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Abstract. Current distributed computing infrastructures, such as peer-
to-peer networks, grids, and more recently clouds, make sharing and
trading resources ubiquitous. In these large distributed systems, rational
users are both providers and consumers of resources. Currently, there
is growing interest in exploiting economic models for the allocation of
shared computing resources that incentivize rational users. However,
when the number of resource types and users increases, computational
complexity of the allocation algorithms grows rapidly and efficiency de-
teriorates. In this paper, we propose a scalable distributed market frame-
work for the allocation of shared resources in large distributed systems.
We use mechanism design to create a pricing scheme that allocates a
request for multiple resource types, by trading economic efficiency for
computational efficiency, strategy-proof and budget-balance. To address
scalability, our proposed framework leverages on a peer-to-peer overlay
for resource discovery and management. We prototype our framework us-
ing FreePastry, a popular overlay network based on the Pastry protocol.
We show that our scheme is efficient and scalable using both simulation
experiments and results from the deployment on PlantLab.

1 Introduction

Current distributed systems are slowly converging towards federated sharing of
computing resources [7, 11]. In peer-to-peer networks, grid computing and more
recently cloud computing, users share and trade different types of resources over
the network [22–24]. Recent results show that users that share resources are ra-
tional, i.e. they create strategies and manipulate the system in order to achieve
their own objectives and maximize their own benefit [8, 15]. For example, perfor-
mance in file-sharing peer-to-peer networks is affected by free-riders, users that
consume more than their fair share [19]; in a computational grid, users compete
for the same resources, which results in increased waiting times [22]; some users
of SETI@home, a popular distributed computing project, modified the software
client to report false-negatives in order to achieve higher rankings [19].

Market-oriented economies have been successful in managing resource alloca-
tion in social systems with rational users. Consequently, there is growing interest
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in adopting market-based approaches for the allocation of shared resources in
computational systems. In addition to rational users, an economic-inspired re-
source allocation system can also address the dynamic nature of demand and
supply. This is useful in systems where resource demand and supply can vary sig-
nificantly over time, such as flash crowds or distributed systems with unreliable
hosts that are geographically distributed over different administrative domains.

In this paper we study the scalability of dynamic market-based sharing sys-
tems when the number of market participants and the number of resource types
in a request increases. Specifically, pricing mechanisms proposed for the alloca-
tion of shared resources are either computationally hard, such as combinatorial
auctions [5], or inherently centralized, such as double auctions [6]. Thus, in-
creasing the number of peers or the number of resource types in a request leads
to large waiting times for users, due to the computational complexity and the
communication complexity, respectively. Consequently, we propose a distributed
market framework where rational users are both buyers and sellers of resources.
Our approach is to leverage existing work in peer-to-peer systems and use a
distributed hash table (DHT) to manage resource information. Specifically, we
map a user buy request on the DHT lookup operation, and a user sell offer
on the DHT store operation. For pricing, our framework makes use of a reverse
auction-based mechanism that is able to allocate a request containing more than
one resource types [21]. In addition to multiple resource type allocations, other
properties achieved by the pricing mechanism are incentive compatibility and
budget balance, at the expense of economic efficiency. However, according to the
Myerson-Satterthwite impossibility theorem [14], no pricing mechanism can be
efficient, strategy-proof, and budget-balanced at the same time.

The paper is organized as follows. In Sec. 2 we discuss related work and the
main issues in distributed resource pricing: economic properties, such as strategy-
proof and Pareto efficiency; computational complexity; and scalability. Next, in
Sec. 3, we propose a distributed market framework built on top of a peer-to-peer
overlay, where all peers participate in allocating resources, as buyers and sellers,
or determine an allocation, as request brokers or resource brokers. To determine
the allocation time we perform theoretical and experimental analysis in Sec. 4.
Lastly, Sec. 5 presents our conclusions and insights for future work.

2 Related Work

Market-based solutions for the allocation of shared resources have been previ-
ously proposed, but need to improve either the economic or the computational
efficiency in order to become practical. Bellagio and Mirage [2] are two market-
based allocation systems that focus on maximizing economic efficiency. Accord-
ingly, both systems use a repeated, sealed-bid combinatorial auction [5], a pricing
mechanism that is Pareto-efficient and strategy-proof. Moreover, in a combina-
torial auction the users can bid on bundles of resources, containing more than
one resource types, as opposed to individual resources. However, determining
which users get allocated using a combinatorial auction is a NP-hard problem
[17]. Thus, both Bellagio and Mirage use a greedy algorithm to determine the
allocation winners, such that the allocation time does not depend on the num-



ber of resource types in the buyer request [4]. There are two drawbacks in this
approach. Firstly, using a greedy algorithm leads to an outcome that is not
Pareto-efficient. Secondly, the allocation mechanism is no longer strategy-proof.
Thus, economic efficiency is further reduced when users are untruthful [4]. The
distributed market framework we propose in this paper uses a strategy-proof
pricing mechanism [21]. Although Pareto efficiency is not achieved, economic
efficiency is not affected by the users’ degree of untruthfulness.

Several market-based allocation systems for grids, such as Sorma [16] and
Nimrod/G [3], use bargaining or negotiation to determine the resource price.
The advantage of this approach is that sellers and buyers communicate directly,
without a third party mediating an allocation. However, bargaining results in
high communication costs. In a large dynamic market, each buyer has to ne-
gotiate with all sellers of a resource type in order to maximize his utility. The
communication costs further increase when a buyer requires more than one re-
source types. Thus, scalability is an issue both when increasing the number of
users and the number of resource types in a request. We propose to manage
resource information using a peer-to-peer overlay network, where each resource
type lookup can be processed in parallel by different peers.

Cloud computing uses fixed pricing to provide computational resources and
services on-demand over the Internet. Although simple to implement, fixed pric-
ing is not suitable for a system with multiple providers, or where users are both
sellers and buyers of resources [13]. Federated clouds, a topic of recent interest,
aims to integrate cloud resources from different providers, to increase scalability
and reliability [4]. With a large number of providers (sellers) and users (buyers),
fixed pricing cannot adapt to the changes in demand and supply. More suitable
for federated clouds, dynamic pricing mechanisms such as the one used in the
proposed framework sets resource payments according to demand and supply.

In PeerMart [10], the authors propose a distributed market for peer-to-peer
services built on top of a peer-to-peer overlay. Although resource location in
PeerMart and the proposed framework is similar, our framework provides sev-
eral key advantages. Firstly, PeerMart does not support multiple resource type
allocations. When a user requires several resource types, it has to aggregate
resources manually, which is not efficient. Secondly, PeerMart is not strategy-
proof. Pricing takes place using a simple double-auction mechanism, where the
payment is the mean price between seller price and buyer price. Thus, users are
encouraged to submit untruthful prices to increase their utility.

3 Proposed Distributed Market Architecture

We have identified three major components that constitute the market architec-
ture: resource location, the pricing mechanism, and allocation administration.

A fundamental problem in dealing with large collections of shared resources
is resource location. As shown in Fig. 2, the resource market receives resource
information from sellers in publish messages, and query requests from buyers in
lookup messages. The time required to perform resource lookup is a significant
part in the total allocation time. Searching for available resources in a lookup
takes longer time when the number of resources is large. Moreover, resource
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information and availability can vary over time, as resources join, leave, or fail
in the system. To perform efficiently in these conditions, the resource location
service requires scalability and support for dynamic resources.

The pricing mechanism is key part in the resource allocation framework.
Based on the social choice function (SCF) and available resources, the pricing
mechanism determines which users are allocated (Winner Determination). Next,
using the published prices and the selected payment functions, the pricing mech-
anism computes the user payments, both for sellers and buyers (Payment Com-
putation). The performance of the pricing mechanism performance takes into
consideration several features: strategy-proof, budget-balance, Pareto-efficiency,
and multiple type allocations; the computational efficiency; and scalability. Ad-
ditionally, the performance of the pricing mechanism is measured by the percent
of successful requests and resources allocated.

In our previous work [21], we describe the resource market using a mech-
anism design problem and propose a reverse auction-based pricing mechanism
with Vickrey-Clarke-Groves [9] seller payments and the sum of seller payments
for the buyer. The proposed pricing mechanism allocates resources for single or
multiple resource types buyer requests, while achieving incentive-compatibility
and budget-balance. For simplicity, we have considered a centralized market-
maker that manages the available resources and requests. However, our results
have shown that scalability becomes an issue when the number of users or the
number of resource types is increased [13]. In this paper, we focus on resource
location and propose a scalable, distributed market framework. We refer to ver-
tical scalability when increasing the number of resource types, and horizontal
scalability when increasing the number of users.

In the last step of resource allocation, the winning sellers and buyers are in-
formed of the allocation, and the buyer can start using the resources. In addition,
payments take place. Additional features such as management or monitoring, can
be added to allocation administration. The performance of allocation adminis-
tration depends on the payment system used by the framework, which must be
scalable and secure.

3.1 Distributed Auction Mechanism

In order to maintain the economic properties of the proposed pricing mechanism,
the distributed payment computation requires complete information about re-
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sources in the system in order to determine payments. In our distributed model,
resource information such as owner address, resource type, number of items, and
the cost for each item, is divided between different hosts to provide scalability.
Similarly, a buyer request is also divided into several lookups that are sent to
the relevant hosts for the price to be computed. Accordingly, our approach is to
use distributed hash tables (DHT), as the infrastructure to maintain resource
information and to build a scalable resource location service for buyers, where
resource information is distributed according to the resource type. Peers in a
DHT are organized as a structured overlay network, and data is mapped to
nodes in the overlay network based on their identifier. A DHT provides an inter-
face lookup(key) for retrieving a key-value pair. The key is an identifier assigned
to a resource, while the value is an object from the DHT. To facilitate object
location, a DHT overlay network provides a routing operation, based on the des-
tination node key. Thus, the distributed hash table is a natural data structure
to support the proposed distributed resource market model, where the resource
type is the key used to store the list of sellers for the respective resource type.

Figure 2 shows the basic architecture of our system. A peer represents a
user that joins the distributed market overlay. All peers can perform any of the
following roles:

Seller: A peer becomes a seller after publishing a resource. The seller sends a
different publish message for each resource type, containing the number of
available items and the cost for each item. The publish operation is performed
using the DHT store interface, using the hash of the resource type as the key.
Thus, the published resource information is stored by the resource broker,
the peer with the identifier closest to the hash of the resource type.

Buyer: A peer becomes a buyer when it sends a request message. The request
message contains one or more resource types, the number of items for each
resource type, and the total price the buyer is willing to pay. The key for the
request message is a random identifier. Accordingly, the request message is
routed by the overlay to the peer with the identifier closest to the random
key, which becomes a request broker.

Resource Broker: A resource broker is the peer in the overlay network with
the identifier closest to the hash of a resource type published by sellers. The
relation “closest” is defined by the specific overlay implementation, e.g. nu-



merically closest forPastry [18], the first node in clockwise direction for Chord
[20], etc. Resource brokers keep a list of published resources for each resource
type they are responsible for. After receiving a lookup request, the resource
broker determines the winners and computes the payments for the respective
resource type. If the allocation is successful, it updates the resource list and
informs the winning sellers about the allocation and payments.

Request Broker: A peer in the overlay becomes a request broker when its node
identifier is closest to a buyer request identifier. When receiving a buyer
request, the broker sends a lookup for each resource type in the request,
using the hash of the resource type as the key. Thus, each lookup is routed
by the overlay to the resource broker responsible for the respective resource
type. After receiving seller payments for each resource type, the request
broker computes the buyer payment. If the allocation is possible, i.e. the
buyer payment is less or equal to the buyer price, the request broker sends
a commit message directly to the resource brokers. In addition, the request
broker informs the buyer about the payments and allocation.

3.2 Deadlock-free Auctions Protocol

The distributed auction mechanism outlined above is, in fact, a two-phase com-
mit protocol. Firstly, a buyer request is routed by the overlay to a request broker.
Then, for each resource type, the request broker sends a lookup message using
the hash of the resource type as the key. This corresponds to the commit-request
phase. The lookup messages are routed by the overlay network to the resource
brokers responsible for the respective resource types. Next, the resource brokers
compute payments and reply to the request brokers, similar to an agreement
message. Lastly, the request brokers send the commit message.
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Using a blocking protocol such as two-phase commit has several implications.
Firstly, lookup requests are serialized by resource brokers. Thus, between sending
the payment and receiving the commit message, resource brokers are not able to
compute payments for other requests. However, this strategy helps maintaining
the strategy-proof property of the pricing mechanism we employ. In [21], we
show that buyer strategy-proof is achieved by selecting requests independent of
the buyer valuation, such as the first-come-first-serve strategy. Accordingly, a
blocking protocol implements the same requirement for a distributed market.
One of the drawbacks of using a two-phase commit is that concurrent requests
for more than one resource types may lead to deadlocks, when lookup messages
for different requests arrive at multiple resource brokers in different order.

In order to prevent deadlock, we propose an algorithm which employs a
three-phase commit protocol in conjunction with a synchronization mechanism
inspired from Lamport’s logical clocks [12]. Figure 3 contains a diagram of the
deadlock-free auction protocol. Initially, the buyer request is routed by the over-
lay network to the request broker. We use dotted arrows for routed messages and
solid arrows for direct peer-to-peer messages. In the first phase of the proposed
protocol (I), the request broker sends a lookup message for each resource type in
the buyer request. Each resource broker responds with a ticket message, which
contains the number of the next request in the resource broker lookup queue.
The ticket numbers are used for synchronization in the second phase similar to
the Lamport logical timestamps.

The request broker waits for all ticket numbers corresponding to each resource
type in the buyer request. In the second phase (II), after all ticket numbers are
received, the request broker sends to all resource brokers a position message con-
taining the maximum ticket number. All resource brokers re-order their lookup
queues by moving the respective lookup from the ticket to the position loca-
tion in the queue. Next, the resource brokers compute payments for the lookup
message in the head of the queue.

In the last phase (III), after the request broker receives all payments, the
commit message is sent with the result of the allocation. If the allocation is
successful, the buyer and sellers are sent allocation and payment information.

The advantage of the proposed distributed auction mechanism is twofold.
Firstly, buyer requests for different resource types are processed in parallel. In
contrast to the centralized model, where all requests are serviced by the market-
maker sequentially, having a distributed market allows different resource brokers
to make concurrent allocations. Secondly, the payment computation for the same
request is also parallelized. Thus, the request broker distributes a request using
several lookup messages, one for each resource type. Each lookup is processed by
different resource brokers, and the computation time for the allocation is reduced
to the computation time for one resource type. Using the peer-to-peer model,
where any peer can be a seller, buyer, resource broker and request broker, adds
scalability to the our market-based resource allocation framework.



4 Analysis

We analyze the vertical and horizontal scalability of the proposed pricing mech-
anism both theoretical and experimental. We developed a prototype implemen-
tation of the proposed distributed market using FreePastry [1] as the underlying
overlay network. FreePastry allows us to measure the performance of our pricing
and allocation scheme in two different environments: the FreePastry simulator,
where we can simulate a large distributed market, and PlanetLab, where we
deployed our framework and use it to validate the simulator results on a smaller
number of distributed nodes. In the theoretical analysis, we identify the factors
that affect the request allocation time. We verify the result of the theoretical
analysis against experimental results obtained using simulations.

4.1 Vertical Scalability

To study vertical scalability, with respect to the number of resource types in a
buyer request, we compare the average allocation time in the distributed market
implementation with a centralized implementation. In the latter, we delegate one
peer as the market-maker, while the other peers are either buyers and sellers.

As shown in Fig. 4(a), we use 5, 10, 20 and 40 resource types in a buyer
request for the centralized and distributed implementation, both on PlanetLab
and the simulator. We create an overlay network containing 50 peers, where each
peer generates 100 events. The total interarrival rate of the events is exponen-
tially distributed with the mean of one second. We consider a balanced market,
where demand equals supply. Accordingly, each peer event has an equal proba-
bility for a publish or a request message. Additionally, the number of items for
each resource type is generated from an exponential distribution with mean 10,
and the price for a resource item is uniformly distributed between 80 and 120.

Our results show that in the distributed market, the auction protocol im-
poses a greater overhead and, when having a small number of resource types in
a request, the average allocation time is higher than the centralized implementa-
tion. However, as the number of resource types increases, the distributed scheme
proves to be scalable and maintains a consistent allocation time of less than one
second. The average allocation time obtained in simulations is higher than the
measured time on PlanetLab because the simulations used a fixed network delay
between peers of 100 ms, much higher than the delay between PlanetLab nodes.
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4.2 Horizontal Scalability

To study horizontal scalability, we use the FreePastry simulator, as PlanetLab
is not able to provide the necessary number of nodes for a scalability study. In
our simulations, we were able to create an overlay network of approx. 33,000
nodes before the average peer join time increase exponentially. Consequently,
our results summarized in Fig. 4(b) are for network sizes of 1,000, 5,000, 10,000,
20,000 and 30,000 peers. We have used similar settings as in the previous study:
one second event interarrival rate, balanced market, number of items from an
exponential distribution with mean 10, price uniformly distributed between 80
and 120, and 100 ms fixed network delay. The number of resource types is sam-
pled from an uniform distribution between 1 and 10. We run the simulations for
600,000 events, or approx. 7 simulation days.

Our results show that the proposed distributed market framework is hori-
zontally scalable as the average allocation time increases logarithmic with the
number of users. Additionally, we have measured the average number of hops
for all messages required by the proposed protocol and found that both curves
have the same gradient. Thus, our scheme adopts the horizontal scalability of
the underlying overlay network.

4.3 Average Allocation Time

We consider the average allocation time (Talloc) as the total time taken since a
buyer sends the request until it receives the allocation results, averaged for all
successful buyer requests. We identify three components that determine the total
allocation time: i) communication time (Tn), which represents the time taken to
transmit messages in the network; ii) queue time (Tq), which is the time spent
by a lookup message in the resource broker queue since the position message is
received until payments are computed; and iii) computational time (Tc), which
is the time taken to run the pricing algorithm:

Talloc = Tn + Tq + Tc
Communication Time. The communication cost incurred by the allocation of
a buyer request is given by the messages exchanged between the buyer, request
broker, and resource broker: request message, lookup message, ticket message,
position message, payments message, commit message. We consider a stable
overlay network, where routing takes at most logN steps, where N is total
number of peers in the overlay. Thus, the request message is routed from the
buyer to the request broker in at most logN hops. Similarly, the lookup message
is routed from the request broker to the resource broker in at most logN steps.
After the resource broker receives the lookup message, it can look at the sender
address and reply with the ticket number in one hop. Similarly, the position,
payments and allocation messages are forwarded in one hop. Considering an
average network delay time, d, the total communication time is:

Tn = d(logN + logN + 1 + 1 + 1 + 1) = 2d(logN + 2) (1)

Service Time. To determine the queue time and the computational time, we
assume Poisson arrivals for the buyer requests and we use queuing theory, con-
sidering the resource broker a M/M/1 system. The service time is computed as:



Ts = Tq + Tc =
1

µ− λ

where µ is the average service rate of the resource broker, and λ is the average
lookup arrival rate (for a resource type). Since the resource broker serializes
the requests, the service rate is given by the time since the computation starts,
until the commit message is received, when a new lookup can be processed.
Accordingly, the service time includes the computation time (Tc), sending the
payment message (d), and receiving the commit message (d). Thus, the service
rate is:

µ =
1

Tc + 2d

Accordingly, the total service time is:

Ts =
Tc + 2d

1 − (Tc + 2d)λ

For simplicity, we consider that the computation time Tc negligible, compared to
the average network delay time d, which in the Internet is ranging from several
milliseconds to several hundreds of milliseconds. Thus, ignoring the computation
time, we can express the total allocation time for a buyer request as:

Talloc = 2d(logN + 2) +
2d

1 − 2dλ
− 2d = 2d(logN + 1 +

1

1 − 2dλ
) (2)

In summary, the factors which affect the scalability of the proposed frame-
work are: i) N , the size of the overlay network; ii) d, the network delay; and iii)
λ, the arrival rate of requests for a resource type. The previous results (Section
4.2) show that the average allocation time increases logarithmically with N , the
number of peers in the network.

4.4 Network Delay

Our theoretical analysis show that network delay is one of the factors that influ-
ences the scalability of the proposed distributed market framework. To evaluate
the impact of network delay, we have simulated an overlay network of 10,000
peers, with an event interarrival rate of one second in a balanced market. We
simulated 600,000 events for different fixed values of network delay, ranging from
100 ms to 900 ms.

For comparison, we plotted average allocation time for the simulations to-
gether with the theoretical worst-case scenario in Fig. 5. Although the network
delay from the PlanetLab nodes was much lower (∼ 40 ms) than the values
used in our simulation, we have found that a large network delay can result in
increased user waiting times.
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5 Conclusions and Future Work

Recent work in distributed systems employs economic models to incentivize self-
ish users to share resources and to behave according to the rules defined by the
system. In this paper, we have considered a market-based approach to resource
allocation, where financial incentives are used together with user payments to
manage rational users. By having a finite amount of currency to spend on re-
sources, rational users are motivated to spend it based on their expected utility.

In large resource markets, scalability is an issue when information is central-
ized. We have addressed this issue with a distributed auction scheme, in which
resource information is divided according to resource type. Our distributed mar-
ket leverages on a peer-to-peer overlay to create a resource location service suit-
able for large markets. Each peer in the overlay network can be a seller, buyer,
resource broker or request broker. Resource brokers maintain the resource infor-
mation and compute payments for each resource type. Request brokers ensure
buyer incentive compatibility by implementing a first-come-first-serve strategy
for requests having common resource types, while different resource types can
be allocated in parallel. Request brokers use the DHT lookup interface to locate
the resource brokers for each resource type and decide if allocation is possible.
Our results show that for more than 20 resource types, the average allocation
time obtained using distributed auctions is around one second, much lower than
using a centralized pricing scheme. When increasing the number of market par-
ticipants, the average allocation time is increased logarithmic.

Our experiments have been performed using a simulator using FreePastry as
the underlying overlay network, which was validated by a prototype implemen-
tation on PlanetLab. In addition, we performed a theoretical analysis to reveal
the remaining factors that influence the scalability of our scheme: large network
delays and high request arrival rate. To further increase scalability, the strategic
conditions imposed by the pricing scheme can be relaxed. Specifically, in order
to achieve incentive compatibility, the current pricing scheme require complete
information about resources of the same type. In our future work we intend to
investigate resource allocation with incomplete information and the impact of
maintaining incentive compatibility has on the overall allocation performance.
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