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Abstract. This contribution deﬁnes a metrics and proposes a solution
for the problem of agents inaccessibility in multi-agent systems. We deﬁne
the stand-in pattern for knowledge maintenance and remote presence in
distributed agent systems with communication inaccessibility. Our implementation has been designed and tested in the A-globe agent platform.
We also present a set of measurements quantifying agents’ inaccessibility
in our domain and comparing the usefulness of diﬀerent solution in the
environments with diﬀerent inaccessibility.

1

Introduction

Nowadays, most agent systems are physically localized in one location or connected by ﬁxed networks. Therefore, the inaccessibility is coped with on the lower
parts of the protocol stack. The agents themselves treat the inaccessibility situations as rare, error causes and can not react appropriately in such situations.
With the increasing use of physically distributed agent systems in the external
environment and the appearance of mobile or static mesh networks [1] for their
connection, agent developers will have to solve accessibility or inaccessibility
related problems to make their systems more reliable and useful.
Therefore, agents’ inaccessibility [2] in a multi-agent community is an uneasy problem of a high practical importance. Agents become inaccessible when
they want to communicate but it is not possible. There are several diﬀerent
reasons why an agent may become inaccessible from the other members of the
multi-agent community - such as malfunction of the communication links, communication traﬃc overload, agent leaving the communication infrastructure for
accomplishing a speciﬁc mission, agent failing to operate, etc.
Consequently, there is a need for an uniﬁed and general technology for maintaining social stability/sustainability in multi-agent system with inaccessible
agents.
Within the frame of our work we have been comparing the original concept
of the stand-in agents with the classical relaying approaches. While relaying
provides a simple re-direction technology used in computer networks (e.g. it provides only routing of messages in order to implement accessibility between two
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agents where direct connection is not possible), deployment of stand-in agents
represents more advanced concept and suggest a whole set of interesting research
problems. Conversely, the stand-in agent is a distant representative of a respective agent – the owner. Stand-in agents are created by their owner and they
migrate to diﬀerent segments of the communication infrastructure that may become inaccessible in the near future. When inaccessibility occurs the stand-in
agent acts on the owners behalf.
In this article we will discuss the problem of inaccessibility and suggest speciﬁc quantities for measuring inaccessibility. In the section 3 we will discuss
possible solutions for inaccessibility. Selected approaches will be then compared
in section 4, together with validation of applicability of theoretical concepts presented in the section 2.

2

Measuring Inaccessibility

Systematically we distinguish between several classes of inaccessibility. Inaccessibility can be caused e.g. by unreliability of the communication infrastructure,
balancing the cost of the communication, dynamic changes of the communication
infrastructure topology, etc.
Quantiﬁcation of inaccessibility in a multi-agent system is an important problem. In the following we discuss several metrics of inaccessibility that we have
been using throughout our research project.
Let us introduce a measure of inaccessibility, a quantity denoted as ϑ ∈
[0; 1]. This measure is supposed to be dual to the measure of accessibility
– ϑ ∈ [0; 1], where ϑ + ϑ = 1. We will want ϑ to be 1 in order to denote
complete accessibility and ϑ to be 0 in order to denote complete inaccessibility.
In the following text we will mostly describe the agents’ accessibility while the
inaccessibility is its complement.
We will use the random graph theory [3] in order to describe some general properties of communication inaccessibility in multi-agent systems. Random graph theory has been recently successfully used for theoretical studies of
complex networks [4]. Let us represent the multi-agent community as a graph.
The agents are represented by nodes and available communication links – connections where the information exchange is possible – by edges. Unlike in the
general case of agents inaccessibility, the random graphs theory works with an
assumption that all edges are present with the same probability p. In our domain,
this probability is represented by link accessibility: p = ϑ.
The ϑ link accessibility can be determined in two ways. Firstly as time accessibility ϑt :
tacc
ϑt =
,
(1)
tinacc + tacc
where tacc denotes the amount of time when communication is possible while
tinacc denotes time when agents are disconnected.
Similarly, we may measure accessibility as a function of sent communication
messages (communication accessibility ϑm ):
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Fig. 1. The dependency of probability of existence path between two agents and link
accessibility. This graph is the same for the link accessibility with or without the
symmetry

ϑm =

|m| − |mfail |
,
|m|

(2)

where |m| denotes the total number of messages sent and |mfail | the number of
messages that failed to be delivered. The accessibility measure ϑt is symmetrical
between entities A and B
ϑt (A, B) = ϑt (B, A),

(3)

while the accessibility measure ϑm is not necessarily symmetrical.
In the following we will discuss ϑt while most conclusions apply equally to ϑm .
We have been investigating primarily the domain of mobile ad-hoc networking
among computational units constantly changing their physical location. In this
domain, ϑt accessibility depends on the environment agent positions only, while
ϑm accessibility depends also on other factors, like communication link load or
limited social knowledge of the agents.
We have determined the probability of existence path between two agents
- path accessibility - depending on link accessibility in simple mathematical
simulation. The result is shown in Figure 1. Classical result of the random graph
theory is that there exists a critical probability at which large cluster appears.
In our domain, we assume that there is a critical accessibility – ϑc such that
below ϑc the agent community is composed of several isolated groups but above
ϑc most of agents become mutually path-accessible (using relay agents). The
ϑc value is represented by the quick growth in the Figure 1. This observation
is similar to a percolation transition known in the ﬁeld of mathematics and
statistical mechanics [5]. In the ﬁeld of multi-agent systems, it means that the
relay agents are more eﬃcient than isolated stand-in agents for link accessibility
bigger than ϑc . Our testing scenario, presented in section 4 and implemented
using actual multi-agent system based on A-globe [6] allows to set up and
verify properties of both cases.
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Table 1. Diﬀerent cases of accessibility as described by random graph theory
ϑt n < 1

The network is typically composed of isolated trees. The diameter
is equal to the diameter of trees.

ϑt n > 1

A large cluster is formed. The diameter is equal to the largest
ln(n)
cluster diameter and if ϑt n > 3.5 it is proportional to ln(ϑ
.
t n)

ϑt n > ln(n) The graph is probably totally connected and the diameter is very
ln(n)
close to ln(ϑ
.
t n)

Second relevant result of random graph theory is the average length l∗ of path
between any two vertices and the diameter ld of a graph (i.e. maximal distance
between any two nodes). It holds [4]:
l∗ ∼ ld =

ln(n)
,
ln(ϑt n)

where n is number of agents.
In our domain, the length of the path says how many relays has to be used
in order to convey a message between the agents A and B. And as a result
of random graph theory, the maximal number of relays necessary is not much
greater then the number of relays in average case.
Table 1 summarizes several results of random graph theory important for our
study of inaccessibility.
These properties are well observable also in our domain (see section 4.2).

3

Solving Inaccessibility

We are now going to analyze existing methods coping with inaccessibility. Two
main approaches can be distinguished between them: building remote awareness or remote presence.
When an agent builds remote awareness, allows the remote agents to update
their social knowledge with relevant information about itself and to let them
operate using this information. This process may be implemented using either
pull or push information retrieval operations. Typical examples are acquaintance
models described in section 3.3, matchmaking middle agents (3.2) or synchronization and search in peer-to-peer networks [7].
When an agent builds a remote presence, it does so in order to operate
actively in the remote location. As a collateral eﬀect of this action, the agent
may also build a remote awareness - as in the stand-in case, but this does not
necessarily apply when we use middle agents. Examples of this approach are
relaying (3.1), stand-ins (3.4) or broker middle agents (3.2).
3.1

Relay Agents and Adaptive Networks

First, and perhaps the most classical solution to the inaccessibility problem are
relay agents (or low-level entities), responsible for setting up a transmission path
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through other elements when the direct contact between parties is impossible.
Such protocols are currently widely implemented for routing in various types
of networks, like TCP/IP [8] or on lower levels [1]. However, this solution is
eﬃcient only if the network is in a ”reasonably connected” state (see third row of
Table 1 and Figure 1). Besides this limitation, that can be clearly distinguished
in the results of our experiments, there are several other factors limiting the
use of relayed connection. These factors are for example reduced battery life
due to the fact that all the messages must be transmitted several times, or
network maintenance overhead, especially in case of mobile networks. Another
factor limiting the use of relaying in agent systems is the dynamic nature of
their topology if the agent platforms are based on moving entities. In this case,
relaying cost increases as the link maintenance and path-ﬁnding in dynamic
environment is a non-trivial process.
3.2

Middle Agents

Middle agent is a term that can cover a whole range of diﬀerent facilitators in
a multi-agent system. In an overview article [9], authors list diﬀerent types of
middle agents - Matchmakers and Brokers (Facilitators). Matchmakers may
provide remote awareness by notifying interested agents about the presence of
service providers, while the brokers can act as intermediaries and pass actual
service requests between two mutually inaccessible parties. Even if this solution
may perform very well in many situations, it may be unusable if middle agents
are diﬃcult to ﬁnd, unreliable, or can not be trusted with private preferences of
diﬀerent parties. Stand-in agents described later are intended to close this gap.
3.3

Social Knowledge and Acquaintance Models

Social knowledge represent necessary and optional information which an agent
needs for its eﬃcient operation in the multi-agent community. The social knowledge is mainly used for reduction of communication, provides self-interested
agents with a competitive advantage and allows agents to reason about the
others in environments with partial accessibility.
The acquaintance model is a very speciﬁc knowledge structure containing
agent’s social knowledge. This knowledge structure is in a fact a computational
model of agents’ mutual awareness. It does not need to be precise and up-to-date.
Agents may use diﬀerent methods and techniques for maintenance and exploitation of the acquaintance model. There have been various acquaintance models
studied and developed in the multi-agent community, eg. tri-base acquaintance
model [10] and twin-base acquaintance model [11]. In principle, each acquaintance
model is split into two parts: self-knowledge containing information about an
agent itself and social-knowledge containing knowledge about other members
of the multi-agent system.
While the former part of the model is maintained by the social knowledge provider (an owner), the latter is maintained by the social knowledge
requestor (a client).
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Social knowledge can be used for making operation of the multi-agent system
more eﬃcient. The acquaintance model is an important source of information
that would have to be repeatedly communicated otherwise. Social knowledge
and acquaintance models can be also used in the situations of agents’ short
term inaccessibility. However, the acquaintance models provides rather ’shallow ’
knowledge, that does not represent a complicated dynamics of agent’s decision
making, future course of intentions, resource allocation or negotiation preferences. This type of information is needed for inter-agent coordination in situation
with longer-term inaccessibility.
3.4

Stand-In Agent

An alternative option is to integrate the agent self-knowledge into a mobile computational entity that is constructed and maintained by the social knowledge
provider. We will refer to this computational entity as a stand-in agent. The
stand-in agent resides either on the same host where the social knowledge requestor operates or in the permanently accessible location. While using stand-in,
the social knowledge requestor does not create an acquaintance model of its own.
Instead of communicating with the provider or middle agent, it interacts with the
stand-in agent. Therefore, the client agent is relieved from the relatively complex
task of building and keeping up-to-date detailed acquaintance model and both
provider and requestor may beneﬁt from the full-ﬂedged remote presence. Factoring the acquaintance model out of the each requestor agent internal memory
allows it to be shared between all locally accessible agents, further minimizing
the traﬃc and computational resources necessary for model maintenance.
In our implementation the community of stand-in agents operates in two
phases: stand-in swarming, information propagation and social knowledge synchronization.
During the swarming phase, stand-ins propagate through the system to reach
the locations that may become inaccessible in the future. First, existing stand-in
agent or knowledge provider determines set of currently accessible locations using
broadcast-like mechanism of underlying communication infrastructure. It analyzes the locations and decides which entities are interesting for further stand-in
agent deployment, either because of the presence of knowledge requestor agent
or because it considers the location to be interesting for future spread. Then, it
may decide to create and deploy its clones on one or more of these accessible
locations. After its creation, each deployed stand-in agent chooses the type of
functionality it will provide in its location and repeats the evaluate/deploy process. The swarming propagation strategy is a crucial element of agent system
tuning, as we must ﬁnd a delicate balance between information spread eﬃciency
and resources consumed by stand-ins.
Information propagation between members of the stand-in community is also
a challenging process to tune, because the information ﬂows not only from the
knowledge provider towards the stand-in community, but also from the stand-in
community towards knowledge provider, or even within the isolated parts of the
stand-in community.
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Fig. 2. The concept of the stand-in agent

When a member of the stand-in community receives an update of the shared
knowledge, or updates this knowledge after having acted on behalf of knowledge
provider, it must determine if the information update is valuable enough to be
propagated to other members of the community and eventually to the knowledge
provider itself. It determines the list of currently accessible stand-ins in the community to which it will send the updated knowledge set or relevant subset and
keeps the updated information ready for future synchronization with currently
inaccessible stand-ins.
In our current implementation, we do present two limit approaches to information synchronization. In the ﬁrst conﬁguration, we consider the cost of
communication to be important and the stand-ins therefore synchronize their
knowledge only when they encounter. When they receive an information update, they don’t propagate it to other accessible members of the community.
Our second approach is based on an assumption that communication is cheap
and that all updates are worth to be propagated to all accessible members of
the community. In this approach, any stand-in that updates the information or
receives more recent version sends this update to all accessible members of the
community. When two stand-ins become accessible, they exchange their information and join it into the shared common version, as ensured by domain-speciﬁc
joining algorithm. This policy ensures an optimum information quality on domain elements, but must be optimized for domains with big number of locations
and represented agents, for example using existing results from peer-to-peer networks research domain [7].
The most important added value of stand-in agent is not in providing remote
awareness, but in providing rich and proactive remote presence by acting on
behalf of knowledge provider. However, as in any system working on the shared
data, synchronization problems arise in the agent community when the stand-ins
accept commitments in place of knowledge provider. Situation is further complicated by the fact that no reasonable locking protocol may be implemented
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between the components that are inaccessible in a given moment. Until now, we
have not explicitly addressed the synchronization problem. Its solution may use
e.g. sophisticated multi-level negotiation protocols, the concept of structured
(rich) commitments or advanced methods of synchronization between locally
accessible agents.
The concept stand-in agents are currently advantageous in the two very speciﬁc situations:
– in the very dynamic environment, with relatively low path accessibility
(this can be e.g. in situations where a low number of unmanned vehicles are
collaboratively inspecting large areas), or
– in the non-trusted environment with at least some communication inaccessibility (in these cases the agent do not want to provide sensitive knowledge for sharing while oﬀ-line).
In our current work, we are analyzing and optimizing the collaboration patterns of the stand-in community to make the approach scalable.
3.5

Towards Optimization of the Stand-In Approach

The measurements presented in the next section (4) provide us with the limits
of performance of various inaccessibility solutions depending on the accessibility
of the environment. They show that the use of stand-ins (see 3.4) or other remote
awareness and presence technologies allows the multi-agent system to operate
in highly inaccessible environments. Currently, we are answering many crucial
practical questions concerning the eﬃcient stand-in use.
All these questions are related to the scalability of the approach - until now,
we have considered the processing power and bandwidth as either cheap and unlimited or very expensive. With the use of stand-ins in larger domains, these basic
assumptions are not valid anymore and consequent issues must be addressed.
The ﬁrst problem is stand-in deployment. In the large domains featuring
signiﬁcant number of nodes, the complete ﬂooding with stand-ins and their deployment in each container would mean that the stand-ins would outnumber
all other agents by a large factor, making their use prohibitive. This would not
only consume the memory and processing power of the nodes, but it would also
increase the bandwidth necessary for information synchronization and action
coordination in the system.
Therefore, we must optimize both the stand-in deployment and information
synchronization using domain independent methods. We will try to maintain the
system performance close to the theoretical limit established in the experiments
(sect. 4.2), while minimizing the number of stand-ins and synchronization messages. On the other hand, this optimization shall not decrease system robustness
in respect to the failures - it shall adapt rapidly to the changing situation and
keep the information up-to-date under most circumstances.
In our current research, we have pre-selected two approaches to system optimization. The pre-selection criteria were very simple ones - eﬃciency, robustness
to the failure of elements and stability in the rapidly changing environment of
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mobile ad-hoc networks. The ﬁrst model is inspired by biology, the second one
by micro-economy.
Social dominance and altruism models [12, 13] were successfully used to
partition the group of agents into those who work for the good of the community
and the others who proﬁt from the altruism of the ﬁrst group. Interestingly,
observations during the experiments with rats in the laboratory environment
conﬁrm that such approach actually maximizes the survival rate for the members
of the community and is stable with respect to changes in the groups of observed
rats - both properties being of particular interest to us.
During the experiments with rats, it was determined that a suﬃcient number
of individuals behaves in an altruistic manner. They bring the food and share it
with the others, who only consume. Surprisingly, when the group is split, half of
the previous altruists change their behavior and become passive, while half of the
group that was previously lazy becomes altruistic. This behavior is formalized
by a simple mathematical model presented in [12].
I our approach, the stand-ins will be split between altruists and ”lazy” individuals. Altruists will form a backbone of the community, as they will pass
the information to other altruists and adjacent lazy stand-ins. While the conﬁguration of the community changes, we expect the stand-ins to adopt the new
social role and maintain the functionality of the community. The main problem
to solve is the actual modiﬁcation of the model and automatic adaptation to
various types of environments with diverse accessibility and mobility characteristics.
Simulated micro-payments model. In this model, stand-ins answer the
information updates with a micro-payment, indicating the usefulness of the received information. As the agents subtract the virtual price attributed to the
sending of the synchronization message from the received payment, the network shall optimize itself if the agents value the information most upon the ﬁrst
reception and decrease the payment for the updates that are already known.
To optimize the number of agents, the approach is similar. Agents who don’t
generate suﬃcient gain from representing the owner agent or from relaying the
updates to the others in the community terminate themselves.
The main challenge in this approach is in ﬁne-tuning the mechanism - optimizing the virtual costs and payments and determining the probabilities which
will be applied to sending unsolicited updates or re-creation of already selfdestroyed stand-ins by adjacent stand-ins - both parameters are essential for
community re-adaptation in changing environment. All the mentioned parameters will be hardly constant - they will undoubtedly vary in function of the
accessibility characteristics, deﬁned in section 2.
We are also analyzing the methods how to enhance these essentially emergent
models with a global vision - in a way similar to the adaptive adaptation (or
meta-adaptation) as proposed for example by Bedau and Packard [14]. Both
emergent (bottom-up) and meta-reasoning approaches are analyzed for this task.
Using the stand-ins as a part of the system brings another interesting aspect.
As the owner gives more power to the stand-ins, it increases the likelihood of
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identifying the optimum partner for the operation. On the other hand, as the
parts of the stand-in community may get isolated, an issue of concurrence must
be solved. This problem is very similar to adjustable autonomy in human-agent
relationship, as studied by Sierhuis et al. [15].

4

Experiments

In this section, we will describe a set of accessibility experiments with a multiagent simulation. The goal of the experiments was to validate the relevance of the
theory presented in the ﬁrst part (Section 2) of this contribution on a real multiagent system and to determine the boundaries of applicability of the solutions
to the inaccessibility problem presented in the second part (Section 3). First we
will investigate and analyze inaccessibility in our scenario and after this we will
study how inaccessibility aﬀects performance of our system. Three techniques
for coping with inaccessibility will be analyzed.
In our measurements, we will validate if the classical random-graph model
presented in Section 2 is appropriate for our case, or if we need to apply more
realistic network modelling techniques [16]. Then, we will measure the inﬂuence
the inaccessibility has to the solution of the model domain and the eﬃciency of
three possible approaches dealing with the problem.
4.1

Testing Scenario

For our measurements, we have prepared a simulation featuring a logistics problem in collaborative environment, where the humanitarian aid must be delivered
to the zone ravaged by a disaster. In the domain, we will deploy three main types
of entities: 5 aid sources, called ports, where the material comes in; 5 aid sinks,
called villages, where it is consumed and 7 transports carrying the aid between
ports and villages. Each transport has its predeﬁned route that does not change
during the simulation. Aid requests in the villages are generated by predeﬁned
script to ensure uniformity between simulation runs. They must be transmitted to the ports to ensure that the proper material is loaded on the transport
going to the village. The way these requests are transmitted depends on the
inaccessibility solution that is currently applied. We suppose that the physical
communication links between the entities are limited-range radios, therefore the
link exists if the distance is smaller then parameter . This parameter varies
between diﬀerent scenario runs to model diﬀerent possible conﬁgurations, from
complete link accessibility to only local (same position) accessibility Test domain
is shown in Fig. 3.
In total, 33 results are presented, with 11 diﬀerent communication ranges
and 3 diﬀerent approaches solving the inaccessibility problem:
– relaying transmissions by relay agents (3.1) – loading of the goods on a transport is possible only if a communication path exists between the destination
village and the port in the moment when port-based entities negotiate the
cargo to load,

Using Stand-In Agents in Partially Accessible Multi-agent Environment

287

Fig. 3. Test domain used for the experiments contains 5 ports, 5 villages and 7 transports. Circles represent the accessibility ranges, while the lines the actual accessibility
and ongoing communication between nodes

– stand-in agents that only carry the information with no sharing in the standin community (see section 3.4),
– community stand-in agents, sharing the information updates with other
members of the stand-in agent community (see also section 3.4).
To guarantee the uniformity of results, we have used the same negotiation
protocols and work-ﬂow for the interaction between the acting agents and their
environment. Both the requests in villages and goods in ports are generated
from unique pseudorandom sequence used for all measurements.The only aspect
that diﬀerentiates the scenarios is the mode of information transmission between
requesting villages and goods providers in the ports.
4.2

Measuring Accessibility

On Figure 4, we can identify three major states of the community from the accessibility point of view, as deﬁned in section 2. At ﬁrst, before the communication
radius reaches 60, static community members are isolated and information is not
transmitted (see ﬁrst row of Table 1), but only carried by moving entities. In
this state, path accessibility is not signiﬁcantly diﬀerent from link accessibility.
Therefore, probability of relaying is almost negligible.
Then, with increasing communication radius, larger connected components
do start to appear, covering several static and mobile entities and allowing the
use of relaying over these portions of the graph. This phase appears around the
percolation threshold, that can be observed above radius of 80, corresponding
with link accessibility of 0.2. This state is characterized by important variability
of connected components. Due to the dynamic nature of our system, these components are relatively short-lived, resulting in a high variability of the system,
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Fig. 4. Left: The dependency of probability of existence path between two agents and
link accessibility in our test scenario. The dot lines show average deviation of values.
The gray thin line shows theoretical value for random graph with 10 nodes (see Fig. 1).
Right: The dependency of link and path accessibility on communication radius

Fig. 5. Number of visible entities for diﬀerent types of entities in our scenario, for
communication radius of 80, near percolation threshold

as we can see on Figure 5. Path accessibility in the community may be described
by relation (see second row of Table 1).
In the last state, when communication radius is above 120 and link accessibility reaches 0.4, the entities become almost completely connected. This state
of the community is described by relation (see third row of Table 1). System
properties does not change when we further increase the radius and link accessibility.
The dynamic nature of our network near percolation threshold is clearly visible on the following graph (Figure 5), where we present the number of locations
visible from one randomly chosen entity of each location type over a period of
time. As we are near the percolation threshold, in the state described by second
row of Table 1, we can observe the appearance of relatively large, but short lived,
accessible components.
In the Figure 5, we may also note that the transport is accessible from signiﬁcantly more locations than static elements. As this holds for all transports in
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Fig. 6. The average requests coverage of three presented inaccessibility solutions and
diﬀerent accessibility settings

our scenario, a parallel with scale-free networks [16] arises. In these networks, a
small number of nodes called hubs has signiﬁcantly more connections with others
than the rest, while in the random networks most nodes have the same number
of adjacent edges. In this respect, transport platforms with stand-ins on them
serve as hubs of our system, spreading the information as they roam through
the map. In our future experiments, we will examine this possibility and test the
hypothesis on a larger agent community.

4.3

Comparing the Solutions

After having determined the extent of inaccessibility in our system, we will
study the eﬀects inaccessibility has on the system performance. The system
performance is given by a number of goods successfully delivered to villages.
Zero value means complete failure, when no goods were transported, while 1
implies that all orders were completed.
On the following graph (see Figure 6), we can observe the relationship between path accessibility and overall system performance for each of three solutions. Here we present the average requests coverage for diﬀerent solution of
inaccessibility. Results do follow the accessibility state partitioning from the
previous paragraph. We can see that relay agents start to be reasonably useful
when the link accessibility reaches 0.2, in the middle of the transition phase,
well corresponding to the percolation threshold. Performance of isolated, non
communicating stand-in remains constant. This is easy to understand, as these
agents communicate only locally. They present an optimal solution for disconnected networks, as they require only a small number of messages to function.
On the other hand, performance of interacting community of stand-ins is more
than a mere supremum of both previous methods. This is allowed by the dynamic
nature of the system, where the stand-ins on mobile entities carry the up-to-date
information through the system and spread it in small local communities, but
relatively often. Thanks to this approach, the eﬃciency of system with these
stand-ins approaches the optimum level with path accessibility of 0.4, instead of
0.9 for relay agents.
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Conclusions and Future Work

In our experiments, we have proved that the theory describing the behavior
of random graphs can serve as a basis for formalization and measure of the
inaccessibility within multi-agent systems. In the future, we will extend our
experiments to verify the hypothesis that the scale-free approach can be used
to precise description of our system around percolation threshold. Moreover, we
have provided several solutions, including new concept of stand-in agent, for
inaccessibility and experimentally determined their boundaries of applicability.
As we have illustrated above, stand-in agents provide more than a viable
alternative to message relaying in environments with low link accessibility or
high cost of communication. They allow eﬃcient coordination and collaboration
in communities with low and transient accessibility and they match the performance of relaying in connected communities. However, the implementation of the
stand-in agents for a given domain is not trivial and its use in larger communities of agents requires some additional tuning of two principal methods they use
– swarming of the stand-in agents and knowledge distribution/synchronization.
Currently implemented version of stand-ins is appropriate for environments with
low and moderate accessibility, due to the fact the number of messages used for
knowledge updates grows rapidly with increasing accessibility and the size of the
domain. To extend its operational use for environments with the accessibility beyond the ”transition phase”, stand-ins shall be aware of the typical information
ﬂows in their neighborhood and better target their information updates, as mentioned in section 3.5.
Given the plummeting prices of hardware and many emerging low cost platforms designed speciﬁcally to be embedded with the environment to provide
the measurements [17], we will often face the situations when the communication ability will be a limiting factor of such systems, due to the limited battery
power and constraints on their emitters. In such cases, the sole cost of communication would prohibit the use of advanced negotiation or auctioning techniques
between the agents residing on diﬀerent nodes of the system. Stand-ins, created
by all interested agents and deployed on an agreed node that provides suﬃcient
computational resources and where the negotiation takes place, can be a solution
to this problem too.
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