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Abstract Multi-agent cooperation can in several cases be used in order to miti-
gate problems relating to task sharing within physical processes. In this paper we
apply agent based solutions to a class of problems defined by their property of be-
ing predictable from a macroscopic perspective while beinghighly stochastic when
viewed at a microscopic level. These characteristic properties can be found in sev-
eral industrial processes and applications, e.g. within the energy market where the
production and distribution of electricity follow this pattern. We evaluate and com-
pare the performance of the agent system in three different scenarios, and for each
such scenario it is shown to what degree the optimization system is dependent on
the level of availability of sensor data.

1 Introduction

Schemes for sustaining cooperative behavior among agents are often dependent on
a certain level of communication in order to establish and maintain a reciprocal
sense of trust. However, in real-life applications it is notalways possible to uphold
the desired level of availability and quality of data being communicated among the
agents, thus causing suboptimal cooperative behavior.

Information sharing, i.e. communication and its effect on overall performance is
a well established area and has been studied by several researchers [5, 6, 13]. Also,
the area of multi-sensor networks and sensor data quality and fusion has received a
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fair amount of interest [3, 9, 7]. However, the quality of information in combination
with information sharing has so far, to our knowledge, only received little attention.

The problem domain is characterised by being predictable from a macroscopic
perspective while being stochastic when viewed at a microscopic level. As the
macroscopic behaviour is a reflection of a collection of highly stochastic micro-
scopic events which in themselves cannot be predicted, it follows that although a
process control system is able to foresee general trends andtendencies within the
process, it must be able to handle the stochastic behaviour in order to actually ma-
nipulate the process.

When optimizing the operational production one tries to determine the financially
and operationally most efficient way to combine the production resources, while
satisfying consumer needs. This problem is often formalized by using the Economic
Dispatch Problem (EDP) and the Unit Commitment Problem (UCP) [4]. By solving
the EDP we find out how much load to generate by each of the different available
production units at a given time, while the solving the UCP shows when to start and
how long each unit should be committed to being in use.

The consumption, and thus the production, follow certain patterns which are pre-
dictable to some extent from a system wide perspective. These patterns are gener-
ated by a composition of highly stochastic microscopic behaviour among consumer
entities, which, as long as their demand is fulfilled, are oblivious to their surround-
ings or any other part of the larger system. By reacting on these individual micro-
scopic events and controlling and limiting the effect of them, the overall system
can achieve several benefits for both the consumers and the suppliers of the utility.
Trying to control the consumption in such a way is generally called Demand Side
Management (DSM), and can in many cases be achieved by using agent technology
or other distributed control schemes [14, 11, 15].

The problem is that the agent based solutions proposed for solving DSM in such
environments are dependent on the availability of high-quality sensor data, which
in practice can be hard to achieve due to limitations in underlying hardware and
communication solutions. By using different levels of availability and quality of
communicated sensor data among the agent system we try to quantify the impact on
overall system performance.

2 The Agent System

The agent system we study in this paper is used to implement DSM strategies within
district heating systems and its function has been described in previous work [14].
The agent system is based on distributed cooperative entities with an overall goal of
combining the production and consumption in an optimal manner.

Every producer and consumer entity in the system is represented by an agent. A
producer agent will try to minimize its own supply cost function while supplying
enough utility to satisfy consumer demand. When a producer agent deems it nec-
essary to implement an DSM action it will try to do so by sharing the task among
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the consumer agents in order to minimize the side effects of DSM on any individual
consumer agent. A consumer agent will seek to implement these requests as long
as its internal comfort constraints allow for this. The producer agent is responsi-
ble for supervising the continuous utility consumption andalso for instigating and
distributing DSM tasks when the measured consumption deviates from the desired
DSM level. The task sharing is done by first decomposing the initial task into smaller
tasks. This is done since the optimization action as a whole is usually too large for
one single consumer agent to handle. The tasks are then allocated through a series
of auctions. The DSM level is found beforehand by solving theoptimization prob-
lem relating to the production units, and this is then used asinput to the production
agent. The producer agent needs to know the wanted consumption level in order to
implement DSM. This is found by solving the EDP and the UCP. These solutions
are then used as decision basis for the DSM strategy for the following time frame,
normally the next twenty-four hour period. In order to solvethe EDP the agent uses
an objective function which is found in the smooth function described in Equation
1 and 2.

Minimize∑
i∈I

Fi(Pi) (1)

Fi(Pi) = αi +βiPi + γPi (2)

This is simply a summation of the utility cost in all supply units [1]. The value of
α describes a fixed cost for starting and running the production unit, while the values
of β andγ describe costs dependant on the level of production. The accompanying
equality constraint is the utility balance which should be satisfied accordingly:

∑
i∈I

Pi = D+Ploss (3)

whereD represent the utility demand andPloss indicates any production and dis-
tribution losses. The inequality constraints describes the production units working
within their respective limits:

Pi,min ≤ Pi ≤,max ∀i ∈ I (4)

In practical settings these functions are normally not sufficient to describe many
situations in utility production. Normally the productionentity will have to treat the
cost function as a set of piecewise quadratic functions which are defined as [8, 10]:

Fi(Pi) =































αi1 +βi1Pi + γi1Pi i f Pmin
i ≤ Pi ≤ Pi1

αi2 +βi2Pi + γi2Pi i f Pi2 ≤ Pi ≤ Pi2
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This behaviour is due to the fact that a utility provider usually has a range of
different production units, using differently priced fuels. From a economical point
of view there is no smooth transition when switching betweenthe different fuels,
which makes the resulting function non-differentiable. Asdemand rises the produc-
ing entity is forced to engage increasingly costly production units, and eventually
the production costs exceed the possible sale price of the utility. The only way for
the producer to mitigate such a situation is to manipulate consumption in order to
lower the demand. The UCP is interconnected with the EDP and uses similar opti-
mization methods.

Each consumer unit is controlled by a consumer agent which isresponsible for
contributing to achieving the overall DSM strategies whilemaintaining a sufficient
level of local comfort. The amount of deviation from the optimal comfort state is
used as currency when a consumer agent participates in an auction process, i.e the
more the consumer agent is straying from its desired comfortstate, the less likely it
will be to win any auction. The consumer agents are cooperative in the sense that
they do not lie about their cost for participating in a DSM task, since this could
possibly jeopardize their internal comfort levels.

The goal for the agent system is then; for each point in time achieve a total actual
consumption as close as possible to the total wanted consumption while keeping all
local comfort levels within their individual constraints.In a steady state system this
could be seen as a traditional optimization problem, i.e. tofind a optimum between
two conflicting objective functions. However, since we are dealing with a dynamic
system the aspects of adaptation and re-planning becomes important, which requires
a more sophisticated solution. Whenever a producer agent needs to implement a
DSM action it will distribute this by using a private value first priced, sealed bid
auction process. This type of auction based multi agent system has previously been
successfully implemented in district heating networks in order to achieve DSM [15].
Strategic decisions are made based on global or local views within the environment,
and the specific optimization actions rely on continuous sensor data.

In this study we compare the performance of a fully functional agent system with
two other systems displaying increasingly worse availability of sensor data. These
three different scenarios are based on the level of system wide knowledge available
to the participating agents; global, partial and local. We choose to compare these
specific three levels of system wide knowledge because they correspond to infras-
tructural prerequisites which can normally be found in actual physical systems, and
because they display a broad and clear view of the problem discussed.

Global knowledge is the normal operational scenario for theMAS used to operate
the DSM strategies. The producer agents are able to continuously supervise the use
of production utility and are able to instigate system wide auctions as need arises.
The consumer agents are able to uphold their individual QoS by deciding when
and how to participate in these auctions, i.e. a DSM task is never forced upon a
consumer agent against its will. Partial knowledge means that the producer agents
are able to supervise the consumption of production utility, but they are not able
to communicate local sensory data with consumer agents or touphold cooperative
behaviour through auctions. A producer agent is, however, still able to instigate
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uninformed DSM actions. This is normally done by using predefined activation lists,
which try to force consumer agents to implement DSM tasks. The local consumer
agents might however decide to reject the appointed task without being able to tell
the producer about this. In the local scenario the producer agents have little or no
knowledge about the continuous consumption of production utility, and they do not
have any possibility at all to implement any DSM actions, either by cooperation or
force. In such a system the consumer agents are often assigned the task of keeping
the local utility use to a minimum while upholding the desired QoS. Depending on
the situation such behaviour might or might not be for the good of the global system
state, but the consumer agent will never know anything aboutthis.

3 The Experiment

The experiment is based on operational data from an agent based control system
operational in a district heating network in the town of Karlshamn in the south of
Sweden [14, 15]. This data is used as input when simulating the various scenar-
ios described in the previous sections. District heating networks are good examples
of the described problem domain as they display most, if not all, of the mentioned
characteristics. The reference data in question is collected during a twenty-four hour
period with no DSM strategy active, i.e. no external controlis applied to the con-
sumers.

The consumer agents all have different comfort constraintsbased on a function
of size, shape and material of the individual building, i.e.the amount of thermal
buffer available [12]. In the operational system each consumer agent has access to
sensor and actuator data through an I/O hardware platform, which enables the agent
to measure the physical behaviour of the heating system within the building as well
as the outdoor temperature.

Each agent has a value of wanted indoor climate, and constantly tries to min-
imize all deviation from this value. The consumer agent has two basic values to
consider, the comfort level and the thermal buffer level. Itis possible to adjust the
energy buffer during shorter periods of time without the comfort level having the
time to react. When a consumer agent responds to an auction it will use its currently
available buffer level as the price it is willing pay for implementing a single DSM
task. We evaluate the performance of the consumer agents by measuring how they
choose to use their individual buffers.

The optimization strategy used in this experiment is that ofpeak shedding, i.e.
at any given moment when the total energy use exceeds a certain threshold the pro-
ducer agent will try to convince the consumer agents to lowertheir local energy us-
age in a coordinated fashion. The success of the system wide optimization is mea-
sured by the amount of deviation between the wanted threshold and the resulting
actual level.

We use real operational data from the Karlshamn district heating network as input
into the simulation model, where actual flow data is used as initial values for the
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calculations. The implemented agent system is functioningaccording to the same
principles as previously described. In the simulation there are fourteen active agents;
one producer agent and thirteen consumer agents. By simulating the described levels
of agent knowledge we can evaluate the performance of the agent system during
different scenarios.

A simulation run begins by calculating specific solutions tothe EDP and the
UCP. These solutions yield a wanted system wide consumptionlevel for each time
step throughout the day. This wanted consumption level is then used by the producer
agent as a decision basis, when deciding when and how to instigate DSM actions
throughout each time step. This buffer levels are then adjusted through each time
step as the agents perform DSM tasks, which in turn makes it possible to calculate
the comfort levels for each time step.

4 Results

The control strategy is evaluated by measuring the flow of hotwater into the area.
Energy usage in a district heating network is measured by combining the tempera-
ture of the water with the flow. Since the supply water temperature in the primary
network is more or less stable throughout a single day the flowin itself gives a good
estimation of the energy usage within all the buildings. In Figures 1, 2 and 3 we
show the flow data achieved during the three different scenarios in relation to the
wanted DSM strategy. The straight dashed line is the wanted DSM level. This level
of consumption is based on a solution of the Economic Dispatch Problem and the
Unit Commitment Problem. The peaks above the dashed line represents peak loads
which would need to be satisfied by using financially and environmentally unsound
fossil fuel. In other words, the global goal of the agent system is to keep the con-
sumption as close to the straight dashed line as possible.

Fig. 1 Global scenario. Agent performance (continuous), reference data (dotted) and wanted DSM
level (dashed)
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Fig. 2 Partial scenario. Agent performance (continuous), referencedata (dotted) and wanted DSM
level (dashed)

Fig. 3 Local scenario. Agent performance (continuous), reference data (dotted) and wanted DSM
level (dashed)

It is clearly visible that the flow value in the global scenario, Figure 1, most
closely resembles the desired DSM strategy, with the partial scenario, Figure 2,
being somewhat worse, and finally the local scenario, Figure3, showing a distinct
lack in ability to achieve the desired level of consumption.

Every agent has an maximum allowed buffer usage of one, with aminimum of
zero. The level of comfort will not be negatively effected bya usage between one
and zero. If the buffer usage is above one the consumer agent has used more than
the allowed buffer and the comfort can be in jeopardy if such astatus is allowed to
continue for a longer period of time. In other words a consumer agent has an optimal
buffer usage of one, i.e. the agent participates in achieving the global goal as much
as possible but does this without sacrificing its desired comfort level.
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Figure 4 shows the dynamic system wide buffer usage during the whole time
period. The range on the y axis is dependent on the amount of consumer agents,
since every such agent has a optimal buffer usage of one. In this case study we have
thirteen agents, so an optimal usage of the system wide buffer would be thirteen. In
the global and partial scenarios the buffer usage clearly follows the reference data
as the agents continuously try to counter the varying consumption.

Fig. 4 Buffer usage. Global scenario (dotted), Partial scenario (dashed) and Local scenario (con-
tinuous)

5 Conclusions

Multi-agent system solutions being applied to the physicalprocesses described in
this paper are heavily dependent on the availability of high-quality sensor data to
function properly. This study quantifies the way system performance rapidly dete-
riorates as the availability of high-quality sensor data isreduced. It is important to
factor in both the DSM strategy and the consumer agent comfort value when evalu-
ating an implementation for handling DSM within the problemdomain. If a system
is only evaluated on the basis of its ability to adhere to the DSM strategy it might
give rise to problems on the consumer side as no consideration is given to upholding
a sufficient level of QoS.

The local scenario is similar to a type of control system thatis often implemented
in both electrical grids and district heating networks, as alocal uninformed opti-
mization technique. This study indicates that such systemshave little global effect
in regards to overall production optimization strategies.The reason that the local
scenario never goes beyond a certain level in Figure 4 is thatthe consumer agents
are only reacting to their own local peak loads, which are well beyond their own
capacity to handle. This is due to the fact that individual peaks are much larger than
any individual buffer, so in the local scenario some agents are always maximizing
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their use of their individual buffer, but without the ability to somehow distribute the
load through the producer agents their efforts will always fall short on a system wide
scale.

Figure 4 also shows that producer agent knowledge is needed in order to dynami-
cally counter the user demand in regards to the DSM strategy.This is also the buffer
usage, which shows that the partial scenario is not able to fully use the available
buffer. This is due to the fact that the agents cannot performcooperative work. The
lower use of available buffer of the partial scenario is caused by the fact that al-
though the consumer agent is handed a DSM task, it can choose not to implement
the task if the agent considers it to jeopardize its internalQoS level. Since the pro-
ducer agent never receives any feedback about this, it will not be able to distribute
the task to another consumer better suited for the task, and hence the system will on
average not utilize the maximum available buffer.

Figure 4 shows that the global scenario is close to using the maximum available
buffer on several occasions, while neither the partial or the local scenarios are close
to utilizing their full DSM potential.

In this paper we have shown that distributed multi agent systems based on cooper-
ative auctioning are able to achieve the studied DSM strategy, while maintaining an
acceptable level of QoS. As the availability and quality of the sensor data diminishes
the system performance deteriorates, first into the equivalence of static distributed
models and then into the equivalence of simple local optimization models.

This paper is the result of an initial case study in regards tosensor data utilization
within industrial multi-agent system applications. In thefuture we will use this as
groundwork while incorporating the financial factors underlying the discussion, in
order to further study the economical effects found within such systems.
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