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Abstract. Much effort has been spent on suggesting and implementing new ar-
chitectures of Multi-Agent Systems. However, we believe the time has come to
compare and evaluate these architectures in a more systematic way. Rather than
just studying a particular application, we suggest that more general problem do-
mains corresponding to sets of applications should be studied. Similarly, we ar-
gue that it is more useful to study the properties of classes of multi-agent system
architectures than particular architectures. Also, it isimportant to evaluate the ar-
chitectures in several dimensions, both different performance-related attributes,
which are domain dependent and more general quality attributes, such as, ro-
bustness, modifiability, and scalability. As a case study we investigate the general
problem of ” dynamic resource allocation” and present four classes of multi-agent
system architectures that solve this problem. These classes are discriminated by
their degree of distribution of control and degree of synchronization. Finally, we
instantiate each of these architecture classes and evaluate, through simulation
experiments, how they solve a concrete dynamic resource allocation problem,
namely load balancing and overload control of Intelligent Networks.

1 Introduction

Much effort has been spent on suggesting and implementing new architectures of Multi-
Agent Systems (MAS). Unfortunately, this work has been carried out in a quite unstruc-
tured way where a (group of) researcher(s) invents a new architecture and appliesit to
aparticular domain and conclude that it seems to be appropriate for this domain. Often
this new architectureis not even compared to any existing architecture. We believe that
this area now has reached the level of maturity when it is appropriate to compare and
evaluate these architectures in a more systematic way.

11 Applications

Of course, there is no single MAs architecture that is the most suitable for all appli-
cations. On the other hand, to find out whether one architecture performs better than
another for a particular application is usually of limited scientific interest. (Although
this information may be very useful to solve that particular problem.) Instead, we sug-
gest the study of more general problem domains corresponding to sets of applications



with common characteristics. In this paper we will exemplify this approach by inves-
tigating the general problem of dynamic resource allocation. Such studies tend to be
quite abstract and are for that reason often of atheoretical and qualitative nature. They
therefore should be supplemented with and validated by quantitative empirical studies
in one or more concrete applications corresponding to instances of the general domain,
in this paper exemplified by |oad balancing and overload control in Intelligent Networks,
atype of telecommunication system.

1.2 Architectures

Just as it is useful to study classes of applications rather than particular applications,
we argue that it is useful to study classes of MAS architecturesin addition to particular
architectures. To make such studies possible, we need to describe MAS architecturesin
away that abstracts the particularities of the individual architectures but still captures
their relevant characteristics. To develop agenera way of characterizing MAS architec-
turesisin itself amajor research task. In fact, it may be necessary to use several views
to capture all relevant aspects of an architecture cf. Kruchten [9].

In this work we will categorize MAS architectures according to two properties: the
type of control used (from fully centralized to fully distributed), the type of coordi-
nation (synchronous vs. asynchronous). As with classes of applications, it is mostly
theoretical studies that can be performed on classes of MAS architectures. Therefore,
they often need to be supplemented with empirical studies using instantiations of these
architectures. Below we will present four concrete architectures corresponding to dif-
ferent combinations of the two architectural properties.

1.3 Quality attributes

It is possible to evaluate MAS architectures with respect to several different quality
attributes, both different performance-related attributes and more general quality at-
tributes, such as, robustness, modifiability, and scalability. Some of these attributes are
domain independent and some are specific for each set of applications, e.g., performance-
related attributes. As mentioned earlier, we do not think it is possible to find aMAS ar-
chitecturethat is optimal with respect to al relevant attributes. Rather, thereis an inher-
ent trade-off between these attributes and different architectures balance this trade-off
in various ways. The various applications, on the other hand, require different balances
of this trade-off. Thus, in order to choose the right architecture for a particular applica-
tion, knowledge about relevant attributes and how different MAS architectures support
them is essential.

1.4 Evaluation framework

To evaluate a set of architecturesin a systematic way, we suggest an approach that can
be described in terms of the following three-dimensional space:

— the set of possible applications,
— the set of possible MA S architectures, and



— the set of attributes used to evaluate the architectures.

The suggested approach is to investigate substantial parts of this space rather than just
single points. We believe that this approach, besides of enabling a more systematic
investigation of the space, will lead to a deeper understanding of MAss and their appli-
cations, which, in turn, will contribute to reach the long-term goal of obtaining general
design principles of MASS.

Inthis paper wewill apply this approach to the general problem of dynamicresource
allocation and present four abstract MA S architectureswith different characteristicsthat
solves the problem. These will then be compared with respect to a number attributes,
e.g., reactivity, ability to balance the loads, fairness, utilization of resources, respon-
siveness, amount of communication overhead, robustness, modifiability, and scalability.
Finally, we evaluate concrete instantiations of these abstract architecturesin a concrete
dynamic resource allocation problem, namely load balancing and overload control in
Intelligent Networks.

2 Abstract domain: Dynamic resource allocation

Multi-agent technology has proved to be successful for dynamic resource allocation,
e.g. power load management [11] and cellular phone bandwidth allocation [3]. Basi-
cally, this problem concernsthe allocating of resources between anumber of customers,
given anumber of providers. The dynamics of the problem lies in that the needs of the
customers, as well as the amount of resources made available by the providers, vary
over time. The needs and available resources not only vary on an individual level, but
also the total needs and available resources within the system. We will here assume
that the resources cannot be buffered, i.e., they have to be consumed immediately, and
that the cost of communication (and transportation of resources) between any customer-
provider pair is equal.

2.1 Abstract multi-agent architectures

There are many ways of dividing the set of possible MAS architectures into different
subsets based on their characteristics, e.g.:

— the topography of the system,

— the degree of mobility and dynamics of the communications,
— the degree of distribution of control, and

— the degree of synchronization of interaction.

We have chosen to focus the two last properties. By degree of distribution we mean to
what degree the control of the system is distributed. The degree of synchronization is
ameasure of how the execution of the agents interrel ate with each other. We may have
agents that are highly sophisticated, but who only interacts at specia slotsin time, and
thus have a high degree of synchronization. There are aso systems in which the agents
may interact continuously, independently of when other agents interact, which we will
refer to as asynchronous.



To sum up, we will compare the following four abstract classes of MAS architec-
tures for dynamic resource alocation: centralized synchronous architectures, central-
ized asynchronous architectures, distributed synchronous architectures, and distributed
asynchronous architectures.

2.2 Abstract attributes

We have identified the following important performance-related attributes to dynamic
resource alocation:

— Reactivity: How fast are resourcesre-allocated when there are changesin demand?

— Load balancing: How evenly is the load balanced between the resource providers?

— Fairness: Are the customers treated equally?

— Utilization of resources: Arethe availableresources utilized as much asis possible?

— Responsiveness. How long does it take for the customers to get response to a re-
quest?

— Communication overhead: How much extra communication is needed for the re-
source allocation?

In addition, there are a number of more general software architecture quality attributes
[6] that should be addressed, e.g.:

— Robustness: How vulnerable is the system to node or link failures?

— Modifiability: How easy isit to change the system after it isimplemented (and often
deployed)?

— Scalahility: How good is the system at handling large numbers of users (providers
and customers)?

2.3 Theoretical/qualitative evaluation

Wewill now make abrief theoretical, or qualitative, analysis of how the degree distribu-
tion and synchronization of the multi-agent system architecture influence the attributes
identified in the last section.

— Reactivity should be promoted by asynchronous architecturessince thereis no need
to await any synchronization event before i) an agent can notify other agents about
changes in demand and ii) other agents can take the appropriate actions to adapt to
these changes.

— Load balancing should be favored, or at least not disfavored, by centralized control
sinceit is possible to take advantage of the global view of the state of the system,
e.g., the current load at the providers and the current demand of the customers.

— Similarly should fairness be easier to achievefor architectureswith centralized con-
trol since they have information about the global state of the system.

— Itisnot clear from astrictly theoretical analysisif thereis any correlation between
the ability to utilize the resources and the architectural properties. Empirical studies
are probably necessary.



— Also, it is not clear from a strictly theoretical analysis if there is any correlation
between responsiveness and the architecture properties.

— Communication overhead can be measured either by the number of messages sent,
or by the bandwidth required for the alocation. Synchronous architectures tend
to concentrate the message sending to short time intervals, and thus requiring a
large bandwidth, whereas asynchronous architectures tend to be better at utilizing
a given bandwidth over the time. Also, communication in distributed architectures
has a tendency to be morelocal than in centralized architecture, using smaller parts
of the network.

— Regarding robustnesswe concludethat the more centralized the control is, the more
vulnerable the system gets. Basically, the reason for this is that the system cannot
function, i.e., perform reallocation, if the agents that are responsible for the con-
trol fail. In more distributed systems, the reallocation may function partially even
though some agents have failed.

— The modifiability, to add or remove a provider or customer, seems to be better in
centralized architectures. For instance, changes may only be necessary in one part
of the system.

— Scalability seems to be better supported by distributed architectures than central-
ized architectures. Firstly, the computational load for the resource allocation is di-
vided between a number of computers, and secondly, the risk for communication
bottlenecksis smaller.

3 Concretedomain: Load balancing in Intelligent Networks

One important area in which the dynamic resource allocation problem is present is
telecommunications. The Intelligent Network (IN) concept was developed in order to
enable operators of telecommunication networks to create and maintain new types of
services [10]. Two important entities of an IN are the Service Switching Points (SSPs)
and the Service Control Points (SCPs). The ssps continuously receive requests of ser-
vices which they cannot serve without the help of the scps where all service software
resides. Thus, the scps are providers and the ssps are customers. The sspPs and SCPs
communicate via a signaling network which we here will represent as a cloud rather
than a specific topology of signaling links and nodes. (See Figure 1.) It is assumed that
asmall part of the available bandwidth of this network is reserved for the resource al-
location, i.e., the communication overhead caused by agent communication (and trans-
portation). It is assumed that all scPs support the same set of service classes and that
all service requests can be directed by a ssp to any scp.

3.1 Concrete multi-agent system ar chitectures

We have chosen one architecture of each of the abstract classes mentioned earlier (see
table 1). Common for these architectures are the use of three different types of agents:
quantifiers, allocators, and distributors. A quantifier acts on behalf of a provider of the
resources, an allocator acts on behaf of a customer, and a distributor decides the allo-
cation of some (or even al) available resources. Although these three types of agents
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Fig.1. A smplified view of an Intelligent Network (IN) with m scps and n ssps (typicaly
n > m).

centralized distributed

synchronous | Centralized auctions (CA) |Hierarchical auctions (HA)

asynchronous Centralized leaky bucket (cLB)| Mobile brokers (MB)

Table 1. Thefour different multi-agent system architectures classified in terms of distributedness
and synchronicity

have similar rolesin al the four multi-agent system architectures, the actual implemen-
tation may be rather different (in particular this hold for the distributors). The reason, of
course, isthat different system architectures may put different demands on the agents.

The centralized auction ar chitecture The Centralized Auction (CA) architectureisan
example of a synchronous, centralized architecture. Arvidsson et al. [1] suggested an
approach where the resource allocation is carried out by means of tokens (cf. market-
based control [5]). Each token represents a service regquest and is consumed when the
request is accepted by a provider. The three types of agents have the following func-
tionality:

— The quantifierstry to sell the amount of tokensthat correspondsto the load that the
provider is able serve between two auctions.

— The alocators try to buy the amount of token corresponding to the resources it
predicts their customer will receive during the time to the next auction.

— The distributor receives bids from the quantifiers corresponding the available ca-
pacity at their provider (and the prices), and bids from the allocators containing the
expected need for resources. The distributor then carries out the auction so that the
common good is maximized and sends messages about the result to the involved
agents.



An alocator maintains a pool of tokens for each provider and type of resource. Each
time the allocator feeds a provider with a request for a particular type of resource, one
token is removed from the associated pool. If all pools associated with a particular re-
source type are empty, the customer cannot accept more requests. The pools are refilled
at the auctions that take place at fixed time intervals. In order to avoid spending all
tokens immediately during high loads (which would lead to excessive delays caused
by long queues at the providers), percentage thinning is used so that the probability of
buying a certain type of resource is never higher than the number of remaining tokens
over the number of expected needs during the reminder of the interval. For more details
we refer to Arvidsson et al. [1].

The hierarchical auction-based architecture One possible implementation of a dis-
tributed, synchronous system is the hierarchical auction (HA) architecture [11]. The
ideais to partition the set of allocators and to use one distributor for aggregating bids
and holding auctions for each partition. These distributors then connect to higher order
distributorsin a hierarchical manner until the total demand can be matched against the
amount of available resources offered by the quantifiers.

Thecentralized leaky bucket architecture The centralized asynchronousarchitecture
we have chosen is based upon an asynchronous approach called Leaky bucket [2]. The
basic ideais that each provider is equipped with a Leaky bucket that feeds requests to
the provider at an even and optimal rate. Thisis done by inserting the incoming requests
from the customers in a queue in the Leaky bucket. These requests are then dequeued
at arate corresponding to the maximum capacity of that provider. If the queueis full,
the requests are rejected.

To get a centralized architecture, we introduce a centralized |eaky bucket (CLB) ar-
chitecture, in which there is just one central distributor, common for all allocators and
quantifiers. The allocators send all requests immediately to this distributor, which con-
sists of acommon leaky bucket for queuing the requests. It also has arouter that contin-
uously dequeues requests at a rate corresponding to the total capacity of the providers
and then forwards the requests evenly to the providersin proportionto their capacity. If
the bucket isfull, the request is returned to the allocator where it is rejected.

Themobilebroker architecture Asanexampleof adistributed, asynchronoussystem,
we choose amobile broker (MB) architecture[4]. Inthisarchitecture, the distributorsare
implemented as mobile brokers (onefor each provider) that sequentially visit each (or a
subset) of the allocators offering the resources currently available at the corresponding
provider The alocator then requests the resources it needs for the moment (or rather,
predicts it will need in the near future). If possible, the broker gives this amount of
resources to the alocator. Otherwise, it gives as much as is currently available at the
provider. However, there are two problems with this naive approach:

— If an allocator demands all the available resources, the broker will give them to that
allocator. Thus, the broker will not be able to hand out any more resources for a
while, which would not befair.



— If theoveral load islow or moderate, the all ocatorsare given just as much resources
asthey demand. However, if an alocator need slightly more resourcesthan it asked
for (predicted), it will have to turn down reguest, even though the provider has lots
of surplus capacity.

In order to solve these problems, we use a broker mechanism that strive to give out all
the available resources and give each allocator resources in proportion to their part of
the total current demand (of the allocatorsin the route). For the details of this approach
we refer to Johansson et a. [7]. It should be noted that in case of a sudden increase
in demand, the resources given out may momentarily exceed the available resources,
which in the worst case will lead to atransient overload situation. However, the mech-
anism is sdlf-stabilizing, and will find an equilibrium within one route (given that the
demands are relatively stable). The mechanism ensures that the allocators are given re-
sources that (relatively) correspond to their share of the total demand handled by the
broker, thus solving both problemsin the naive solution above.

If an allocator are visited by several brokersit may happen that some of the brokers
SCP are carrying a higher load than the others. To deal with this problem an additional
balancing functionis used, making the allocatorstry to moveload from those scpswith
relatively high load to those with relatively low load. The alocator calculates the load
of a broker from the quotient between what it asked for and what is was given by the
broker.

3.2 Concreteattributes

We now operationalize the abstract attributes presented earlier. Thus, in the domain of
IN load management the attributes are defined as follows:

— Reactivity is measured by how fast the MASs is able to re-allocate the available scp
processing time when there are sudden changes of offered loads by the ssps.

— Load balancing is measured by the standard deviation between the carried load of
the scps.

— Fairness is measured by the standard deviation of rejected calls divided by the ac-
cepted calls between the ssps, i.e., the rejection rate.

— The utilization of resources is measured by how close the carried load is to the
target load, or offered load, if the offered load is less than the target load. scp load
levels should be as close to the target load (e.g., 0.9 Erlangs, corresponding to 90%
of its capacity) as possible but not exceed it. If an overload situation is approaching,
the sspPs should throttle new requests.

— Responsiveness is measured by the time it takes for the ssPs to get response from
an scp.

— Communication overhead is measured by the bandwidth necessary for the MAS to
perform the reallocation.

— Robustnessis measured in terms of the consegquences of a distributor agent failure.

— Modifiability is measured in terms of how easy it is to add a new or remove an
existing SsP or Scp.

— Scalahility is measured in terms of how the number of ssps and scpsinfluence the
performance-related attributes.



3.3 Experimental evaluation

The four concrete architectures have been evaluated in simulation experiments. For
these experiments we used the same simulation model as Arvidsson et a. [1]. The In-
telligent Network model ed has 8 scps and 32 ssps, which are assumed to be statistically
identical respectively. The processors at the SCPs are engineered to operate at 90 per-
cent of the maximum capacity (target load is 0.9 Erlang). All messages passing through
the network experience a constant delay of 5 ms, and it is assumed that no messages
are lost. Detailed descriptions the simulation results can be found in [8]. Since we use
these experiments as a case study, we only summarize the results here:

— As the theoretical evaluation predicted, reactivity was promoted by the two asyn-
chronous architectures. For instance, we simulated a scenario in which half of the
32 ssps experience an offered load corresponding to 0.2 Erlang, and the other half
aload corresponding to 1.4 Erlang. The whole system thus is offered a total aver-
age load of 0.8 Erlang, which is below the target load, and therefore possible for
the system to carry. At time 400, the levels of |oads are shifted from high to low
and vice versa and 10 seconds later they are swapped back again, see Fig. 2. The
CLB manage this difficult situation perfectly and the other asynchronous architec-
ture MB does almost as well. The auction-based architectures, on the other hand,
have apparent difficulties to adapt to the changes.

— All the architectures were able to balance the load well. There were just small
differences in the standard deviations (of the measured carried load of the scps),
varying between 1 and 3 mErlang depending on the offered load. When the offered
load was below target load the centralized architectures performed slightly better,
whereas there were no measurabl e differencesin overload situations.

— With respect to fairness, al architectures performed well when the offered load
was below target load. In overload situations, MB was significantly less fair than
the other architectures. However, it may be the case that an improvement of the
design of the broker routes may reduce these differences.

— It wasnot clear from theoretical analysisif thereisany correlation between the abil-
ity to utilize the resources and the architectural properties. The ssimulation results
presented to the left in Fig. 3 indicates that centralized asynchronous architectures
perform best in this respect.

— Also, it was not clear the theoretical analysisif thereis any correlation between re-
sponsiveness and the architecture properties. But in this case the simulation results
indicate that the centralized asynchronous architecture has the worst performance.
SeeFig. 4.

— Wetuned the parametersin the simulation experiments so that both ca, HA and MB
needed approximately the same bandwidth for communication overhead, about 40
messages/second irrespective of the amount of offered load. The bandwidth needed
by cLB, however, is proportional to the number of requests and is considerably
higher than for the other architectures. For instance, when the offered load is 0.70
Erlang, 2150 messages/second are sent, and when the offered load is 2.0 Erlang,
9365, i.e., more than 200 times as much bandwidth as the other architectures need.

For the general software architecture attributes (robustness, modifiability, and scal abil-
ity), we refer to the theoretical analysisin section 2.3.
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4 Conclusionsand futurework

We have described a systematic way of evaluating different aspects of different MAS
architectures. This approach was applied to an abstract domain, namely dynamic re-
source allocation, and a theoretical evaluation of abstract architectures was made. This
was supplemented by an experimental study of an implementation of this abstract do-
main, load balancing and overload control in Intelligent Networks. The experimental
evaluation confirmed the conclusions of the theoretical analysis, e.g., that asynchronous
architectures are able to react faster than synchronous. In addition, it gave insights con-
cerning attributes for which no clear conclusions could be achieved from the theoretical
analysis, e.g., that centralized asynchronous architectures are able to utilize the avail-
able resources better than the other architectures, but have larger delays and need more
bandwidth when the load is high.

The results of the case study were, not very surprisingly, that different architectures
excel in different dimensions. The choice of MAS architecture for a particular applica-
tion should be guided by the balance of the trade-off between these dimensionsthat is
optimal for that application. We believe that if the systematic approach suggested here
iswidely adopted, such choices can be more informed than is currently practice.

Our plans for future work includes:

— Further experimental validation in the IN domain of the theoretical results regard-
ing, e.g., scalability.

— Experimenta validation in another dynamic resource allocation domain.

— Use the outlined approach to investigate other domains than dynamic resource al-
location.



Investigating to what extent the implementations of the individual agentsinfluence
system performance.

— Develop amore refined method for characterizing MAS architectures.
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