Lastly, the output estimates for all the enterprises 

in the VE environment are shown in Fig. 11. Using 



64 

~0.45 i 0.53 0.55 0.43 0.47 o.s2 j 0.45 0.50 ii 0.47 0.57 0.45 0.44 jo 55 0.51 l 0.4 1 0.40 p.48 0.48 jo 55 0. 50~ 
:°°55 ! 0.47 0.48 i 0.55 

050 r 53 
0.43 0.55 0.56 

t-45 
0.49 

lo 59 
0.60 

r52 
0.52 i0.45 0.50• 0.45 0.57 0.53 

i u, Mi M3 M4 

(a) Technology indices of enterprise units 

0.40 0.30 l 
M . : 

- 2 0 30 0 50 : : : 
~ ____ .!D_Q __ 939_l _____ ___ _______________________ _________ i-----------------------------------------;------------------- . 
; : 0.80 0.65 0.50 0.40 0 0 : : 

2: M : o o o.3o 0.40 0.10 0.80 : : 

~ --~- ___ ______ )_Q,?Q ___ Q,~? ___ q,~g ___ q.f_q __ g_}()_ __ g,?9-i-0:50---0:50---0:50---os-0--030--0:30-i------------------- · 
i i 0.50 0.50 0.30 0.30 0 0 i 

M4 : : o o 0.20 0.20 0.10 0.10 : 
~! ~ : ~ . ~ 

(b) Input resource valuation matrix of enterprise units 

Fig. 7 Data for enterprise units 
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Fig. 8 Price fluctuation in market 1: Investment layer 

and Layer 1 
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Fig. 9 Capital and Labour allocation in Market 1 

enterprises in layer 1 of Fig. 11 as an example and 

comparing it with th.e resource allocation graph of 

Fig. 10, it can be seen t hat the total demand of re

sources 1 and 2 by consumers in the investment layer 

shown in Fig. 10 are approximately equal to t he sup

ply of the same resources in layer 1 as depicted in 

Fig. 11 . This confirms the competitive equilibrium 

condit ion in the market as defined in equation (16) 

(the same holds for all the other layers). The output 

quantities shown in Fig. 11 are derived from the pro

duction function in equation (13) while the quantities 

100Q -------------O-Re-~-U-<e_e _1 _•_Re-~-U-<e-e~2 --i 

900 .l-r-"l------------------1 

800 

700 

Fig. 10 Resource allocation in investment layer 
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Fig. 11 Output estimates for enterprises 

of input resources for the enterprises are derived from 

the bidding function in equation (15) . It can be seen 

from· equation (13) that with a given larger produc

tion scale, enterprise 1 produces more than enterprise 

2. Furthermore, the outputs are a function of the 

amount of input resources (capital and labour) that 

the enterprises are able to secure from the consumers 

as rents . Since t he consumers in the investment layer 

clearly prefer more of resource 1 to resource 2 par

tially due to its lower price, they then would be will

ing to rent out more of their endowment to enterprise 
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l. This is revealed by equation (15) where the price of 

an enterprise resource is inversely proportional to the 

amount of input it is able to secure. This is shown by 

allocation of capital and labour to layer 1 in Fig. 9. 

The outputs of enterprises also depend on their tech

nology indices as shown in Fig. 7(a). The results ob

tained from all the layers have been confirmed to be 

balance in terms of demand and supply of all resources 

in all the markets. 

6. Conclusion 

In this study we have presented a decision support 

model for resource procurement in a convergent sup

ply network. Since the topology of this type of net

work is such that there are complementary resources, 

it is impossible to model the entire supply network as 

a single market where the existence of equilibrium is 

predicated by the assumption of gross substitutional

ity of market resources. The approach in this study 

is to divide the supply network into a number of vir

tual markets made up of autonomous enterprises . The 

market value propagation protocol constructed then 

distributes the network resources based on the pri

vate valuation for resources and preference indices for 

suppliers of individual enterprises. The MOP algo

rithm executed at each phase of the MVPP reduces 

the computational efforts required in allocating re

sources because of its convergence speed as compared 

with some other competitive general equilibrium al

gorithms. 

The market-based model we have proposed intro

duces some other opportunities for further research 

into the resource allocation problem. The estimation 

of private valuations for endowments of procurement 

agents and the determination of the preference indices 

for the procurement agents are interesting subject of 

future research. While it may not be possible to de

termine exact values for these variables due to the 

presence of some factors that are not quantifiable, ap

proximate values will go a long way in improving the 

quality of results obtained from the model. 
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