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Abstract Multi-agent cooperation can in several cases be used i ¢odmiti-
gate problems relating to task sharing within physical psses. In this paper we
apply agent based solutions to a class of problems defineldeyproperty of be-
ing predictable from a macroscopic perspective while baiggly stochastic when
viewed at a microscopic level. These characteristic pt@secan be found in sev-
eral industrial processes and applications, e.g. withenethlergy market where the
production and distribution of electricity follow this petn. We evaluate and com-
pare the performance of the agent system in three diffecamtagios, and for each
such scenario it is shown to what degree the optimizatioteryss dependent on
the level of availability of sensor data.

1 Introduction

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

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

The problem domain is characterised by being predictabla fa macroscopic
perspective while being stochastic when viewed at a miogisclevel. As the
macroscopic behaviour is a reflection of a collection of higétochastic micro-
scopic events which in themselves cannot be predicted|lavfs that although a
process control system is able to foresee general trendseaddncies within the
process, it must be able to handle the stochastic behaviander to actually ma-
nipulate the process.

When optimizing the operational production one tries touheiiee the financially
and operationally most efficient way to combine the produrctiesources, while
satisfying consumer needs. This problem is often formdlmeusing the Economic
Dispatch Problem (EDP) and the Unit Commitment Problem (J@P By solving
the EDP we find out how much load to generate by each of theréiffeavailable
production units at a given time, while the solving the UCBvghiwhen to start and
how long each unit should be committed to being in use.

The consumption, and thus the production, follow certaitgpas which are pre-
dictable to some extent from a system wide perspective.€lhatterns are gener-
ated by a composition of highly stochastic microscopic b&ha among consumer
entities, which, as long as their demand is fulfilled, arevidalis to their surround-
ings or any other part of the larger system. By reacting orehedividual micro-
scopic events and controlling and limiting the effect ofrthehe overall system
can achieve several benefits for both the consumers and pipéess of the utility.
Trying to control the consumption in such a way is generadljed Demand Side
Management (DSM), and can in many cases be achieved by ugmg @chnology
or other distributed control schemes [14, 11, 15].

The problem is that the agent based solutions proposed kongd®SM in such
environments are dependent on the availability of highlityusensor data, which
in practice can be hard to achieve due to limitations in ugder hardware and
communication solutions. By using different levels of &adility and quality of
communicated sensor data among the agent system we tryrtifgihae impact on
overall system performance.

2 The Agent System

The agent system we study in this paper is used to implemelt £2@tegies within
district heating systems and its function has been destitbprevious work [14].
The agent system is based on distributed cooperativeesniiith an overall goal of
combining the production and consumption in an optimal neann

Every producer and consumer entity in the system is repreddry an agent. A
producer agent will try to minimize its own supply cost funatwhile supplying
enough utility to satisfy consumer demand. When a producentageems it nec-
essary to implement an DSM action it will try to do so by shgrihe task among
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the consumer agents in order to minimize the side effectsSi@n any individual
consumer agent. A consumer agent will seek to implemenethesgpuests as long
as its internal comfort constraints allow for this. The proér agent is responsi-
ble for supervising the continuous utility consumption afgb for instigating and
distributing DSM tasks when the measured consumption tkes/faom the desired
DSM level. The task sharing is done by first decomposing tii@iitask into smaller
tasks. This is done since the optimization action as a wisalsually too large for
one single consumer agent to handle. The tasks are themtaitbthrough a series
of auctions. The DSM level is found beforehand by solvingdh&mization prob-
lem relating to the production units, and this is then useidfast to the production
agent. The producer agent needs to know the wanted consumigniel in order to
implement DSM. This is found by solving the EDP and the UCResSEhsolutions
are then used as decision basis for the DSM strategy for tlesvfog time frame,
normally the next twenty-four hour period. In order to sallre EDP the agent uses
an objective function which is found in the smooth functiesdribed in Equation
1and 2.

MinimizeZF.(P.) (1)
F(R)=ai+BR+yR 2)

This is simply a summation of the utility cost in all supplyitsr{1]. The value of
o describes a fixed cost for starting and running the prodnctiot, while the values
of B andy describe costs dependant on the level of production. Thengaanying
equality constraint is the utility balance which should bésfied accordingly:

;PI:D"_HOSS (3)

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

RB,mn <P <, max Viel (4)

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

ai1+ Bi1R + yi1R ifPMN <P <Py
ai2+ Bi2P + yi2R ifR2 <PB <PR2

R(R) = | j (5)

Qim+ BmP + YimP ifPIm_j_SPISPimX
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This behaviour is due to the fact that a utility provider uguhas a range of
different production units, using differently priced faeFrom a economical point
of view there is no smooth transition when switching betwtendifferent fuels,
which makes the resulting function non-differentiable.d&snand rises the produc-
ing entity is forced to engage increasingly costly produtiinits, and eventually
the production costs exceed the possible sale price of ilitg.uthe only way for
the producer to mitigate such a situation is to manipulatesemption in order to
lower the demand. The UCP is interconnected with the EDP agd similar opti-
mization methods.

Each consumer unit is controlled by a consumer agent whiosisonsible for
contributing to achieving the overall DSM strategies wimilaintaining a sufficient
level of local comfort. The amount of deviation from the omdl comfort state is
used as currency when a consumer agent participates in dorapomcess, i.e the
more the consumer agent is straying from its desired corafaté, the less likely it
will be to win any auction. The consumer agents are cooperati the sense that
they do not lie about their cost for participating in a DSMktasince this could
possibly jeopardize their internal comfort levels.

The goal for the agent system is then; for each point in tinéeae a total actual
consumption as close as possible to the total wanted corteamwhile keeping all
local comfort levels within their individual constraints. a steady state system this
could be seen as a traditional optimization problem, i.déinha optimum between
two conflicting objective functions. However, since we aealthg with a dynamic
system the aspects of adaptation and re-planning becorpestant, which requires
a more sophisticated solution. Whenever a producer agensrteeimplement a
DSM action it will distribute this by using a private valuestfirpriced, sealed bid
auction process. This type of auction based multi agenesysias previously been
successfully implemented in district heating networksriten to achieve DSM [15].
Strategic decisions are made based on global or local viégthgmhe environment,
and the specific optimization actions rely on continuouseedata.

In this study we compare the performance of a fully functi@gent system with
two other systems displaying increasingly worse availghif sensor data. These
three different scenarios are based on the level of systel® kviowledge available
to the participating agents; global, partial and local. Wease to compare these
specific three levels of system wide knowledge because thegspond to infras-
tructural prerequisites which can normally be found in atphysical systems, and
because they display a broad and clear view of the problecusigd.

Global knowledge is the normal operational scenario foMIA&S used to operate
the DSM strategies. The producer agents are able to comnshusupervise the use
of production utility and are able to instigate system widetens as need arises.
The consumer agents are able to uphold their individual Qpo8deiding when
and how to participate in these auctions, i.e. a DSM task vemfrced upon a
consumer agent against its will. Partial knowledge meaasttie producer agents
are able to supervise the consumption of production utitityt they are not able
to communicate local sensory data with consumer agents upttold cooperative
behaviour through auctions. A producer agent is, howev#rable to instigate
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uninformed DSM actions. This is normally done by using pfiedel activation lists,
which try to force consumer agents to implement DSM taske. [6bal consumer
agents might however decide to reject the appointed tasiowitbeing able to tell
the producer about this. In the local scenario the produgenta have little or no
knowledge about the continuous consumption of producttdityuand they do not
have any possibility at all to implement any DSM actionsheitby cooperation or
force. In such a system the consumer agents are often adshyméask of keeping
the local utility use to a minimum while upholding the dedil@oS. Depending on
the situation such behaviour might or might not be for thechofthe global system
state, but the consumer agent will never know anything atisit

3 The Experiment

The experiment is based on operational data from an ageat lmastrol system
operational in a district heating network in the town of ishdmn in the south of
Sweden [14, 15]. This data is used as input when simulatiegvétiious scenar-
ios described in the previous sections. District heatirntgvoks are good examples
of the described problem domain as they display most, if hopbtthe mentioned
characteristics. The reference data in question is celledtiring a twenty-four hour
period with no DSM strategy active, i.e. no external conischpplied to the con-
sumers.

The consumer agents all have different comfort constréiased on a function
of size, shape and material of the individual building, ttee amount of thermal
buffer available [12]. In the operational system each coresuagent has access to
sensor and actuator data through an 1/0 hardware platfohichvenables the agent
to measure the physical behaviour of the heating systeninvttle building as well
as the outdoor temperature.

Each agent has a value of wanted indoor climate, and cohstaes to min-
imize all deviation from this value. The consumer agent has basic values to
consider, the comfort level and the thermal buffer levels possible to adjust the
energy buffer during shorter periods of time without the éamnlevel having the
time to react. When a consumer agent responds to an auctidhuseits currently
available buffer level as the price it is willing pay for ingphenting a single DSM
task. We evaluate the performance of the consumer agentebaguring how they
choose to use their individual buffers.

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

We use real operational data from the Karlshamn distriditgaetwork as input
into the simulation model, where actual flow data is used aiglivalues for the
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calculations. The implemented agent system is functioaiteprding to the same
principles as previously described. In the simulationéteee fourteen active agents;
one producer agent and thirteen consumer agents. By singitae described levels
of agent knowledge we can evaluate the performance of thet agetem during
different scenarios.

A simulation run begins by calculating specific solutionsthe EDP and the
UCP. These solutions yield a wanted system wide consumfgtiah for each time
step throughout the day. This wanted consumption levekis tised by the producer
agent as a decision basis, when deciding when and how tgatstDSM actions
throughout each time step. This buffer levels are then &etjuhrough each time
step as the agents perform DSM tasks, which in turn makesgiple to calculate
the comfort levels for each time step.

4 Resaults

The control strategy is evaluated by measuring the flow ofAager into the area.
Energy usage in a district heating network is measured bybotng the tempera-
ture of the water with the flow. Since the supply water temjpgeain the primary
network is more or less stable throughout a single day theifiotself gives a good
estimation of the energy usage within all the buildings. iguFes 1, 2 and 3 we
show the flow data achieved during the three different seesamn relation to the
wanted DSM strategy. The straight dashed line is the want&d [2vel. This level
of consumption is based on a solution of the Economic DispBRroblem and the
Unit Commitment Problem. The peaks above the dashed limesepts peak loads
which would need to be satisfied by using financially and emrirentally unsound
fossil fuel. In other words, the global goal of the agent eysis to keep the con-
sumption as close to the straight dashed line as possible.

Flow (I/s)

Time (h)

Fig. 1 Global scenario. Agent performance (continuous), refereatae(dotted) and wanted DSM
level (dashed)
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Fig. 2 Partial scenario. Agent performance (continuous), referdata(dotted) and wanted DSM
level (dashed)

2.5

Flow (I/s)

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Fig. 3 Local scenario. Agent performance (continuous), referentze(datted) and wanted DSM
level (dashed)

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

Every agent has an maximum allowed buffer usage of one, witlinemum of
zero. The level of comfort will not be negatively effected dysage between one
and zero. If the buffer usage is above one the consumer agsniged more than
the allowed buffer and the comfort can be in jeopardy if suskatus is allowed to
continue for a longer period of time. In other words a consuagent has an optimal
buffer usage of one, i.e. the agent participates in achietvia global goal as much
as possible but does this without sacrificing its desiredfoartevel.
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Figure 4 shows the dynamic system wide buffer usage duriagmtole time
period. The range on the y axis is dependent on the amountnsiuceer agents,
since every such agent has a optimal buffer usage of oneislnake study we have
thirteen agents, so an optimal usage of the system widertwdfeld be thirteen. In
the global and partial scenarios the buffer usage clealgwis the reference data
as the agents continuously try to counter the varying copsiom
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Fig. 4 Buffer usage. Global scenario (dotted), Partial scenario @t§sind Local scenario (con-
tinuous)

5 Conclusions

Multi-agent system solutions being applied to the physicacesses described in
this paper are heavily dependent on the availability of ‘gghlity sensor data to
function properly. This study quantifies the way system granince rapidly dete-
riorates as the availability of high-quality sensor dateeiduced. It is important to
factor in both the DSM strategy and the consumer agent cawvditre when evalu-
ating an implementation for handling DSM within the probldomain. If a system
is only evaluated on the basis of its ability to adhere to ti&#Dstrategy it might
give rise to problems on the consumer side as no consideiiativen to upholding
a sufficient level of QoS.

The local scenario is similar to a type of control system ihaften implemented
in both electrical grids and district heating networks, decal uninformed opti-
mization technique. This study indicates that such systeawe little global effect
in regards to overall production optimization strategiBise reason that the local
scenario never goes beyond a certain level in Figure 4 isthieatonsumer agents
are only reacting to their own local peak loads, which are Wweyond their own
capacity to handle. This is due to the fact that individuakseare much larger than
any individual buffer, so in the local scenario some agergsabwvays maximizing
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their use of their individual buffer, but without the abjlito somehow distribute the
load through the producer agents their efforts will alwalkshort on a system wide
scale.

Figure 4 also shows that producer agent knowledge is neadedér to dynami-
cally counter the user demand in regards to the DSM straiéduy.is also the buffer
usage, which shows that the partial scenario is not ablellyp dse the available
buffer. This is due to the fact that the agents cannot perfmoperative work. The
lower use of available buffer of the partial scenario is eauby the fact that al-
though the consumer agent is handed a DSM task, it can chabse implement
the task if the agent considers it to jeopardize its inte@ab level. Since the pro-
ducer agent never receives any feedback about this, it wilbe able to distribute
the task to another consumer better suited for the task, amckrthe system will on
average not utilize the maximum available buffer.

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

In this paper we have shown that distributed multi agenesgstbased on cooper-
ative auctioning are able to achieve the studied DSM styatelgile maintaining an
acceptable level of QoS. As the availability and qualityhaf sensor data diminishes
the system performance deteriorates, first into the eaerieal of static distributed
models and then into the equivalence of simple local opation models.

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