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Abstract. In a de-regulated market the distribution utilities will compete with
added value for the customer in addition to the delivery of energy. We describe a
system consisting of a collection of software agents that monitor and control an
office building. It uses the existing power lines for communication between the
agents and the electrical devices of the building, such as sensors and actuators for
lights, heating, and ventilation. The objectives are both energy saving and
increasing customer satisfaction through value added services. Results of
qualitative simulations and quantitative analysis based on thermodynamical
modeling of an office building and its staff using four different approaches for
controlling the building indicate that significant energy savings, up to 40 per
cent, can be achieved by using the agent-based approach. The evaluation also
shows that customer satisfaction can be increased in most situations. In fact, this
approach makes it possible to control the trade-off between energy saving and
customer satisfaction (and actually increase both in comparison with current
approaches).

1 Introduction

In a de-regulated market the distribution utilities will compete with added value for the
customer in addition to the delivery of energy. We will here describe a system consisting
of a Multi-Agent System (MAS) that monitors and controls an office building in order to
provide services of this kind. The system was developed as a part of the ISES
(Information/Society/ Energy/System) project [12]. The goal of ISES was to assess and
demonstrate new business opportunities for future service-centric utilities.'

The system uses the existing power lines for communication between the agents and
the electrical devices of the building, i.e., sensors and actuators for lights, heating,
ventilation, etc. The objectives are both energy saving and increasing customer

! The ISES project was a collaboration between a number of Swedish universities and some of the
leading players in the European energy market, such as, EnerSearch AB (owned by Sydkraft and
IBM Utility & Energy Services), ABB Network Partner AB, Electricit¢ de France, and
PreussenElektra.
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satisfaction through value added services. Energy saving is realized, e.g., by lights being
automatically switched off, and room temperature being lowered in empty rooms.
Increased customer satisfaction is realized, e.g., by adapting temperature and light
intensity according to each person’s personal preferences.

In the MAS, which will be described in detail below, different agents control
different parts of the building, as well as different aspects of the environmental
conditions of the building. Other agents represent the persons in the building in order
maintain their preferences concerning temperature, light intensity, etc. The goal is to
make the system transparent to the people in the building in the sense that they do not
have to interact with the system in any laborious manner. By using an active badge
system [5], it is possible for the MAS to automatically detect in which room each person
is at any moment and adapts the conditions in the room according to that person’s
preferences.

In order to evaluate the MAS approach to control environmental parameters such as
temperature and light in office buildings, we have run a number of qualitative
simulations as well as made quantitative calculations comparing two versions of the
approach to the two currently most used methods for this type of control. In addition,
fielded experiments at our test site—the Villa Wega building in Ronneby, Sweden—
have been made to assure that the performance of power line communication is sufficient
for controlling, e.g., radiators [12].

2 The Building Infrastructure

A typical office building contains an electrical network and a number of electrical
devices that constitute an important part of its infrastructure. At the Villa Wega test site,
communication with the devices at the hardware level is facilitated by LonWorks
technology (cf. www.echelon.com). Each electrical device in the system is connected
via special purpose hardware nodes to the LonWorks system, allowing the exchange of
information over the electrical network.

Some of the devices are sensory and some are actuator devices. The sensory devices
we use in the work presented here are temperature, light intensity, and an active badge
system. It is of course possible to include also other types of sensors, e.g., presence
sensors and fire detectors. The active badge system makes it possible to know which
persons are in each room at any moment. There are alternative types of sensor systems
for doing this, but we will not discuss the pros and cons of different approaches in this
paper.

The actuator devices differ from the sensory devices in that it is possible, besides
reading the state of the device, to change the state of the device (in order to change the
state of the building). The actuator devices in the current application are lamps, radiators,
and generic mobile devices (such as ARIGO Switch Stations, cf. www.arigo.de) that
can be connected to an arbitrary electrical device, e.g., a coffee machine, or a personal
computer. It is possible to switch on and off the device connected to the generic mobile
device and to read its state. These devices interact with, and are controlled by, the MAS.
The sensory devices provide input to the MAS and the actuator devices occasionally
receive instructions from the MAS.
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3 The Multi-Agent System

Each agent is intuitively linked to a particular entity in the building, e.g., an office, a
meeting room, a corridor, a person, or an electrical device. The behavior of each agent is
determined by a number of rules that express the desired control policies of the building
conditions. The occurrence of certain events inside the building (e.g., a person moving
from one room to another) will generate messages to some of the agents that will trigger
some appropriate rule(s). The agents execute the rule(s), with the purpose of adjusting
the environmental conditions to some preferred set of values. The rule will cause a
sequence of actions to be executed, which will involve communication between the
agents of the system and eventually with an actuator device. For the format of the
messages a KQML-like [4] approach was adopted. The language used to implement the
MAS was April [8] together with its extension April++.

The agent-based approach provides an open architecture in the given context, i.e.,
agents can be easily configured and even dynamically re-configured. It is possible to add
new agents at run-time without the need of interrupting the normal operation of the
system. Such changes reflect changes in the infrastructure of the building or among the
staff.

There are four main categories of agents in the MAS:

e Personal Comfort (PC) agents, which each corresponds to a particular person.
It contains personal preferences and acts on that person’s behalf in the MAS
trying to maximize customer value. Thus, the agent does not model the behavior
of a person, but tries to act in that person’s interest.

®  Room agents, which each corresponds to and controls a particular room with the
goal of saving as much energy as possible. Taking into account the preferences
of the persons currently in the room, it decides what values of the environmental
parameters, e.g., temperature and light, are appropriate.

e Environmental Parameter (EP) agents, which each monitors and controls a
particular environmental parameter in a particular room. They have access to
sensor and actuator devices for reading and changing the parameter. For
instance, a temperature agent can read the temperature sensor and control the
radiators in a room. The goal of an EP agent is to achieve and then maintain the
value of the parameter decided by the Room agent.

e Badge System Agent (BSA), which keeps track of where in the building each
person (i.e., badge) is situated and maintains a data base of the PC agents and
their associations to persons (badges).

We make no assumptions about the agents’ locations in the network. For instance,
the PC agents may reside on the individuals’ desktop computers and interact locally with
the corresponding person, e.g., in order to change the preferences. Normally, the
preferences are set when the agent is initiated, i.e., when the person visits the building
for the first time, and then rarely changed.

To illustrate agent control, we describe what happens when a person moves from
one room to another. When a person movement is detected by a badge sensor and
forwarded to the BSA, the BSA informs the appropriate PC agent about this. The PC
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agent informs the appropriate room agents, i.e., the agent of the room the person is
leaving and the agent of the room the person is entering. The PC agent also provides the
room agent with the personal preferences. The room agent decides, based on these
preferences and on energy saving considerations, the new desired environmental
conditions and pass them on to the EP agents. The EP agents then try to achieve and
keep the values decided by the room agent by monitoring the relevant sensors and
sending commands to the relevant actuators.

Using the approach described in [13], each agent contains a number of components
contributing to the overall functionality of the agent. The architecture of the room and
PC agents is depicted in Figure 1. (The EP and BSA agents, on the other hand, have got
a simpler structure and are implemented as April processes.) Some of the components
(rectangular boxes) are included in each agent by default, but it is possible to add other
domain dependent components (rounded boxes).

Head
Meta-component Message board Knowledge base
Decision _ Code
module Plan repository Plan executor Sode
Plan module

Figure 1. The architecture of the room and PC agents.

One generic module is the 4ead that plays the role of the communication interface of
the agent. All messages directed to the agent are sent to the head and are subsequently
forwarded to the internal modules. In this way external entities do not need direct access
to the agent’s modules. Also, a shared knowledge base is included that can be used to
store shared information. The meta-component is used for administrative purposes
during the addition and deletion of components. Finally, the communication between the
components is facilitated by the message board.

Depending on the situation, an agent needs to execute a sequence of actions, i.e., a
plan. The plan module is responsible for maintaining such plans and consists of a plan
repository and a plan executor. The plan repository stores the plan descriptions, which
include the name of the actions involved in the plan, their temporal relationships, and
descriptions of the information they manipulate. Requests for executing single plans are
received by the plan executor. The executor fetches the code that implements the specific
actions from the code server and executes them. The code stored on a code server can be
supplied on demand. An alternative approach would be to have the actions hard-wired in
the decision module. Although our approach requires some additional communication
among the components in order to retrieve the code, it simplifies the configuration of the
agents. New actions are simply added to the code server and new plans can be added to
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the plan repository. Exactly which plan to be executed at a particular moment is decided
by the decision module based on the agent’s current state and any external event. More
details about the MAS software can be found in [1].

The MAS conforms to a number of general rules (constraints) that are programmed
into the agents. Some examples are listed below:

e When a particular person is in her office, the room agent must adapt
temperature, light, etc. to her preferences, otherwise the default conditions are
maintained. If an irrelevant person (i.e., another person than the one that
normally works in that office) enters, this does not affect the environmental
conditions (except for the light being turned on if the room was empty).

e  For meeting rooms, the temperature condition is adjusted to the mean value of
all the meeting participants, and the light intensity to the highest preference
value.

e For other common rooms, like corridors, the temperature remains steady
regardless whether there are people in the room or not. The light is turned on
only when at least one person is in the room, otherwise it is off.

e Every room with no persons in it must maintain some default environmental
conditions.

e It must always be possible to over-rule the decisions of the agents in the MAS
by physical interaction with the electrical equipment. For instance, even if an
EP agent has decided that the light in a room should be on, it must be possible
for a person to turn off the light using the switch in the actual room.

These constraints are not hard-wired into the MAS and can be changed easily. With
regard to the last constraint, it is worth mentioning that the concept of manual overrides
is becoming increasingly important to systems in which human and artificial agents both
act [10]. The agents in the MAS must display adjustable autonomy. Interestingly, human
operation of the hardware in Villa Wega is viewed as a form of interference by the
agents controlling the building. At the same time, a difficult object from the design point
of view is to make the agent operations transparent to the people in the building, and in
doing so prevent persons from viewing agent action on hardware as a form of
interference.

Usually, the goals of the room agents and the PC agents are conflicting: the room
agents maximizing energy saving and the PC agents maximizing customer value.
Another type of a conflicting goal situation is the adjustment of temperature in a meeting
room in which people with different preferences regarding temperature will meet.

We have begun investigations into the role of pronouncers, i.e. real-time decision
support to the agents [2], and we are currently investigating the combination of
pronouncers and technical norms. This combination in turn allows for agents to abandon
elaborate plans and increases efficiency by freeing agents from the burden of plan
revisions (cf. [14]). A pronouncer can be seen as a decision module located outside the
agents themselves, providing normative advice in generic situations, and typically using
only information provided by the agents themselves at query time, e.g., in the form of
decision trees with probability and utility assessments. The intelligent building domain is
suitable for pronouncer use, since the size of the agents must be kept reasonably small.
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Figure 2. A snapshot of the environment visualization GUL

4 Evaluation

Although much of the hardware necessary to evaluate the approach outlined above is
actually installed in the Villa Wega building, it would be quite expensive to make the
installation complete. Since communication over the electrical network is a new
technology and devices currently are produced in small numbers, the required hardware
is expensive at the moment, but we expect that this situation will change drastically in
the next couple of years. Therefore, we have made the evaluation of the approach (i.e.,
the MAS) through qualitative simulations [1, 3] as well as through quantitative analytical
computations.

The total system can be divided into three parts; the hardware, i.e., the building
including sensors and effectors, the software, i.e., the MAS, and the people working in
the building. Thus, we simulate the hardware and the behavior of the people, and let the
actual MAS, which would be used in a fielded application, interact with these simulated
entities instead of the actual building and people. (This simulation of the behavior of the
people should be contrasted to the PC agents in the MAS which serves the persons, i.e.,
are agents in the true sense of the word.)

In order to monitor the simulations, a graphical user interface (GUI) visualizing the
building environment was implemented. Figure 2 shows a snapshot of the environment
visualization GUI that visualizes the state of the building in terms of temperature, light



intensity of the rooms and the persons present in the rooms. In order to verify the
behavior of the MAS, a number of scenarios were simulated using this software.

The physical properties of the building were modelled using the thermodynamical
models described by Incropera and Witt [7]. These were discretized according to
standard procedures (cf. Ogata [11]).

All the thermodynamical characteristics of a room are described by two constants:
the thermal resistance, R, which captures the heat losses to the environment, and the
thermal capacitance, C, which captures the inertia when heating up/cooling down the
entities in the room. (In the quantitative evaluation below we use the sample time 1
minute.). The temperature, 7,;, in room x at time 7 is described by:

where P; is the heating power, T,,,; the outdoor temperature, and T . ;) is the temperature
in room x one minute ago.

4.1 The Quantitative Evaluation
A number of simplifications were made:
e only energy used for heating is taken into account, not for lighting etc.
e  constant outdoor temperature is assumed (10°C)
e negligible radiation from the sun (i.e., cloudy weather)
e the heat produced by persons in the room is ignored
e the heat produced by computers, lamps, and fluorescent tubes is ignored

Note that if we were to take into account any of these aspects, the performance of the
MAS approach would probably have been even more favorable compared to the other
approaches. For instance, since the MAS approach would take into account and make
use of the outdoor sunlight, both energy saving and customer satisfaction would increase
if we were to control also the lighting.

The building has five small offices (each used by one person), two large offices (3-5
persons), and one meeting room, and one corridor at each of the three floors. We use R =
0.1 and C = 3000 for the small offices in the building, R = 0.05 and C = 5000 for the
large offices, and R = 0.05 and C = 3000 for the meeting room. (Larger rooms have
greater losses to the environment than smaller rooms and there are fewer entities to heat
up/cool down in the meeting room.) In the small offices there is one 1000W radiator,
whereas in the large offices and the meeting room there are two such radiators.

In the scenario used in the calculations there are 12 persons working in the building
who share the following characteristics:

e prefer 22°C both at their offices and when in the meeting room
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the working day is normally nine hours with a one hour lunch break, i.e., on
average eight hours are spent in the building. However, there is a 20 per cent
probability that a person does not show up at all during a day (because of
meetings in another city, illness etc.)

on average there are five meetings in the meeting room each week

the length of a meeting is two hours on average

We assumed that the radiators use a simple (ideal) temperature control algorithm: To
raise the temperature, they use the maximal effect (i.e., I000W) to heat up the room to
the desired temperature. To maintain the desired temperature, they produce just the right
amount of heating power. Finally, to lower the temperature, the radiators are turned off.

4.2 The Results — Energy Saving

Four different approaches were compared:

1.

The thermostat approach: This is the current method of controlling the
environmental parameters of the Villa Wega building (and most other buildings
in the industrialized world). The people working in the building set the desired
temperature manually. However, since most people do not lower the
temperature in their offices when they go home, we assume that the temperature
is always set to 22°C both in the offices and in the meeting room.

The timer-based approach: This is a bit more sophisticated (in fact, it may well
be the smartest approach in current use). A timer starts raising the temperature
at 7 a.m. to 22°C in all rooms, and at 7 p.m. it starts to lower the temperature to
16°C, i.e., the thermostat is set to 22°C and 16°C respectively.

The reactive MAS approach: When a person is in the building, the temperature
of her office is set to 22°C, and when she is not, the temperature is set to 16°C.
Similarly, when the meeting room is empty the temperature is set to 16°C, and
otherwise to 22°C.

The pro-active MAS approach: makes use of the electronic diaries of the
persons working in the building in order to heat up the rooms to the preferred
temperature in advance. (Thus, it requires that the individuals keep their
electronic diaries updated.)

The results are described in the Table 1.

Table 1. The average weekly energy consumption of the four control approaches.

Control Average weekly
approach energy consumption
1. Thermostat 221.8 kWh
2. Timer-based 154.3 kWh
3. Reactive MAS 136.2 kWh
4. Pro-active MAS 137.0 kWh
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Thus, compared to first approach, we save almost 40% energy by using the MAS
approach and almost 12% compared to the timer-based approach. Note also that the pro-
active approach is only slightly more energy consuming than the reactive, but will
increase customer temperature satisfaction (see next section).

4.3 The Results — Customer Satisfaction

The saving of energy was only one goal of our system. Now we turn to the evaluation of
how the MAS fulfils the second goal of increased customer satisfaction. We will here
concentrate on the persons who work in the small offices. We use a simple linear model
of the degree of satisfaction with respect to temperature where 16 °C corresponds to 0%
satisfaction and 22 °C corresponds to 100% satisfaction.

In order to make an appropriate comparison we have to specify the distribution of
working time of the persons involved. We have assumed the distribution illustrated in
Figure 3 on weekdays, i.e., no work at all during weekends.

80 - — =
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Figure 3. The distribution of working time of the persons involved (the height of a bar
corresponds to the probability that the person is working in the building during that hour)

The results are described in Table 2.

Table 2. The average degree of temperature satisfaction of the four control approaches.

Control Average degree of temperature
approach satisfaction

1. Thermostat 100.0 %

2. Timer-based 91.8 %

3. Reactive MAS 97.7 %

4. Pro-active MAS 100.0 %

Thus, we see that the thermostat approach of course yields the maximal degree of
customer satisfaction since it keeps the desired temperature at all times. However, as we
have seen, the price for this is a very high energy consumption. The current method to
lower the energy consumption, i.e., using a timer-based approach, on the other hand, has
a significantly lower degree of customer satisfaction than the MAS-based approaches. In



addition, the MAS-based approaches enable us to control the trade-off between energy
saving and customer satisfaction in a much more sophisticated manner than, e.g., the
timer-based approach. Notice also that the assumed distribution of working time is quite
favorable to the timer-based approach. For instance, if we were to include over-time
work during weekends the results would be much worse while the performance of the
MAS-based approaches would be the same as before.

Admittedly, this evaluation of customer satisfaction is very coarse, ignoring many
aspects that would influence the degree of satisfaction experienced by the people
working in a building actually equipped with such a system, e.g., personal integrity
issues, and the extra work of keeping the diary updated. Privacy and integrity are very
interesting aspects, however, we believe that empirical studies based on field-tests are
necessary to assess these aspects properly. Actually, we are currently working with a
psychologist concerning these issues.

Also, developing more complex “contracts” with the customers would be a
possibility for the providers. For instance, the contract could be stated in the following
way: the average “satisfiability factor” should be 0.95 and/or it should not drop below
0.5 for more than ten minutes. Such contracts would open up further possibilities to save
energy.

5 Related Work

The research efforts on intelligent buildings and environments have increased rapidly
during the last couple of years. However, much work has been spent on either
developing infrastructures supporting such applications or finding solutions to particular
sub-problems, rather than on general control mechanisms on the system level. Also, most
current work do not make use of the flexibility that agent technology offers and therefore
we believe that its potential in this domain has not been sufficiently explored.

For instance, Hasha [14] describes a platform based on distributed active objects and
has many characteristics in common with a normal multi-agent system platform.
However, in the existing fielded implementation of this platform (the Gates Estate in
Medina, Washington, USA), both hardware and installation costs were very high. Since
it is based on a large number of computers (more than 120) connected via a dedicated
network, rather than on (potentially cheap) smart sensors and actuators equipped with
minimal processing capability and communicating with each other via the existing power
lines, we believe that this approach probably will be too expensive to be widely used also
in the future.

Another interesting piece of work is the Intelligent Room project at the MIT Al lab
[13]. Its main focus is on the interaction between the users and the system, in particular
how to integrate different sensor modalities, such as, vision, gestures and speech. In
contrast, our approach is to make this interaction as simple and transparent as possible
for the users (i.e., by just wearing a badge).

One of the approaches most similar to ours is the ACHE system [9], which also aims
at energy saving and increased personal comfort. While we have assumed that the
persons working in the building enter their preferences manually, ACHE learns these
automatically by observing the behavior of the persons of the building, e.g., when they
manually adjust the settings of lights or thermostats. An interesting idea would be to use
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this adaptability to learn, or at least fine-tune, the preference settings of our systems.
However, ACHE does not have any system for locating and identifying individual
persons and is thus unable to deal with personal preferences.

6 Conclusions

We have given a high-level description of a project aimed at investigating the usefulness
of the agent metaphor and the notion of multi-agent systems for the design of control
systems for intelligent buildings. The use of the agent approach was initially motivated
by the close mapping that it offered between the entities of the application domain and
the entities of the software. The concurrent non-deterministic nature of the activities
inside the building was another factor that led to the development of concurrent
autonomous entities.

We have presented a general multi-agent system architecture, which we argue can
be easily adapted to almost any building. Moreover, the agent system was designed to
allow for dynamic re-configuration of the agents, without any disruptions of the
operation of the system. This is a useful feature when changes in the building
infrastructure or of the persons in the building occur. Finally, we evaluated the approach
by means of qualitative computer simulations and quantitative analyses based on
thermodynamical models. Our results indicate that the approach is viable and that
considerable energy savings are possible while at the same time providing added value
for the customer. In addition, the approach enables a much more fine-grained control of
the trade-off between energy saving and customer satisfaction than is possible with
current approaches.

It is also worth mentioning that an agent-based approach permits even more
advanced control mechanisms than previously mentioned in this paper. For instance, it is
possible to let the agents take into account that the price of energy is not constant. We
have also been experimenting with more complex functionality, e.g., when a person
enters the building in the morning, her monitor is switched on and the coffee machine
starts making coffee. While the study of such functionalities is beyond the scope of the
work presented here, we believe that they will be very important when developing future
intelligent buildings.
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