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Executive Summary  

As a technology, the Grid promises a revolution in the way computational services are 
structured and offered to their users. There are numerous views and variations 
regarding what exactly a Grid system is. In all existing views though, no matter how 
different, there are some things in common. First of all, there is an aggregation of 
resources. More importantly, there is a large presence of agents, some offering 
resources and some consuming them. This naturally leads us to consider the Grid as a 
market, in which the laws of supply and demand hold and the outcome is affected by 
the level of competition (in other terms, the bargaining power of agents). Economics 
is about utilizing resources efficiently, especially if these resources are scarce. If 
computation (more correctly: timely and correct computation) has value to a business 
or an individual, and if the cost of performing computation in a Grid is, as a whole, 
less than the corresponding cost of having each user individually possess and leverage 
the necessary resources, then there is fertile ground for the development of a Grid 
market. Furthermore, the Grid is an enabler of newer computing paradigms like utility 
computing and service orientation. Environments structured around these principles 
also have nice technological and economic properties.  

A number of issues arise in this context, however, many of which have not been 
studied in depth. Computation is unlike other, more traditional commodities. First of 
all, it is largely parametrizable; the completion of even the simplest task can be 
affected by a very large number of characteristics, such as given speed, available 
bandwidth, time of execution, types of inputs and outputs, etc. This way, computation 
is no longer a unidimensional commodity. Secondly, computational tasks are 
complex, with lots of dependencies among their various parts. Thirdly, systems aimed 
at large-scale computation are difficult to evaluate; security, system availability and 
responsiveness, among others, are many of a system s intangible aspects, which 
many times cannot be measured objectively, much less be factually valued. 
Computational services are experience goods, and suffer many times from hidden 
information phenomena. Finally, as most products in the IT world, the cost structure 
of delivering computational services in a market is characterized by large fixed 
upfront and low marginal costs.  

Due to the aforementioned difficulties, there has not been so far a clear understanding 
of the economics of Grid systems. As a result of this fogginess regarding a clear 
business benefit, the necessary investments in Grids have been delayed or avoided. To 
that end, our study attempts to construct simple economic models that capture the 
critical aspects of a Grid market and analyze its structure and evolution, as well as the 
expected behavior of agents within it, under economic terminology.  

We begin our study by examining the incentives of resource owners regarding the 
formation of a Grid system. In that context, we show under which conditions it is 
preferable for users to execute their tasks in a common pool of aggregated resources, 
or acquire their own infrastructure. Moving on, we study contracts and pricing in this 
market and show that flexibility in these contracts can result in increased revenues for 
monopolistic providers and a higher net benefit for consumers, compared to the 
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classic options of a static or dynamic contacts. As to the allocation of Grid resources, 
we study the intricacies of auction mechanisms. By assuming that end-users are 
interested in acquiring cybernodes of certain types, for which they have different but 
private valuations, we construct a scalable algorithm that achieves fast and efficient 
allocation. We then turn our attention to software manufacturing firms of today and 
examine under which conditions they are going to benefit (and thus support the 
transition to) new business models, such as Service-Oriented Architectures. In this 
context, we see that firms need to exhibit a large degree of cooperation to secure 
benefits from service-oriented schemes, but doing so they are able to increase their 
profitability compared to their current, license-based business model. We also outline 
the long-term evolution of our market and show that it can sustainable under 
conditions. Furthermore, we suggest ways by which the growth of this market can be 
accelerated. Afterwards, we explore the implications of hidden information in Grids 
and suggest simple and effective ways, such as a reputation mechanism, to alleviate 
their dismal effects. We show through simulations that a reputation mechanism is an 
easy and efficient way to alleviate most of the problems related to hidden information 
in Grids where only the collective outcome of a group of agents can be observed. 
Finally, we examine workload allocation techniques for Grid workflows, by modeling 
web services as M/M/k queues and obtaining a numerical solution for missed 
deadlines (failures) of Grid workflow tasks. We formulate a non-linear program that 
calculates the optimal allocation, in terms of minimizing the number (or rate) of tasks 
whose deadlines is missed.  
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1 Introduction 

Recent developments in the market for IT products and services push for a 
reevaluation of current technological and business practices. During the last decade, 
the Internet has proliferated and broadband access is almost commoditized. 
Businesses have attempted to ride this Internet wave in a number of ways, from 
constructing simple web sites to engaging in e-commerce operations and developing 
collaboration schemes across the value chain. Consumers, on the other hand, though 
access to the world-wide-web, have been exposed to an unprecedented variety of 
resources in the form of content and services.  

Despite this tremendous growth, however, telecommunication operators, Internet 
Service Providers (ISPs) and other technology-related firms have not solved the major 
question of how to optimally generate revenue from this huge network. The Internet 
boom of the 1990s reminded everyone that technology or investor excitement alone 
cannot guarantee growth and profitability. Even today, with a much higher degree of 
realism and caution, service providers in the industry are still questioning their 
business models and trying to reposition themselves to follow changing trends in the 
market. For instance, telecom operators sense that voice calls may soon be offered at 
zero cost through Voice Over IP (VoIP) technologies. ISPs realize that broadband 
access (DSL, cable) cannot sustain them in the long run. Content providers and 
software development firms want to embrace the Internet in new ways to fight against 
piracy or increase the appeal of their services.  

In this context, there is a growing trend (by almost everyone) towards value-added 
services. If web access, in the sense of transferring bits, cannot sustain an ISP, it plans 
to offer content services (e.g. movie rentals, subscriber TV channels, downloadable 
music, etc.) to attract customers and generate extra revenue. This is a first step 
towards a richer environment, where the low-level operations (such as connectivity, 
bit transfer, etc.) are the commoditized infrastructure on which other, higher-valued 
services are offered. In a sense, the low levels of this service hierarchy will be offered 
for free, because they simply are very easy to reproduce. After all, the huge amounts 
invested back in the 1990s in dark fiber and the incredibly cheap optical wires have 
generated oversupply at the network backbone, which translates to infinitesimal 
marginal costs for extra capacity. On the other hand, value-added services are more 
difficult to commoditize. Content production cannot easily be provided in an 
intensively competitive market; and specialized services require skill and expertise 
that only few might possess.  

Currently, video rentals and free media are primitive ways through which telecoms 
and ISPs are trying to differentiate their service and gain that extra edge. However, 
many envision a much richer set of services being offered in that sense. An 
observation regarding the structure of software applications nowadays reveals that 
very few are web-enabled. Most are still sold as a package and users usually have to 
pay a license fee to acquire any applications. Even the client-server and N-tier models 
simply change the licensing scheme (instead of one license per client computer, there 
is a license for the application server hosting the software). 
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This business model carries with it many weaknesses, for both software 
manufacturers and end-users. Firstly, application packages are usually not exactly 
fitted to the needs of a particular individual or enterprise, meaning a lack of flexibility. 
Secondly, they are usually too expensive for small (and medium) businesses/users to 
obtain; only the high-demand, well-heeled users can afford a specialized piece of 
software. Thirdly, reuse of functionality is limited or non-existent. Competitive 
packages in the market very likely contain functionality that is in common, yet each 
manufacturer develops it for its own solution, despite potential cost benefits in the 
presence of reuse. Fourthly, while users are exposed to a rich set of Internet resources, 
their computational needs are consistently addressed by their own, private computer 
systems and purchased software.  

The principle of utility computing states that IT services could be offered in the same 
way as electricity or water. Nobody needs to purchase a power generator for its own 
needs, so why should one use private computer infrastructure? This paradigm of 
utility computing promises to solve many of the thorny problems of IT-assisted 
businesses. Reports claim that, whilst acquiring hardware is not considerably costly 
today, software and maintenance expenses often become a problem. Furthermore, IT 
investments that necessitate system upgrades are risky and may easily run out of 
projected budgets. For the company that wishes to leverage IT capabilities, the costs 
related to owning and maintaining the necessary infrastructure are one of the most 
serious deterrents and one of the most prevalent source of investment failure. Utility 
computing suggests that users maintain the lightest possible infrastructure and 
consume all computational services (software and the corresponding hardware) over a 
network. Charges will not follow a license-oriented scheme but could reflect the 
actual usage of resources made by the user, in terms of CPU cycles, storage and 
bandwidth consumed. Small- and medium-sized businesses might purchase the 
amount of computation suited to their needed, thus avoiding expensive license fees for 
applications they only scarcely use. Maintenance costs, upgrades and even security 
concerns are now the responsibility of a utility provider, who can spread those high 
costs across a number of its customers. Furthermore, piracy is effectively dealt with, 
since rarely will software or content be downloaded to the users machines and 
therefore be susceptible to illegal replication.  

Utility computing is also related to the Grid. The term refers to systems offering 
aggregation of resources (hardware or software) across administratively independent 
domains. Grid systems were initially developed in the context of high-performance 
computing, since their highly distributed nature offers a large degree of parallelism. 
Under this paradigm, they have been used for computationally intensive applications 
and scientific tasks (e.g. processing large quantities of data). A number of providers 
(like Sun, Hewlett-Packard and Amazon) are offering this kind of Grid service. Users 
are usually allowed to rent CPU cycles and related resources in virtual machines over 
a period of time and are charged according to their bookings. In a somewhat similar 
context, called enterprise Grid, large companies with many offices are able to exploit 
idle computer resources in workstations or servers by transferring computationally 
intensive task to them, in order to speed up their execution.  
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However, the Grid is recently illustrated as much more than just CPU cycles and 
storage offered over a network. Coupling the idea of highly distributed computation 
with utility computing, the Grid is now seen as an environment over which richer 
services may be provided. Software applications are, under this scenario, structured as 
independent, cooperating services, not as packages. A service is thought of as a 
software component that runs over some hardware, uses open standards to receive 
calls, executes a simple operation and returns back to its caller, pretty much like a 
web-service. By combining simple services, richer and more complex ones may be 
built. These services can, afterwards, be used to represent a workflow and thus 
represent valuable operations to end-users. This concept of structuring software is 
called service orientation.  

Service orientation promises to revolutionize the way software (and even hardware) is 
built, delivered and consumed. However, until today, it has largely remained a 
buzzword, a hyped term without actual presence in the day-to-day experience of 
businesses and individuals. The reasons for this are numerous. First of all, technical 
difficulties pose an obstacle to the mass-market acceptance of service orientation. 
These include a lack of truly open and globally agreed-upon standards for 
communication between components and varying perceptions as to the degree of 
abstraction those services will exhibit. However, for us it is the economic and 
business side that has failed to drive the move towards service orientation, and thus 
resolve any outstanding technical issues. A clear understanding of the effect of service 
orientation on the bottom-lines (i.e. the profitability) of businesses is yet to be 
captured. No one still knows how a market for computational services will behave and 
affect software manufacturers, prices and end-user welfare. And although managerial 
guidelines suggest steps to implement service-oriented architectures, no economic 
models have been developed to shed light into the outcomes of those.  

This deliverable of the GridEcon project acts upon this gap, by offering simple but 
insightful economic models regarding service orientation and Grid markets in general. 
We begin by studying resource provision and in particular the incentives of users 
towards contributing their privately-owned resources to a common pool. Results 
indicate the significance of the actual resource-sharing mechanism employed to these 
incentives and in turn the welfare of the system. After this, we adopt the view of 
software manufacturers and examine what reason they might have to update their 
license-based business model. A number of issues are explored in that context, such as 
the risk in developing components, coalition formation, pricing and participant 
truthfulness. A market of software services is examined next; we first isolate the 
effects of component reuse to examine the effects of different scenarios on market 
evolution and developer profitability; then, we study how optimally chosen prices for 
components in a free economy may adversely affect prices and profits.  

Moving on, we turn our attention to the pricing of resources. The question of how to 
optimally price resources, for which a demand is expressed in a static and dynamic 
part, becomes the object of our study. We show that such mixed contracts allow 
both suppliers and customers to be better-off compared to purely static or purely 
dynamic ones. Among our results, we prove that under price competition of suppliers, 
at the equilibrium both may secure some profit by segmenting the market. 
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Next, we study auction mechanisms for allocating resources in a Grid environment. In 
particular, we examine how an algorithm can be employed that achieves a high level 
of efficiency but also low complexity, to allow for its practical usage. We suggest a 
multi-object, sealed-bid VCG auction that is incentive-compatible (i.e. rational users 
optimally submit their true valuations in the auction) and prove its nice properties in 
terms of efficiency and complexity.  

We then turn our attention to service providers. User requests usually involve 
aggregating resources across administratively distinct domains. For instance, a task 
may need resources from ten different providers, each specializing in one particular 
subtask. One might reasonably expect that, for each subtask, a lot of competitive 
offers can be found in the market. Thus, selecting the actual set of providers that will 
handle a task becomes an issue. The reason is that, in the case of failure, it might be 
difficult to objectively identify liabilities. If participants have the option to provide 
low effort (and thus jeopardize the success of the whole task), but then hide behind 
the complexities of finding exactly who was responsible, they may habitually 
participate in sets of providers, receive payment but deliberately avoid working 
effectively. In these cases, a reputation mechanism is a good solution to reduce the 
likelihood of such behavior proliferating. We formulate models that leverage 
reputation to address this issue and perform experiments with different mechanisms to 
identify the best way to handle (assign, update) reputation values and select group 
members for a task.  

Finally, we closely examine workload allocation in a Grid environment. If a Grid 
system receives workflow tasks for execution with a rate following a predefined 
probability density function and these workflow tasks have deadlines that also follow 
a probability distribution, we can allocate them by modeling the system as a MINLP 
(mixed-integer non-linear program) that minimizes the failure of jobs, where failures 
are perceived as missing the entire workflow s deadline.  

The deliverable document is organized as follows. Chapter 2 examines the 
provisioning of resources and the incentives of contributors therein. Chapter 3 deals 
with pricing resources on-demand. Auction mechanisms for the efficient and fast 
allocation of Grid resources are the subject of chapter 4; a study of the manufacturer-
side perceptions is included in chapter 5, followed by a market development 
examination in chapter 6; reputation mechanisms for group formation and promoting 
beneficial behavior are included in chapter 7. Finally, workload allocation is 
examined in chapter 8. The document finishes with a conclusive chapter which 
summarizes our work and mentions possible extensions for the next deliverable. 
References can be found in the end. 
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2 Resource provisioning 

Grid technology is a virtualization technology. It allows the computing resources that 
are provided by various participants to be shared in a transparent way. By allowing 
resources that are owned by different organizations to be shared by others, the overall 
system efficiency increases through less idle time and better utilization of resources. 
This efficient multiplexing and use of economies of scale has been a main driving 
force in the development and  acceptance of grid technology.  It is widely believed 
that increasing the degree of sharing is the universal medicine by which to achieve 
economic efficiency. But is this really true?  Are there any negative side effects of 
resource sharing that one should take into account to realize these multiplexing gains?  
Could the use of grid technology actually reduce the benefits of the participants? As 
we will show in this work, the answer is yes. But then, how should one define the 
sharing policies, and especially, when the potential participants have strategic reasons 
not to reveal truthfully their usage patterns? These are very important questions in the 
context of grid computing, but also hard to answer. In this work we attempt some 
modeling work that offers significant insights in all of the above issues.  

In order to understand the complete efficiency issue, one has to do a more complete 
assessment of the various parameters that affect the final system when grid 
technology is deployed. In particular, one has to appreciate that there are two 
interacting phases that influence the final outcome.  

The first is resource provisioning and the second is resource sharing. During resource 
provisioning, the grid participants decide on the amount of resources that each will 
contribute to a shared resource pool. During subsequent resource sharing, these 
resources are shared according to a policy specified by the administrator of the 
system. The key aspect that often eludes system designers is that, although once the 
amount of resources to be provisioned has been determined sharing then increases 
efficiency, the fact that the resources will be shared will influence participants' initial 
decisions regarding the amounts of resources they will contribute to the pool. More 
precisely, knowing that a large common resource pool will probably be available, a 
participant may decide to contribute a smaller amount of resources to the pool than is 
helpful, since he expects that most of the resources he might need will be provided by 
other participants. This free-riding effect of resource sharing may have very 
negative consequences and even reduce the overall effect of resource sharing.  

As we show in this chapter, the decision on how much resources to provision is 
greatly influenced by the resource sharing policy that will be deployed. The problem 
of choosing a policy which optimizes the efficiency of the system, assuming the 
amount of resources to be given may not be optimal overall, since it must take also 
into account its effect on the incentives to contribute resources during the resource 
provisioning phase. As we show, there can be an overall reduction of efficiency: a 
paradox in which, by building a common resource pool, the overall system efficiency 
is less than it is when building stand-alone systems for each participant. There may 
also be severe instability issues regarding resource provisioning.  
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However, we show that by choosing the sharing policy appropriately one can greatly 
benefit the system and obtain the large efficiency gains that are anticipated by grid.  
Hence the incentives for resource provisioning play an important role and cannot be 
examined in isolation from resource scheduling and sharing.  Designing optimal 
protocols for obtaining resources from the common resource pool is thus an important 
but difficult problem that must take into account the gaming aspects of the resource 
provisioning phase. In essence, the defining the participation and resource sharing 
policy amounts in the definition of the rules of a game. Hence our goal is in providing 
guidelines for the design of optimal games in the context of grid computing. This task 
becomes even harder when the designer of the game has no full information regarding 
the parameters of the participants that determine their true resource needs.  

All the above are examined not in the context of a free market of Grid resources, in 
which brokers, providers and insurance agents facilitate the provisioning and sharing 
of resources, but in simpler situations, whereby users individually decide to contribute 
some units of resource in a common pool, so that they may enjoy the benefits that 
stem from sharing these common units. This environment may be simple, but allows 
us to study how the behavior of users changes depending on the sharing policy 
employed and how this in turn affects their willingness to participate in a Grid system, 
without the interferences that may arise due to market mechanisms. A study of free-
market settings is left for future work. There, we plan to further analyze scenarios of 
resource provisioning, but under more complex assumptions regarding market 
structure, the existence of agent such as brokers, etc. and examine how all these may 
interact.  

Our work in this topic is organized as follows: In sections 2.1-2.4 we present a simple 
model that captures all the above aspects but assumes that resources can be provided 
and used by participants in some discrete fashion (the continuous version is analyzed 
in sections 2.5-2.8). In particular we analyze the case where participants may 
contribute and eventually need to use at most a single resource unit. They differ in 
terms of their resource usage frequency. This model, although extremely simple, 
captures most of the issues to be encountered in practice and helps us develop some 
intuition. More specifically, in section 2.1 we analyze the case of 2 participants, we 
show the inadequacy of the equal sharing policy and determine the optimal sharing 
policy that performs internal payments between participants: a participant that needs 
to use a resource may compensate the participant that contributed the resource in the 
common pool, and who is at that time not needing the resource. in section 2.2 we do a 
similar analysis for the case of 3 participants and observe that incentives may be more 
sensitive to the choice of the sharing policy when n grows. In section 2.3 we define a 
game where participation is sequential, i.e., the k-th participant has access to the 
information about the resources contributed by participants 1 to k 

 

1. Initial results 
indicate that under optimal choice of incentives (internal payments and sharing), 
sequential participation may lead to more efficient system performance. Finally, in 
section 2.4 we define a myopic version of the game.  

Then, in sections 2.5-2.7 we analyze a more complex model where resources can be 
provisioned and used in continuous quantities. In sections 2.5-2.6 assuming complete 
information we observe similar behavior as in the simpler models of the previous 
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sections. Then we define the more difficult case of a system with incomplete 
information where the system planner does not know the parameters of the 
participants. In this framework we define and solve the Mechanism Design problem 
for some instances of the models, in particular when the system is large. These results 
are in section 2.7. For large systems under incomplete information  we compute the 
optimal incentive scheme. Formally, we need to define two functions x(t) and y(t). An 
agent knowing his own resource usage profile must declare a value for t. This 
automatically specifies the amount x(t) of resources he needs to contribute, and the 
average amount of resources y(t)  x(t) he will get assigned in case he needs to use the 
system. Hence agents know the above functions and need to choose this participation 
parameter. In the case of a large agent population we are able to compute the optimal 
choice of the participation rules x(t) and y(t). We observe the interesting property that 
the optimal rules prevents light agents from participating so that we can provide 
incentives for larger users to make more substantial contributions. All these models 
and results are new to our knowledge. The chapter concludes in section 2.8. 

2.1 A simple capacity-sharing game allowing cross-selling 
Consider the following game with n players, each of whom is preparing for a future 
time point at which he may or may not require the use of one unit of a resource. At the 
start, each player must choose whether or not to contribute a unit of resource to a 
common pool. If he does, he incurs a cost a. Player i makes his decision on the basis 
that he knows ti, the probability that he will later require the resource.  

At the later time point the players discover whether or not they require a unit of 
resource. Allocations are made from the pool to the players who need it. Various 
algorithms might be used to do this, such as: (i) priority to players who contributed to 
the pool, (ii) random allocation. If player i needs the resource and does not acquire it 
he suffers a disaster cost ci (with ci > a).  

This simple game captures some of the basic aspects of resource provisioning in 
enterprise-like grids. Each department of the company must make the decision at the 
beginning of the year as to how many resources to provide to the common resource 
pool running under the grid technology.  The actual demand for computing is random 
and is known only up to a priori statistics. The decision is to be made by each 
department independently, without knowing the decisions of the other departments. 
Then, during the year, the actual demand for resources is materialized, and may 
change over time. It is crucial that now the total amount of resources stays fixed, and 
cannot be changed any more.  Also, time is reduced for simplicity to a single period.  
The disaster cost models the fact that there is some cost incurred when a department 
cannot fulfill its computation needs at the required quality level. Our intent is to 
demonstrate the effects of the resource sharing policy to the overall performance of 
the system whose capacity is determined by the participants themselves.  In this 
simple model we assume perfect information, i.e., that each participant knows the 
characteristics of all the other participants.  

The above competitive scenario should be compared with two other situations. In the 
first, Everyman acts alone,  each participant acts as if in isolation with no access to a 
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grid infrastructure. Then the sum of these stand-alone costs are the total cost to the 
enterprise if no grid infrastructure is available. Comparing the total cost in the 
previous provisioning game with this stand-alone cost will show the gains of grid 
technology. However, one should also consider the costs of the individual 
participants. If a participant's expected stand-alone cost is less than his cost in the 
game, he may decide not to participate in the grid community and build his own 
facility instead.  

In the second scenario the grid infrastructure is in place, and there is a central 
controller (administrator) who forces the decisions on the participants with the 
objective to maximize the overall efficiency of the enterprise. He bases its decisions 
on perfect information, i.e., knowing the statistics of the demand of the participants 
and their cost functions. Such a central controller may have to treat participants in a 
symmetric egalitarian fashion or may be able to arbitrarily discriminate among them 
in terms of the policy to be implemented. As we shall see in our simple example, a 
symmetric treatment of the participants in some cases implies certain efficiency loss 
compared to the optimum, obtained by non-symmetrical policies. Then certain 
participants may not feel fairly treated compared to others.  

The central controller may make the game more interesting and influence the 
incentives of the participants by defining an internal transfer payment b that a 
participant should make when using a resource provided by an other participant. Since 
b < ci, participant i will benefit by this extra flexibility. We will see that using such an 
incentive mechanism optimally the efficiency of the system may increase up the one 
obtained by using central control (of a symmetric type).  

First, we illustrate the above ideas with n = 2 players. In the numerical examples we 
use the parameters a = 1, c1 = c2 =4.  Cases (a) and (b) are not the game, but for 
comparison with (c) as we discussed earlier.  

a. Everyone acts alone. Each will purchase a unit of resource if and only if a < 
c. In the case where 1 = 2 = 1/2, each will want to purchase a unit, and the 

cost is 1. The cost per player, as a function of  is then:  
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b. There is a central controller. He will purchase 0, 1 or 2 units depending upon 

which of 2 c, a + 2c and 2a is least. In the case where 1 = 2 =1/2, these 
values are 4, 3, 2, so the central will wish to purchase 2 units of resource.  As 

 
varies, a central planner will wish to buy 0, 1 or 2 units of resource as 

 
 

0.1340, 0.1340 

   
0.5, or 

 
 0.5.  The cost per player, as a function of 

 
is 

then:  

  

An other possibility is for the central planner to implement some sort of 
symmetric control that leads to an equilibrium in which each player 
independently contributes resource with probability p. The best p will be the 
one that minimizes the total cost. The cost per player will be:  

}])1(22)1(2{min,
2
1

[ 222
10 cppcpapp

  

which looks like   
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The optimal value of p is:  
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As we shall see later, this control can be achieved as a randomizing Nash 
equilibrium in the provisioning game by using certain value of internal 
payments when a participant uses resources procured by the other participant.  

We now turn to the description of the provisioning game. 
c. Players contribute to a common pool of resources. Now suppose there is no 

central planner. Depending upon how allocations are made from the pool of 
resources, and what cross-payments are imposed, the players will see a two-
person non-zero sum game. 

i. Random sharing. Suppose players are made allocations from the pool in 
random order (ignoring who actually contributed to the pool). It is 
possible that a player does not get to use the resource he purchased. The 
matrix for the game is (here a is the cost of contributing a unit):  
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Let us investigate the Nash equilibria of this game. We find that 
depending on the values of a/c and  there can be either 1 equilibrium (in 
pure strategies) or 3 equilibria (2 in pure strategies and 1 in mixed 
strategies). The argument for this is as follows. Let pi be the probability 
that player i buys the resource. There can be asymmetric equilibria with 

(p1, p2) = (0,1) or (p1,p2) = (1,0), if cca 2

2
1 

and ac2

2
1

, i.e. if 

c

a

c

a
2211 .  

Suppose there is a symmetric equilibrium with p1 = p2 = p, for some p 

 

[0,1]. To find this p, we suppose player 2 is contributing with probability 
p. If Player 1 does not contribute, his expected cost is 

cpcp
2
1

)1(

 

whereas if he does not contribute his cost is 

cpa
2
1

)1(2 .  

Eq. 2.1 
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If a mixed strategy is to be optimal for player 1, we must have that these 

are equal: cpacpcp
2
1

)1(
2
1

)1( 2 . This has the root 

)1(2
22 2

c

cac
p and since p is restricted to [0,1] we find that the 

equilibrium is  
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Note also that we have a mixed strategy equilibrium, with 0 < p < 1, if 
and only if (0,1) and (1,0) are also asymmetric Nash equilibria. For the 
data a/c = 1/4 we find 0 < p < 1 only if 0.2929  

 

 0.7071. If 

 

= 1/2, 
there are 3 equilibria, and the mixed one has p = 1/2, where the cost to 
each player is then 5/4. Note that this is a greater cost than in (a). As a 
function of  the cost looks like  

  

But in this range of parameters it is not only the symmetric equilibrium 
that is worse for both participants compared to their stand-alone cost. 
Even in the non-symmetric equilibrium where one participant provisions 
the resource the cost for this participant is higher than his stand alone 
cost.  Hence such an equilibria are never going to occur and participants 
will choose not to participate in the grid resource pool. 

ii. Priority sharing. Now suppose players are made allocations from the 
pool, such that a player who has contributed resource has first claim on 
resource, and such that he is paid b if he does not need the resource he 
contributed, but the other player does use it.  The matrix for the game is 
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Assuming there is a mixed strategy symmetric equilibrium, the idea is to 
choose b so that this equilibrium is as good (in terms of total social cost) as 
the found in Eq. 2.1. This happens for  

)1(2

2ca
b  

 

If ca /

 

we are in the regime where it is best that p = 1. By 
taking b = 0 we force (1,1) to be the only equilibrium. 

 

If ca /11

 

we are in a regime where it is best that p = 0. 
By taking b = c we force (0,0) to be the only equilibrium. 

 

If caca /11/  then from Eq. 2.2 we find 0 < b < c. By 
taking this value of b we have achieve a mixed equilibrium 
corresponding to Eq. 2.1.  

This analysis indicates that using a suitably chosen resource sharing policy 
with priorities, and by defining the appropriate incentive mechanism 
through the choice of b, the system may work efficiently in a purely 
decentralized way. Both participants gain by participating compared to 
working in a stand-alone fashion. This demonstrates the importance of 
policies for the use of the grid resources in the overall performance of the 
system.  

  

When the participants are not symmetric and there are no transfer payments, we may 
get that not buying a unit of the resource becomes a dominant strategy for the player 
with the light load. In this case we get a single non-symmetric Nash equilibrium 
(instead of the two non-symmetric plus the randomizing one) where the second 
participant buys a unit of the resource. For instance consider the case where 1 = 0.4 - 
s, 2 = 0.4 + s. For 0 

 

s 

 

0.15 we get the three Nash equilibria discussed earlier. 

Eq. 2.2 
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When s 

 
0.15 then not buying becomes a dominant strategy for participant 1, and we 

get a single Nash equilibrium. Participant 1 benefits now from the grid since he may 
use from time to time the resource provided by participant 2, which obtains the same 
cost as if he was stand-alone. This corresponds to the most efficient system that a 
central controller would like to build. Now we could use transfer payments to share 
the extra benefit obtained by participant 1 so that both participants are better off than 
in the stand-alone situation. 

2.2 The contributions game with 3 players 
a) Players act alone. The solution is the same as with 2 players. Each will 

purchase a unit of resource if and only if a < c. In the example, each will 
want to purchase unit, and the cost is 1. The cost per player, as a function of 

 

is then:  

  

b) There is a central controller. He will purchase 0, 1, 2, 3 units depending upon 
which of 3 c, a + 3 2(1- )2c + 32c, 2a + 3c and 3a is least. In the example, 
these values are 6, 7/2, 5/2 and 3, so the central controller will wish to 
purchase 2 units of  resource. As 

 

varies, a central planner will wish to buy 0, 
1 2 or 3 units of resource as 

 

 0.0915, 0.0914 

  

 0.2660, 0.2660 

  

 
0.6300, or 

 

 0.6300.  The cost per player, as a function of  is then:  
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The central planner might implement some sort of control that leads to an 
equilibrium in which each player independently contributes resource with 
probability p. The best p will be the one that minimizes the total cost. The cost 
per player will be:  

})1(3))1(32()1(33)1(3{min
3
1 322323

10 cppccppcppap

  

which looks like 


