
PREFACE 
 

AI has long lead the march towards intelligent behavior in computer systems. This has 
lead to emergence of techniques in perceiving the world (e.g., web-based systems, 
vision, speech, NLP), manipulating internal representations (e.g., knowledge 
representation, logic, uncertainty, utility, constraints), analyzing information (e.g., search, 
learning, planning, scheduling) and altering the world (e.g., robotics, multi-agent 
systems). They have resulted in many applications with profound impact to our daily 
lives and remarkable commercial successes. The time has come for AI to address even 
more challenging problems. 

One such problem is sustenance and improvement of quality of life for global citizens 
despite over-population and limited resources. As the world’s population increases and it 
puts increasing demands on the planet’s limited resources due to shifting life-styles, we 
not only need to monitor how we consume resources but also optimize resource usage. 
Some examples of planet’s resources citizens consume are water; energy sources – 
hydrocarbons, electricity; air – conversely, green-houses gases emitted; and food 
sources – plants and animals. Everyone (individuals, enterprises, governments) can do 
something in their realm for reducing resource footprint to alleviate the worsening 
situation. This is both an ethically good thing to do as well as makes a lot of economic 
sense.  

Championing this cause, industry has started using the prefix “smarter” to cyber-physical 
systems, which involve sensing the data through physical instruments, interconnecting 
and integrating them from multiple sources and analyzing them for intelligent patterns. 
There are multiple domains, all converging on a broader “Smarter Planet” theme. 
Consider a city. The city management, citizens and businesses may be interested in 
optimizing their usage of energy and water, while providing efficient infrastructure, 
transportation and public safety to all participants.  

The trend towards optimized cyber-physical systems, however, is not new to AI and in 
fact a subset of what has been pursued as intelligent behavior, but on a much larger 
scale of people and resources involved. We believe that AI has a big role to play in 
making all the stakeholders in the scope under consideration (individuals, building, 
campus, city, leading to the planet), and hence the planet, intelligent. 

The aims of the workshop are to: 
1. Draw attention of AI community to the domain of cyber-physical systems 
2. Identify unique issues of this domain and what new techniques may be needed 
3. Provide a platform for sharing best-practices and discussion 

 
We have identified 6 papers to be presented at this workshop, 4 as full papers and 2 as 
short papers. These papers focus on a variety of intelligent planet problems including 
data acquisition, data modeling, analytics and case studies.  
 
We thank the program committee and other reviewers for their efforts in providing 
constructive reviews to the submissions.  
 



We hope that this workshop is as enjoyable to the participants as it was for us to 
organize it. 
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Abstract
We present a novel negotiation protocol to facili-
tate energy exchange between off-grid homes that
are equipped with renewable energy generation and
electricity storage. Our solution imposes additional
constraints on negotiation such that it reduces a
complex interdependent multi-issue problem to one
that is tractable. We prove that using our protocol,
agents can reach a Pareto-optimal, dominant strat-
egy equilibrium in a decentralized and timely fash-
ion. We empirically evaluate our approach in a re-
alistic setting. In this case, we show that energy ex-
change can be useful in reducing the capacity of the
energy storage devices in homes by close to 40%.

1 Introduction
It is estimated that 1.6 billion people live without access
to electricity; mostly in the Indian subcontinent and Sub-
Saharan Africa [IEA, 2008]. This population is divided in
very small communities scattered over vast areas of land and
hence, providing them with centralized power distribution has
not been justified to date due to the huge capital cost of such
infrastructure and the lack of demand. However, the oppor-
tunity for demand cannot become established if there is no
supply. To address this dilemma, a number of initiatives
have begun to provide these communities with off-grid re-
newable microgeneration. infrastructure such as solar panels,
and electric batteries for storage1. However, these resources
are operated in isolation. Our aim is to investigate whether
the interconnection and decentralized coordination of such
resources could result in their more efficient use and be bene-
ficial to the connected homes in the community. We envision
that such interconnection and coordination could lead to the
creation of a grid from the ground up and allow these commu-
nities to take an evolutionary jump straight to the smart grid,
in the same way that many of them have bypassed landlines
and leapt straight to cell phone technology.

As a first step towards this vision, we investigate the pos-
sibility of exchanging energy between two interconnected
homes. The core challenge is to enable the autonomous coor-
dination of energy infrastructure in these individual house-
holds to ensure that energy is used efficiently. Given the
lack of a centralised system, absence of banking/payment sys-
tems and low-processing power at hand, we need a tractable
and decentralized energy exchange solution, that can operate

without financial payments between houses, and provides a
benefit to all participants, compared to being disconnected.

Now, the idea of energy exchange is not new. There are
several real world examples where energy exchange is used
to improve energy management between countries (e.g. Fin-
land and Sweden) and between cities (e.g. Dehli and Madya
Pardesh, India). Indeed, exchange of energy has already been
shown to result in efficient use of energy and cost savings in
utility companies [Ehtamo et al., 1988]. In this context, Ru-
usunen et al. [1991] considered a group of utility companies,
each owning a generator, connected together to form a power
pool. The cost of energy generation was different for each
company and varied over the course of a day, allowing en-
ergy exchange to be beneficial to all. In their solution, energy
generation and consumption is monitored by the pool opera-
tor who audits the cost and utility functions of the participants
and distributes the cost savings among them. The energy ex-
change takes place according to a static exchange agreement
which is established manually, prior to the exchange.

In contrast, Rosenschein and Zlotkin [1994] argued that
in general, such mediated solutions are unnecessary, and au-
tomatic negotiation between software agents is a more effi-
cient approach. They seek to design the rules of interac-
tion for these negotiations such that a society of agents, as
a whole, exhibits desirable properties such as stability (e.g.
Nash equilibrium), efficiency (Parteo-optimality) and sim-
plicity (strategy-proofness). Agents interact with each other
in a decentralized manner obeying the rules of encounter.
Careful design of such rules prevents the agents from being
able to exploit the system and also reduces the overall com-
plexity of interaction for the agents. They show examples of
such rules for certain domains but conclude that there is no
universal set of rules for general encounters and, therefore,
a specific set of rules is required for a specific domain. Our
work is in line with this approach, however, our setting is
more challenging than the ones they consider since negotia-
tion over energy exchange is multi-issue because agents are
required to decide over the amount of energy exchange and
also, how this exchange is scheduled across the day. Further-
more, these issues are interdependent as the recipient’s utility
for any period may depend on the energy received in earlier
periods (since energy can be stored in our setting).

1See the Rural Solar Homes in India
(www.tatabpsolar.com), the Solar Homes program in
Bangladesh (www.gshakti.org) and the Solar Village program
in Ethopia (www.solarsenegal.com).



More recent work addressing interdependent issues has fo-
cused on two tracks. Hindriks et al. [2006] attempt to re-
move interdependencies by approximating the utility space.
However, they conclude that their technique only works with
certain classes of utility functions where issues are not highly
dependent (which is not the case in the problem of energy ex-
change) and cannot be applied to more general cases. Hattori
et al. [2007], Ito et al. [2007], and Fujita et al. [2010] take
a different approach and assume a central authority (a medi-
ator) to which agents provide information about their utility
functions. This centre calculates the set of Pareto-optimal so-
lutions, from which the agents choose one. However, these
solutions require the presence of an unbiased and indepen-
dent mediator, capable of carrying out intensive computa-
tions. Such assumptions are hard to hold in our decentralized
setting where there is no centre and households are required
to negotiate directly to each other.

In contrast, in this paper, we address the problem of in-
terdependent multi-issues negotiation to exchange energy, by
providing a negotiation protocol which imposes three key re-
strictions on the offers that agents can make, and effectively
reduces this problem to a single-issue negotiation problem but
only minimally reduces the efficiency of the solutions found.
We show that our approach leads to a Pareto-optimal, dom-
inant strategy equilibrium and makes it easier for agents to
compute optimal offers. In more detail, this work advances
the state-of-the-art in the following ways:

1. We present a novel negotiation protocol that reduces the
complexity of interdependent multi-issue negotiation in
energy exchange problem, to a single-issue negotiation.

2. We prove that: (i) this protocol leads to a dominant strat-
egy equilibrium and (ii) the outcome is Pareto-optimal.
Offers can be calculated optimally using linear program-
ming and the negotiation stops in two rounds.

3. We empirically evaluate our protocol in an example and
show that in this case (i) the energy saved using our pro-
tocol can be up to 84% of the energy that can be saved
using the Nash bargaining solution (ii) agents can in-
crease their utility via our protocol up to 22% compared
to utility without exchange and (iii) agents can maintain
their utility with less battery storage (up to 37% less).

The rest of the paper is structured as follows. Our model is
explained in Section 2 followed by a discussion of a theoret-
ical solution in Section 3. Section 4 presents our negotiation
protocol and its properties. We evaluate our protocol in a spe-
cific setting in Section 5 and conclude in Section 6.

2 Energy Exchange In Homes: the Model
In this section, we outline a model of energy exchange in
two connected homes, each with a renewable generation unit,
some loads and a battery to store electricity. Specifically, let
� be an agent with a generation capability � � ���� ���� ���
representing the energy it can generate in n time periods and
a load � � ���� ���� ��� representing its loads requirements.
The battery is characterised by four parameters: a maximum
storage capacity, �, a maximum charging rate, ����, maxi-
mum discharging rate, ����, and efficiency �. The efficiency
describes the loss of energy when the battery is charged. We
describe the dynamic state of the battery by: the energy flow
into the battery (charge) � � ���� ���� ���, the flow going out

(discharge) � � ���� ���� ��� and the amount of charge stored
in battery at any given time � � ���� ���� ���.

The generation capability � denotes the energy that can be
generated, however, an agent may reduce its generation if the
energy to be generated can neither be used immediately nor
stored due to the limited battery flow or capacity. To cap-
ture this possibility, we use a generation, � � ���� ���� ���, to
indicate the actual energy generated and wasted energy, �,
to denote the energy that was not generated or wasted. It is
obvious that � � � ��.

Using the battery, an agent can compute an energy allo-
cation, � � ���� ���� ���, allocating the generated energy � to
loads �. Finally, the link flow � � ���� ���� ��� is used to denote
the flow on the link between agents.

The utility of agent � at time � is the ratio of load �� that
is powered at time �, to total load required (��). The overall
utility �� is the sum of these ratios, given by:

�� �
��

���

��
��

(1)

Thus, the goal of an agent is to power as much load as
possible to maximise its utility. The battery is useful here
as it gives the agent flexibility in deciding when to store and
when to use energy and thus, it enables the agent to find an
optimal energy allocation, ��, to maximize utility, given by:

�� � ������
�� � �

��

���

�
��
��

�
(2)

This can be transformed to a linear programming model
subjected to the following constraints:

Constraint 1: At any given time t, the allocated power
�� � � depends on the generated power ��, battery charging
flow ��, discharging flow �� and link flow ��.

�� � �� � �� � �� � �� (��)

Constraint 2: The current battery state �� depends on the last
battery state ������, charge ������ and discharge ������. The
charge flow �� � � is subjected to the battery efficiency �.
Also, the first state of the battery �� must equal the last bat-
tery state of the battery �� to ensure there is no net change of
battery charge over the day so that the utility remains depen-
dent only on the energy generated in � time periods.

�� �

�
������ � �� ������ � ������ � � � �

�� � �� �� � �� � � � �
(��)

Constraint 3: Allocated power �� must not exceed load ��.

�� � �� � �� � �� �� � � (��)

Constraint 4: The battery state �� must not exceed the max-
imum capacity �. Also, the battery state cannot be negative,
i.e. energy must be stored before it is drawn.

� � �� � � � �� � � (��)

Constraint 5: At any time period �, the battery charge flow
�� must not exceed the maximum charge limit ����. Also
charge flow is always positive.

� � �� � ���� � �� � � (��)



Constraint 6: At any time period �, the battery discharge flow
�� must not exceed the maximum discharge limit ����. Also
discharge flow is always positive.

� � �� � ���� � �� � � (��)

Constraint 7: Wasted energy �� is always positive and cannot
exceed the energy �� that can be generated at time �.

� � �� � �� � �� � �� �� � � (��)

Constraint 8: Battery efficiency must be between 0 to 1 (i.e.
0% to 100%).

� � � � � (��)
Now, an agent can compute an energy allocation ��

which maximizes its utility via Equation 2 and constraints
���� ���� ���. When an agent’s objective is to compute a link
flow that can maximize its utility, it can compute it as the
following. Given Equation 1, substituting for �� from ��:

�� �
��

���

�
�� � �� � �� � ��

��

�
(3)

The objective is then to find the optimal link flow ��, such
that Equation 3 is maximized:

�� � ������
�� � �

��

���

�
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��

�
(4)

subjected to all constraints ���� ���� ��� as listed above.
Given this model, the problem of finding an energy ex-

change agreement between two self-interested agents can
now be simplified to the problem of finding an agreed link
flow, �, that provides each agent with greater utility than when
disconnected (i.e., when � � �). However, the set of all such
links is exponential in the number of time periods and thus, it
is a challenging task for both agents to agree on a link given
that each agent will prefer a different one (i.e., the link which
maximizes its own utility).

In the next section, we elaborate on a game theoretic solu-
tion to find an agreed link flow between agents. In so doing,
we establish the benchmark against which we compare our
protocol (which we detail in Section 4).

3 The Nash Bargaining Solution: A
Theoretical Benchmark

Given the model above, we now describe a game theoretic so-
lution, known as the Nash bargaining solution [Nash, 1950;
1953], which allows the agents to find a satisfying solution
for both. Nash bargaining solution (NBS) is defined by four
axioms that must hold true: (i) invariance to utility scales (it
is independent of how agents scale their utility) (ii) symme-
try (it does not depend on the identity of agents), (iii) Pareto-
optimal (the outcome is such that no agent can improve upon
its utility without making another agent worse off) and inde-
pendence from irrelevant alternatives. These axioms define a
unique solution that maximizes the product of gains in utility
of agents. Note that the NBS does not provide the mecha-
nism by which agents might reach agreement, but it serves
as the solution concept against which we will compare our
own protocol. In the context of energy exchange, the gain
in utility comes from the fact that via exchange an agent can

avoid energy storage losses and utilize energy that will be un-
used otherwise. To be clearer on this point, if an agent has
100% efficient battery and infinite storage, it cannot increase
its utility via exchange.

Finding the NBS in the energy exchange problem basically
involves finding the link flow between agents that maximizes
the product of gains in their utility. Assuming two agents
� and �, let �� and �� be the utilities that agents can avail
when they are disconnected (also called disagreement utili-
ties). These disagreement utilities are the maximum utilities
that � and � can get when the link flow � � �, as we explained
in Section 2. Let the solution set ���� be the set of all fea-
sible link flows between � and �. Nash [1953] requires this
set to be compact1 and convex2 for the solution to be unique.
Since agents will only exchange if they get more utility than
their disagreement utilities, � � � ���� � ������� ������ �
���� ���. Given the set ���� , the Nash bargaining solution,
���� , is obtained by:

���� � ������
�

������� ���� ������� ��� (5)

This equation is subjected to constraints listed in Section 2
for both agents � and �. Given compactness and convexity,
computing the optimal solution is straight forward using con-
vex optimization. However, interdependency between issues
gives rise to a non-convex solution set with multiple NBS
[Fujita, Ito, and Klein, 2010] whereby stochastic optimiza-
tion techniques (we use simulated annealing) is needed to find
the NBS. In general, negotiation mechanisms which aim to
reach the NBS come with the implicit assumption that agents
reveal their information truthfully either to each other or to
a mediator so that the NBS can be computed. In a society
of honest agents, where time and computational power are
abundant, such mechanisms can be a good candidate to solve
the problem of energy exchange. However, these assump-
tions do not hold in our setting thus the direct use of NBS is
not valid in our setting. However, it can serve as an upper
bound of the performance of a negotiation protocol. In the
next section, we propose a negotiation protocol which does
not require such assumptions and can be used to reach energy
exchange agreements in the settings describe earlier.

4 Energy Exchange Protocol
Here we propose our energy exchange protocol (EEP) which
allows agents to make offers to each other in order to reach
an agreement on the link flow between them. We call these
offers link flow offers and the agreement, an exchange agree-
ment. The protocol imposes restrictions on the offers that
agents can make and dictates that whichever offer minimizes
the load on the link is selected as the exchange agreement.
The restrictions on the offers reduce the set of feasible solu-
tions between agents and ensure that the solution is reached
with certain properties (listed in Section 4.2).

Before we define our protocol, we define our assumptions
and terminology. We consider each exchange agreement in
isolation, independent of the past and future exchange agree-
ments. Also, we consider exchange over finite time (e.g. a

1A set is compact if it is closed and bounded.
2A set � is convex if for all � and � in � and all � in the interval

��� ��, the point ��� ���� ���� is in C.



day) which can be divided into exchange periods. An ex-
change period is a unit of time for energy exchange and con-
sists of at least one time period. A time period is an atomic
unit of time and each entry in a profile (e.g. energy gener-
ation) is described against a single time period. Given this
protocol, we assume two agents � and �, with utility func-
tions �� and ��, disagreement utilities �� and �� respectively,
and let �� be the set of possible link flows between them, i.e.
� � � �� � ������� ������ � ���� ���, the same set as de-
fined in Section 3. The EEP imposes three restrictions, ��� ��
and �� on the offers and allows agents to make offers at most
once such that the negotiation results in a dominant strategy
equilibrium and a Pareto-optimal outcome. The outcome (the
agreed link flow) is denoted by ���. Figure 1 describes the
EEP in detail.

4.1 Computing the Valid Link Flow Offers
Given the protocol, we now define how agents can compute
valid link flow offers. As discussed in Section 2, each agent
will prefer the link flow that maximizes its own utility. An
agent making an offer can compute a valid link flow offer
which maximizes its utility by using Equation 4 with two
more constraints, ���� ��� (in addition of (���� ������), and an
agent making a counter-offer needs to include a further con-
straint ��. In fact, agents can offer any link flow provided it
is valid, not just the one that maximizes its utility. However,
in Section 4.2, we prove that the dominant strategy for agents
is to offer the link flow that maximizes its utility, leaving no
need for them to strategize.

Before we explain the properties of the EEP, we give an
intuitive example to show how it will work in action:
Example 1. Imagine that in a society of agents, the following
are the already agreed conventions:

1. The total time of an exchange is 24 hours. The exchange
starts at 0600 hours local time and ends at 0600 hours
next day.

2. This day is divided into two exchange periods, each con-
sists of 6 two-hours-long time periods.

Given these conventions, an agent � computes a valid link
flow offer, �� � ��� �� �� �� �� ��������������������,
which maximizes its utility. Agent � makes this offer to agent
�. However, Agent � finds that its utility is maximized with
the link flow, �� � ��� �� �� �� �� ��������������������.
Since �� �3 ��, � makes this offer to �. Agent � accepts this
offer and exchange takes place as per ��.

4.2 Properties of Our protocol
Before outlining the properties, we describe our notation. Let
� be the set of valid link flows between � and � obeying
the rules defined by the EEP. If � � � � � ����� � �
then � �� � � � � � �� � �� ������ � �. For
example, if agent � prefers an exchange ��� ��������,
then ��� �������� is also a feasible link flow for �, since
��� �������� � � and ��� �������� � ��� ��������, al-
though ������ ��������� � ������ ���� � ���. It actually
follows that given a link �� � � � ������ � ����� � � �
� � � �� ��, then all � � � � � � � � �� are feasible and ��

is a strictly monotonically increasing function on this range.
3The inequality here is the vector inequality.

Energy Exchange Protocol (EEP)
1. Agent � submits a valid link flow offer �� to agent �. An offer

is valid if it meets the following criteria.
� The offer must have exactly two exchange periods. Each

exchange comprises of an equal number of consecutive
time periods. The sum of magnitude of energy in time
periods of an exchange period must be equal to other ex-
change period.

� � ���� �������� � � �

������

����

���

��

������
�

������

��

�������

��

������
(��)

� The amount of energy in each time period is equal.

� � ���� �������� � � � � �� � � � ���� � ������ (��)

2. On receiving the offer ��, Agent � has three options:.
� Reject: � can reject an offer, e.g. when exchange is not

beneficial to �. It happens when �� � � � � ����� � �.
Agent � indicates its rejection by sending the REJECT
message. The agreed link flow is ��� � �. The EEP
terminates.

� Accept: � can accept �� by sending the ACCEPT mes-
sage. The agreed link flow is ��� � �� . The EEP termi-
nates.

� Counter-offer: Finally, � can make a counter offer ��

which meets above criteria (��,��). In addition, it must
ensure that:

�� � �� (��)
3. On receiving the counter offer, ��, Agent � has two options:

� Accept: It can accept �� and send the ACCEPT message
to �. The agreed link flow is ��� � �� . The EEP termi-
nates.

� Reject: It can reject �� and send the REJECT message
to �. The link flow is not agreed, ��� � � . The EEP
terminates.

Figure 1: The Negotiation Protocol

This monotonicity arises from the fact that the negotiation has
been reduced to a single-issue, i.e. the amount of flow in one
time period (since the amount of energy in each time period
must be equal - see ��). Now we prove the properties.

1. Dominant Strategy Equilibrium
Theorem 1. The agent making an initial offer has a
dominant strategy which is to offer the link that maxi-
mizes its own utility.

Proof. Let’s assume two agents � and �, and �� � �
is the link that optimizes the utility of agent �. Let’s
imagine that � wants to manipulate the protocol by re-
porting some other link ��

�
� � to agent �. Table 1 lists

all possible scenarios that � faces in this case. It is ev-
ident that reporting �� weakly dominates reporting ��

�
.

Specifically, in the first two cases, reporting ��
�

gives the
same utility as reporting ��, however it is strongly dom-
inated in the rest of the four cases (unless ��

�
=��). Thus,

an agent maximizes its utility by reporting ��
�
� ��.

Theorem 2. An agent making a counter-offer has a
dominant strategy to offer the link that maximizes its own



Case Agent � reports��� Agent � reports �� Result
Chosen Link Chosen Link
������

�
� ��� �� ������� ��� ��

��
� � �� � �� �� ������ �� ������ ������ � ������.
�� � ��

� � �� �� ������ �� ������ ������ � ������.
�� � �� � ��

� ��
�

�����
�
� �� ������ �����

�
� � ������ � ��

� � �� � �� (monotonicity).
�� � �� � ��

� ��
�

�����
�
� �� ������ �����

�
� � ������ � ������ � ����� � � � � � � �� ��.

�� � ��
� � �� ��

�
�����

�
� �� ������ �����

�
� � ������ � ������ � ����� � � � � � � �� ��.

��
� � �� � �� �� ������ �� ������ ��� ���� � ������ � ������ � ����� � � � � � � �� ��.

Table 1: Reporting the link, ��, which maximizes its utility, is the dominant strategy for agent �.

utility.

Proof. Imagine agent � with �� � � which optimizes its
utility and �� � �, the offer it has received from agent
�. If ��

�
is the link that � wants to report � to manipulate

the protocol, then Table 1 lists all the possible scenarios.
Again, reporting �� weakly dominates ��

�
.

It is evident that revealing the link that maximizes its
utility, is a weakly dominant strategy for both initial-
offer and counter-offer making agents. As a by-product,
this property also renders the order, in which agents
make offers to each other, irrelevant. The solution is the
same no matter which agent commences the negotiation.
The result is always a dominant strategy equilibrium.

2. Pareto-Optimality
Let’s imagine that � � � � � ����� � � and ����� � �.
As proved above, agent � and � will reveal truthfully
the links �� and ��, that maximizes their utilities �� and
��. Assume that �� � ��, then the EEP dictates that ��

is the agreed link flow. Since �� maximizes �� and it
is unique (�� is strictly monotonic), any other link flow
which increases �� will decrease ��, hence the protocol
is Pareto-optimal.

3. Tractability
Our solution is tractable as each agent needs to make at
most one offer. Also, an optimal offer can be computed
using standard linear programming solver (Section 2).

5 Empirical Evaluation
Having proven the properties of our protocol, we now set-up
a realistic example to demonstrate its practical applicability.
To this end, we consider an example of energy exchange be-
tween two agents, where one agent has a 1.5kW wind turbine
and the other has a 1.75kW solar panel. The energy gen-
eration data for the wind turbine comes from a wind farm
near Lugo, Northwest Spain (www.sotaventogalicia.com),
while the output of the solar panel is estimated to be di-
rectly proportional to the daily radiance for the same re-
gion (www.re.jrc.ec.europa.eu/pvgis/apps/radday.php). We
use data for July 2010, estimate the average generation for a
day and scale it to match the output of a 1.5kW wind turbine
and a 1.75kW solar panel. At present, the load requirements
of homes in remote areas are not available so we use load
data, recorded and provided by a UK electric company in low-
income homes equipped with smart meters. We also assume
that agents have identical batteries that have a maximum ca-
pacity, � � ��kWh, a maximum charging rate, � � �kWh,
a maximum discharging rate, � � ��kWh and efficiency,

� � ���. We note that the generation data for agents have
some disparity and all other data (including loads) and batter-
ies are identical for both agents. Given these profiles, agents
can compute their utilities (without exchange) using a lin-
ear programming solver (see Section 2). We use IBM ILOG
CPLEX, a powerful optimizer, which provides easy and rich
methods to model constraints, variables and objective func-
tions and flexible interfaces to many development tools.

For a comparative analysis of our protocol, we compute
the utilities that agents can get (i) without exchange, (ii) by
computing the NBS using simulated annealing (see Section 3)
and (iii) by using our EEP (Section 4.1). Moreover, we con-
sider how these utilities vary as we reduce the battery flow
and storage capacity of agent � as shown in Figure 2.

Consider first Figure 2(a) which shows the utilities of agent
� and �, and the total energy saved via exchange, as the bat-
tery efficiency of agent � is reduced. All the other factors,
(including the battery efficiency of agent �) are kept con-
stant. We can see that agents can increase their utilities via
exchange. The amount by which it increases depends on the
type of solution used and the battery efficiency. The total en-
ergy saved via exchange is the energy which would otherwise
be lost (either in storage loss or due to limited battery flow
or storage - Section 3) without exchange. We also see that as
the battery efficiency of agent � is reduced, so does its abil-
ity to meet its load, therefore, its utility reduces. While for
�, this reduction in the battery efficiency of � does not affect
its utility for without exchange and with the EEP, however,
for the NBS its utility increases. The reason that � gets better
utility via the NBS as the battery efficiency of � is reduced, is
because storage loss for � increases and thus, the amount of
energy that can be saved in exchange via exchange increases,
as shown in Figure 2(a). However, this saved energy is the
result of cooperation between agents and the NBS divides it
between both agents and hence, the increase in utility of �.
Thus, with reduction in the battery efficiency, the energy ex-
change becomes more beneficial as agents can reduce their
storage losses by exchanging energy.

We also note that the NBS gives both agents better util-
ities compared to the EEP, however, its computation comes
with the assumptions discussed in Section 3. To compare the
EEP against the NBS, we measure the difference in the energy
saved using these solutions. We observe that this difference
depends on the battery efficiency of � and that the EEP can
save from 29% to 84% (Figure 2(a) and Figure 2(b), respec-
tively) compared to the energy saved with the NBS.

Figure 2(b) shows the utilities of the agents as the bat-
tery capacity of agent � is reduced. Again, as in Figure 2(a),
agents can get better utilities with exchange. Also evident is
the fact that as storage is reduced, energy exchange becomes
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Figure 2: Total energy saved and utility of agents (without exchange, with EEP and with NBS), as battery efficiency and capacity is reduced.

more useful as agents can exchange energy instead of storing
it. An important observation here is that an agent can main-
tain the same level of utility with a smaller battery via ex-
change that it obtains otherwise. For example, we see that �
maintains the same level of utility in exchange via our proto-
col with a 7kWh battery that it gets without exchange with an
11kWh battery. This corresponds to almost a 37% reduction
in battery size. Though, the same phenomenon can be seen
for battery efficiency, what makes battery capacity more in-
teresting here is the strongly correlated relationship between
the battery capacity and cost, and thus, reducing the battery
size will significantly reduce its cost.
6 Conclusion and Future Work
The problem of energy exchange in homes is an interdepen-
dent multi-issue negotiation problem. Such problems are
complex and computationally expensive to negotiate over.
We present a novel negotiation protocol, the EEP, which im-
poses certain restrictions to reduce the complexity of the en-
ergy exchange problem and leads to a dominant strategy equi-
librium and a Pareto-optimal outcome. We prove these prop-
erties of the EEP and demonstrate via example that agents can
increase their utility (up to 22%), reduce the required stor-
age capacity (up to 37% less) and that the energy saved using
the EEP can be up to 84% of the energy that can be saved
using the NBS. In our example, only the energy generation
data for agents is different and introducing diversity in other
data (e.g. loads) can make energy exchange more useful and
lead to even better results. We conclude from our presented
work and the empirical results that energy exchange between
homes has the obvious potential of better energy manage-
ment. Although, we have confined our vision to homes in
developing countries, energy exchange can also be useful in
the smart grid vision. In future work, we aim to extend this
model and investigate a similar set of rules to reach a dom-
inant strategy equilibrium in multiagent society with less re-

strictions. We also aim to investigate the cases where energy
generation is uncertain and where loads are deferrable.
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Abstract

Reliable and informative alarm processing is im-
portant for improving the situational awareness of
operators of electricity networks and other complex
systems. Earlier approaches to alarm processing
have been predominantly syntactic, based on text-
level filtering of alarm sequences or shallow mod-
els of the monitored system. We argue that a deep
understanding of the current state of the system be-
ing monitored is a prerequisite for more advanced
forms of alarm processing.
We use a model-based approach to infer the (un-
observable) events behind alarms and to determine
causal connections between events and alarms.
Based on this information, we propose implemen-
tations of several forms of alarm processing func-
tionalities. We demonstrate and evaluate the result-
ing framework with data from an Australian trans-
mission network operator.

1 Introduction

Many views grouped under the broad Smart Grid umbrella
agree that the power networks of the future will produce very
large volumes of data. Compared to current-day networks,
one source of additional data will be the deployment of more
sensors, including new types of sensors such as smart me-
ters. Furthermore, future networks will change their config-
uration more dynamically, to work with wind turbines and
other variable-output sources, and to handle overload, volt-
age, and phase imbalance issues caused by charging electric
cars [Ipakchi and Albuyeh, 2009]. This dynamic nature of
networks will further increase the volume of data generated.

An alarm is a message that signals a discrete event in
the network, such as automatic protection equipment trigger-
ing or an analog sensor measurement crossing a pre-defined
threshold value. As an example, Figure 1 shows a small ex-
tract from an alarm log generated by a transmission network.
The purpose of alarms is to alert operators to changes, sig-
nifying potential error conditions. However, actual faults fre-
quently give rise to “alarm cascades”, where the original fault
causes a range of secondary abnormalities, all of which gen-
erate multiple alarms, thus quickly overwhelming operators’
attention.

00:00:00 CB 1B A-B –OPEN–
00:00:00 CB 2B A-B –OPEN–
00:00:00 CB 2A A-B –OPEN–
00:00:00 CB 1A A-B –OPEN–
00:00:01 Line A-B KV LIMIT LOW
00:00:04 Line C-D KV LIMIT NORMAL
00:00:15 CB 1A A-B –CLOSED–
00:00:17 Line A-B KV LIMIT NORMAL
00:00:17 CB 1B A-B –CLOSED–
00:00:17 CB 2B A-B –CLOSED–
00:00:20 CB 2A A-B –CLOSED–
00:00:20 Line C-D KV LIMIT HIGH

Figure 1: Excerpt from an alarm log, spanning 20 seconds.
(Names have been simplified.)

This problem is widely recognised, and techniques that aim
to deal with it are collectively known as “intelligent alarm
processing”. Kirschen and Wollenberg [1992] identify three
functions that intelligent alarm processors should provide: re-
duce the number of alarms, provide a clearer idea of the cause
of the alarms, and recommend corrective actions to the oper-
ator. Adopting a similar view, McDonald et al. [1991] argue
that the role of alarm processing is to transform raw alarm
data into a format that is more digestible to a human oper-
ator. The increasing availability of networked sensors, and
the increasing dynamicity of the future power grid, will only
further emphasize the need for intelligent alarm processing
techniques to assist human operators in making sense of the
data that systems provide them with.

In this paper we present a model-based approach to
analysing the evolution of systems like electricity distribution
and transmission networks. We use a discrete-event model
that describes the possible behavior of the network, at an ab-
stract level. An online diagnosis process infers comprehen-
sive information about the (recent) evolution and the current
state of the network. This information is the basis for multiple
alarm processing functions, each of which provides a differ-
ent kind of meaningful summary that can be quickly grasped
by operators. For example, in the log excerpt in figure 1, the
group of alarms relating to the “A–B” line can all be explained
by one single cause (a transient ground fault on the line), and
clearly separated from the independent events (voltage fluc-



tuations) taking place at the same time on the “C–D” line.
The diagnosis engine takes as input a log of alarms, the

model of the network, and the state of the network (e.g.,
closed/open status of switches) at the beginning of the interval
to analyse. Taking the system state into account is essential,
because the causal links between events often depend on the
current status of network components. For instance, where
an electrical fault in one part of the network will propagate,
and thus which alarms it will lead to, depends on the status of
switches. Our model also includes time constraints between
events. Few earlier alarm processing techniques do this, no-
table examples being chronicles [Laborie and Krivine, 1997a;
1997b; Taisne, 2006; Cordier et al., 1998] and temporal con-
straint networks [Guo et al., 2010]. The result of the diagno-
sis process is a scenario, which is an evolution of the system
(i.e., series of states and transitions) that is consistent with
the observed alarms. There may be several scenarios that are
compatible with the observations, and preference is given to
those that contain the fewest unexplained and unlikely events.

The purpose of alarm processing is to extract those pieces
of information that are most relevant to the control room op-
erators in a given situation. This can take the form of com-
pact summaries of long event sequences, or highlighting the
most important events that the operator should be aware of.
The scenarios themselves contain far too much detail to be
presented to operators in raw form. Different filtering meth-
ods are applied to the generated scenarios, each extracting
a different type of summary to be presented to the operator.
In this paper, we present four different techniques, namely
alarm clustering, root cause analysis, fault-independent alarm
highlighting and highlighting of live alarms (cf. Section 4).
However, the result of the diagnosis process can be put to
more uses than these specific alarm processing functions. It
provides a powerful basis for implementing further functions
useful in a control room, such as computing plans for correc-
tive action.

We have developed a prototype system, which we tested on
a real alarm log, provided by TransGrid, the transmission net-
work operator in New South Wales and the Australian Cap-
ital Territory, Australia. In spite of being only a prototype,
the diagnosis engine and alarm processing functions are fast
enough to process all but the largest alarm cascades in less
than a minute. The network model that we developed is also
a highly simplified prototype; in spite of this, the system gen-
erates meaningful summaries in many instances.

2 Related Work

The literature contains a wide variety of techniques ap-
plied to alarm processing and fault diagnosis, including neu-
ral networks [Lin et al., 2004], expert systems [Protopapas
et al., 1991; McDonald et al., 1991], fuzzy logic [Meza
et al., 2001], tabu search [Wen and Chang, 1997], ge-
netic algorithms [Wen et al., 1995], chronicle-based ap-
proaches [Taisne, 2006; Cordier et al., 1998], and temporal
constraint networks [Guo et al., 2010].

Model-based alarm processing is a recurring theme in the
literature. Lin et al. [1998] use a power flow relation model.
Dahlgren et al. [1998] view causal relations between types

alarms

initial state

network
model

diagnosis
engine scenario

filtering
method 1

summarized
data

...
...

filtering
method N

summarized
data

Figure 2: Architecture of the alarm processing system. The
diagnosis engine creates a scenario (cf. Sections 3.2 and 3.3),
which is the basis for multiple filtering methods. Each filter
creates a different kind of summary view of the alarm log,
which is presented to the operator. In Section 4, we describe
four different filtering techniques.

of alarms as model-based knowledge. A similar approach
is followed by Larsson and DeBor [2007; 2002]. More re-
cently, Guo et al. [2010] have used temporal constraint net-
works (TCNs) as a model. This permits specifying temporal
constraints on the occurrence of individual events, as well as
between cause-effect pairs of events. However, this model is
still limited to defining such causal relations statically, i.e.,
whether or not one event causes another does not depend on
the state of the network. This precludes specifying many es-
sential aspects of the behaviour of the network. For example,
a circuit breaker opening may cause automatic shutdown of a
generator, if the opening of that breaker isolated the genera-
tor from a significant part of its load; but whether or not this
is the case clearly depends on the state of other switches.

A notable work in this context is that of Laborie and Kriv-
ine [1997a; 1997b]. They use a more detailed model, very
similar to ours, containing the topology of the network to-
gether with an automata-based description of the behavior of
each component type. The main difference between their ap-
proach and ours lies in how this model is used. They use the
model for an off-line simulation of the system, which is used
to pre-compute a collection of event patterns called chron-
icles. These chronicles are then compared on-line against
the evolving alarm log, and the output of alarm processing
is matching instances of chronicles appearing in the log.

Lin et al. [1998] present a combination of rule-based and
model-based alarm processing. Rule-based reasoning per-
forms message synthesis. A power flow relation model is
used to find relations between alarms. The model contains
the topology of the system (components and connections) to-
gether with information on how changes in the parameters of
one component will affect the parameters of other, adjacent
components. The program is tested on alarms corresponding
to incidents at the Taipei Mass Rapid Transit System.

3 Overview of the Approach

The overall architecture of our alarm processing system is
summarized in Figure 2. In this section we discuss briefly
each of the main components and the way they work together.

3.1 Network Model

The model we use contains all the application-specific knowl-
edge on which the inferences made by the diagnosis and



componenttype Generator {

var status : { on, off };

var status_changing : bool;

var runback : bool;

// output events (observable)

observable event runback_alarm;

observable event runback_reset;

observable event unit_status_ON;

observable event unit_status_OFF;

// output events (for synchronization)

event isolator_open;

event isolator_close;

// shutdown

transition begin_shutdown

status = on and status_changing = false

-> status_changing := true;

transition shutdown_breaker_open

status = on and status_changing = true

-> isolator_open;

transition shutdown_turn_off

status = on and status_changing = true

-> unit_status_OFF;

transition shutdown_complete

status = on and status_changing = true

-> status := off, status_changing := false;

// startup

transition begin_startup

status = off and status_changing = false

-> status_changing := true;

transition startup_breaker_close

status = off and status_changing = true

-> isolator_close;

transition startup_turn_on

status = off and status_changing = true

-> unit_status_ON;

transition startup_complete

status = off and status_changing = true

-> status := on, status_changing := false;

// runback

transition runback_alarm_unexplained

true -> runback := true, runback_alarm;

transition runback_reset_unexplained

true -> runback := false, runback_reset;

// the runback alarm can reset when the generator is off

transition runback_reset_when_off

status = off -> runback := false, runback_reset;

}

Figure 3: MMLD model of the Generator component type.

The model has been slightly simplified for readability. For

example, time constraints have been left out.

alarm processing system are made. The advantage of the

model-based approach is reusability: to adapt the software

to changes in the network, or to deploy it in a new network,

only the model needs to be updated. We designed a speci-

fication language, called MMLD, for describing the model.

Here, we will not discuss the syntax of MMLD, but focus on

the underlying concepts.

The model is a component-based, discrete-event dynam-

ical system [Cassandras and Lafortune, 1999]. (It can be

viewed as a factored description of a very large finite state

machine, augmented with time constraints.) Power grids are

very large, but consist of many instances of the same, rela-

tively few, component types. We separate the model into de-

scriptions of the behavior of component types, and the topol-

ogy, which enumerates the actual components, of each type,

and describes how they are interconnected in the grid. This

separation makes the model specification more compact, and

further improves reusability since component types are also

generic, to some extent. An example of a component type

model, slightly simplified, in MMLD syntax, is shown in Fig-

ure 3. The component type is a power generator.

The model of a component type describes its dynamical

behaviors, both nominal and abnormal, at a relatively high

level of abstraction. At this level of abstraction, a component

(instance of the type) can be in one of a finite set of discrete

states, and changes between states by discrete events. Each

component type has a set of (local) transition rules, which

define under what conditions it may, or must, change its (lo-

cal) state. Causal relations between events are enforced by

the transition rules preconditions and effects on the compo-

nent state, and by time constraints: a minimum time con-

straint specifies that the transition must be enabled for at least

a certain amount of time before it fires; a maximum time con-

straint specifies that the transition must take place if it is con-

tinuously enabled long enough. For example, fault current

through a protection relay not only enables it to trigger cir-

cuit breakers, but forces it to do so within a set time limit.

Components interact by two mechanisms. The first is syn-

chronisation of events. When a certain event takes place

in one component, the synchronised event occurs simultane-

ously in the other component. This is used to model fast inter-

actions, such as, for example, the trip signal from a protection

relay to a circuit breaker. The second is that transition rule

preconditions may refer to variables in neighbouring com-

ponents, and to certain global properties of the state of the

network, such as, for example, the existence of a conducting

path to an active generator.

For the purpose of alarm processing, the most important

distinction in the model is between events that can be ex-

plained, i.e., that follow logically from earlier events (ob-

served or unobserved), and events that have no visible ex-

planation, i.e., that are simply hypothesised to have occured.

These are analogous to the “root cause” events that explain

observed alarms in simpler model-based approaches [Wen

and Chang, 1997; Wen et al., 1995; Dahlgren et al., 1998;

Guo et al., 2010]. Given a log of observations, the diagno-

sis engine will find a scenario that contains the fewest unex-

plained events. We can also assign different likelihoods to

unexplained events, to find the most likely explanation.

The level of detail captured in the model represents a trade-

off between its explanatory power and the complexity of rea-

soning. For example, circuit breakers opening to isolate a line

(perhaps triggered by a protection relay) may cause a change

in the flow of power through other parts of the network, trig-

gering, for instance, a low voltage alarm. Because our model

does not include many detailed aspects of power flow (those

calculations would be too expensive to carry out as part of

the diagnostic reasoning) we may not be able to explain the

voltage alarm. But, we can explain, e.g., an alarm indicating

that voltage has dropped to zero on the isolated line, because

this follows from a simpler, qualitative causal relationship.



[Line C-D KV LIMIT NORMAL] [Line C-D KV LIMIT HIGH] Line A-B
trans. fault

[CB 1B A-B --OPEN--] [CB 2B A-B --OPEN--] [CB 2A A-B --OPEN--] [CB 1A A-B --OPEN--]

Line A-B
isolated[CB 1A A-B --CLOSED--] [CB 1B A-B --CLOSED--] [CB 2B A-B --CLOSED--] [CB 2A A-B --CLOSED--]

[Line A-B KV LIMIT LOW]Line A-B
re-energized

[Line A-B KV LIMIT NORMAL]

Figure 4: Scenario found by the diagnosis engine (simplified for readability). Shaded events are unobservable. Edges represent

causal relationships.

3.2 Diagnosis Engine
We use a generic discrete-event systems diagnosis solver (di-

agnoser). It takes as input 1) a network model in MMLD

format, 2) the (possibly partially known) initial state of the

network describing e.g. which switches are open/closed, and

3) the observations (alarms) generated by network devices.

The reasoning performed by the diagnoser is similar to dis-

crete state estimation under incomplete information [Zanella

and Lamperti, 2003]. It involves finding a discrete state se-

quence that is compatible with the observations and that min-

imizes the occurrence of unlikely events, such as faults and

other spontaneous, inexplicable events. This is a hard com-

binatorial problem, due to the very high number of states the

system may be in. For example, in an electricity network with

n switches, the open/closed status of the switches alone rep-

resents 2n
different possible discrete states. This makes the

use of trivial enumerative methods ineffective.

Our diagnoser uses satisfiability (SAT) algorithms as the

search mechanism. The SAT problem involves finding an

assignment of values true and false (equivalently, 1 and 0)

to a number of Boolean variables so that the set of clauses

(Boolean sum of variables and negated variables) represent-

ing a Boolean function is satisfied (evaluates to true). The

Boolean variables correspond to the state variables of the sys-

tem at different time points, representing a sequence of states,

and the events that take place at different time points. Clauses

express dependencies between state variables within one time

point or between consecutive time points and the observation

sequence [Grastien et al., 2007].

A SAT algorithm, enhanced with conflict-directed clause

learning [Moskewicz et al., 2001], is used for finding a value

assignment to the variables. Minimization of unlikely events

is achieved by repeatedly finding solutions with stronger and

stronger constraints on the number of such events.

The SAT approach to diagnosis requires a bound N on the

number of consecutive states. This bound is obtained from

the number of observations made. Then a propositional for-

mula Φ is defined that constrains the value of each state vari-

able after the ith timestep (for all i ∈ {0, . . . , N}) and the

event occurrence at the ith timestep (for all i ∈ {1, . . . , N}).

For instance, if the event cb open can take place only

when the state variable cb state equals closed, then the

formula would include: (¬cb open@1 ∨ (cb state =
closed)@0) which specifies the above property for the first

transition. The formula is augmented to enforce the initial

state and the observations. Any assignment of the variables

satisfying Φ represents a scenario, i.e., a system evolution

consistent with the given observations.

The time constraints require specific treatment. The

timesteps are defined with respect to the alarms and the

alarms are timestamped. Additional constraints are included

in the SAT formula to ensure these time contraints are sat-

isfied. Consider for instance that a specific circuit breaker

requires at least 1s delay to notice an overload; consider

further that the timestep 1 to 6 are stamped as follows:

τ(1) = 0s; τ(2) = 0.2s; τ(3) = 0.5s; τ(4) = 1s; τ(5) =
1.3s; τ(5) = 1.6s. Then the event overload detected
can take place at timestep 5 only if the overload state vari-

able equals true before 0.3s, i.e. at timestep 2. This is

encoded by the following formula for all t ∈ {2, . . . , 5}:

overload detected@5→ (overload = true)@t.
To minimise the number of undesirable (i.e., unexplained

or unlikely) events, we augment the formula Φ with a cardi-

nality constraint on the number of occurrences of such events

[Anbulagan and Grastien, 2009]. This constraint is initially

set to 0 in order to find an explanation with no unlikely event

and it is incremented until the SAT formula becomes satisfi-

able, thus exhibiting a preferred scenario.

3.3 Scenarios
A scenario S = (Σ,Θ) is a double sequence of global states

Σ and global transitions Θ, where a global transition t ∈ Θ
is a collection of synchronized local transitions, and a global



state to a collection of local states. The first state q0 of Σ is

an instantiation of the (possibly partially unspecified) initial

state of the instance. Each transition ti ∈ Θ leads the system

from state qi−1 to state qi. There are several ways a transition

can affect a component state: directly if the triggering event

of the transition takes place in the component, through event

synchronisation if the triggering event forces an event on the

component (for instance, a sensor detecting a fault may force

a circuit breaker to open), or through dependant variables (for

instance, an isolator electrifying all lines in a feeder).

Figure 4 shows a graphical representation of the scenario

found by the diagnosis engine for the small example log in

Figure 1. (The picture shows only the events that occur in the

scenario, not states.)

4 Scenario Filtering
Scenarios computed with model-based diagnosis are a rich

source of information, but are too detailed to present directly

to operators. Further processing is required to obtain sum-

marized data that an operator can quickly understand. In this

section we discuss four alarm processing functions, each pro-

viding different types of information to the operator.

4.1 Alarm Clustering
Alarm clustering partitions an alarm log into causally inde-

pendent subsets which can be understood more easily.

Clustering is performed on all events in a scenario, includ-

ing unobservable ones that have been inferred from entries in

the alarm log. The clustering of the alarm log is then trivially

obtained by filtering away all hidden events. In the rest of

this section, we use the term cluster to refer to collections of

events including unobservable ones.

For example, in the scenario found by the diagnosis engine

for the alarm log in Figure 1, the set of all alarms referring

to the A-B line, together with several inferred unobservable

events, form a cluster. The two alarms referring to the C-D

line, however, are not clustered, because there is no (apparent)

causal relationship between them.

Our clustering is based on partitioning by an equivalence

relation (transitive, reflexive, symmetric), which expresses

causal dependencies between events. Let S = (Σ,Θ) be

a scenario with an ordered set of states and an ordered set

of global transitions. A global transition t ∈ Θ is a collec-

tion of synchronized local transitions. As synchronized local

transitions are interrelated, they will all belong to the same

cluster. Additionally, transitions connected with cause-effect

relations belong to the same cluster.

The clustering algorithm (Algorithm 1) captures both these

types of relations between transitions. It processes global

transitions from Θ in order. When the ith transition t ∈ Θ is

processed, RelatedClusters computes a collection R of zero

or more clusters which we call a support cluster set for t.
By definition, a support cluster set is a subset of the clusters

built so far with the property that applying their transitions in

the same order as in Θ, starting from the initial state, results

in a state where the preconditions of t hold. Furthermore, a

support cluster set is set-inclusion minimal.

Notice that it is possible that several support cluster sets

exist for a transition t. For example, a given precondition of t

could be supported independently by two different transitions

t� and t�� belonging to two different clusters c� and c��. We

can add either c� or c�� to a support cluster set. Our algorithm

builds only one support cluster set per transition t. The imple-

mentation detailed in Algorithms 2 and 3 favors considering

as related to t the most recent of transitions t� and t��.
Depending on the size of R, one of the following outcomes

can happen in MergeClusters: (i) If |R| = 0, a new cluster is

created and t is added to the new cluster. Since t doesn’t need

any of the previous transitions in the scenario to support its

preconditions, t is considered independent from the previous

transitions. In this case, t becomes the seed of a new cluster.

(ii) When only one cluster is sufficient to support t’s precon-

dition, t is added to that cluster (|R| = 1). (iii) When two

or more existing clusters are required to support t’s precondi-

tions (|R| > 1), all those clusters are merged and t is added

to the resulting cluster.

Algorithm 1 Clustering(Σ,Θ)
C ← ∅ {initialize set of clusters}
for all t ∈ Θ do
R ← RelatedClusters(C, t) {return zero or more clusters

related to transition t}
c← MergeClusters(R) {return one (possibly empty) clus-

ter}
extend c to include t
c→ C {add c to set of clusters}
C ← C \ R {remove previously merged clusters}

return C

Algorithm 2 RelatedClusters(C, t)
R← ∅ {initialize set of clusters related to t}
T ← C {copy the contents of C into temporary data structure}
for all c ∈ C do

if Related(T , c, t) then
c→ R

else
T ← T \ {c}

return R

Algorithm 3 Related(C, c, t)
T ← C \ {c} {initialize temporary data structure}
θ ← all transitions from T in order

σ ← γ(σ0, θ) {apply transitions contained in θ starting in

initial state σ0 and store resulting state σ}
if t is applicable in σ then

return false {t is independent from c}
else

return true {t depends on c}

4.2 Root Cause Analysis
Root cause events are the unexplained spontaneous events,

whose preconditions do not necessarily depend on other

events. For example, in the scenario depicted in Figure 4,



the transient fault on line A-B is the root cause of the entire
large cluster of events. Root cause idenfication is immediate
from the scenario: we simply select those spontaneous events
labelled as unexplained or faults.

The combination of alarm clustering and root cause anal-
ysis offers an additional option, allowing to focus root cause
analysis on a subset of the alarms.

4.3 Alarms Independent of Catastrophic Events
A catastrophic fault can create a cascade of many follow-up
alarms. Such follow-up alarms get mixed in the alarm log
with alarms that are independent from the catastrophic event.
As a result, incident-independent alarms could get lost unless
they can be automatically filtered from the alarm log.

Alarm clustering is well suited to provide such function-
ality. Once a scenario is partitioned into clusters, the set of
incident-independent alarms can be computed as the set of
alarms from the clusters that do not contain the incident event.

4.4 Live Alarms
Our fourth alarm filtering technique is highlighting what we
call “live” alarms. Intuitively, live events are part of a pro-
cess that has started but not yet converged back to the normal
(nominal) state of the involved network components. For ex-
ample, the alarm “Line C-D KV LIMIT HIGH” in Figure 1 is
a live alarm, since it indicates that the component is not in its
nominal state. However, subsequence “Line A-B KV LIMIT
LOW” followed by “Line A-B KV LIMIT NORMAL” is not
live, since the component is at the end back in its nominal
state.

Model based reasoning followed by scenario clustering of-
fers a good basis for highlighting live alarms. Selecting only
the alarms from clusters whose current last state is not a nom-
inal state will provide the desired functionality.

5 Experiments
TransGrid, the operator of the transmission network in New
South Wales, provided us with the topology of their network
(i.e., the list of components and connections between compo-
nents), and a log containing 2246 entries (alarms and com-
mands). The log covers roughly fifteen hours: the first two
thirds are routine operation, then a major fault situation arises
and the rest of the log chronicles the operators’ efforts to re-
configure the network to restore service.

Based on this data we built a model of the TransGrid
network, including a discrete state/transition model of each
component type, and the network topology which determines
event synchronisations between components, as discussed in
Section 3.1. We focused on a subset of alarm types, mainly
those related to the primary electrical system (e.g., switch
gear state changes, high/low voltages, etc). Restricted to
these types, the total number of observations (alarms and
commands) is only 731.

For the purpose of experimentation, we split the alarm log
into (a) fixed size (one minute) time windows, and (b) vari-
able sized windows separated by periods of at least one min-
utes silence (i.e., where no alarm is generated). This gave us
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Figure 5: Runtime wrt the number of unexplained events.

129 problem instances. For each of those we extract a cor-
responding model, which contains only the parts of the net-
work that are potentially relevant to reasoning about this set
of alarms. This subnetwork is computed iteratively, starting
with the components that emitted the alarms in the instance
alarm log. Components that may influence (according to the
model) components already in the subnetwork are added, un-
til a fixpoint is reached.

For each problem instance, we ran the diagnoser to gener-
ate a preferred scenario, and then used the methods presented
in the previous section to generate clusters of alarms. We set
a limit of one minute for the entire process (scenario gener-
ation and filtering). This is somewhat generous, as operators
would probably prefer an answer within a few seconds, but
our implementation being only a prototype, we believe it can
be easily improved by a factor of 10 or more.

Out of 129, 16 instances were not solved within the time
limit. The most difficult of these instances involves 105 com-
ponents and 146 alarms, and the SAT problem was so large (in
terms of boolean variables and clauses in the SAT formula)
that it could not even be read by the SAT solver; the simplest
one involves 36 components and 16 alarms. However, what
really makes the problem hard is the number of unexplained
events. Remember that the preferred scenario is defined as
the path in the model that matches the observations and min-
imizes the number k of unexplained events. Therefore, the
problem is much simpler when k is small. This is illustrated
Figure 5. The model we used in the experiments is quite sim-
ple, and in many cases is not able to link a single unexplained
event to as many alarms as it should. A more precise model
would decrease k, and hence improve both the runtimes and
the quality of scenarios.

There are no metrics to determine how good a filtering is:
on the one hand, having few clusters shows that many alarms
are related, while on the other, having many clusters shows
that unrelated events have been successfully taken apart. Nev-
ertheless, the usefulness of the filtering method is obvious in
several cases. For the example log in Figure 1, for exam-



ple, a large cluster of related alarms (the four circuit breakers
opening to isolate a line and later reclosing), and a single root
cause for this cluster, is identified, and the second of the re-
maining two of unrelated alarms (showing voltage fluctuating
in a different part of the network) is highlighted as live. An
unrelated event like this can be quite important, while being
very easy to miss in the flood of alarms. Our alarm processor
can draw the operator’s attention to it.

6 Conclusions
Intelligent alarm processing tools are important for control
room operators who supervise and manage large-scale sys-
tems, such as power networks. Scalable and accurate alarm
processing capabilities are becoming even more critical as
increasing instrumentation of networks generates a dramat-
ically larger volume of alarm data.

Earlier approaches to alarm processing have been predom-
inantly syntactic, based on text-level filtering or shallow sys-
tem models. We have presented an approach that uses a com-
prehensive model of a network, including functional models
of all components as well as the global behavior that emerges
from intercomponent interactions. Online model-based di-
agnosis ensures that important information, such as the cur-
rent state of the network, is taken into account when applying
alarm processing algorithms. We demonstrated our ideas on a
model representing the network of a leading Australian trans-
mission company.

Future work includes developing a more refined and de-
tailed network model, and analysing several scenarios at a
time, for a more comprehensive diagnosis. We are also inter-
ested in performing alarm processing incrementally, updating
the output as new alarms arrive.
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Abstract

This paper presents an approach of HTN planning
technology devoted to design personalized visits to
a city depending on the tourist attractions of the
city, the preferences of the visitor, his/her budget,
available time and even his/her disabilities. There-
fore, the city intelligently adapts to every potential
visitor and offer them its best choice becoming a
customized tourist experience because it has been
exclusively designed for them.

1 Introduction

There is no doubt, the world is changing. People are now
placed at the center of the technology more than ever be-
fore, providing new customized services adapted to his/her
needs and preferences and able to share it with his/her so-
cial environment. Most of this technology is also becom-
ing smarter, with expert knowledge playing a central role.
Knowledge becomes one more tool, it is instrumented, rep-
resented and processed by programs, giving Artificial Intel-
ligence and Knowledge Representation technologies a clear
opportunity to bridge the gap to the practical side of the
world. These knowledge-based programs would be able to
offer added value capabilities similar to those offered by hu-
man experts. This does not mean that they are intended to
substitute for humans, but to complement and empower them,
as Keith Swenson says [Swenson, 2010]: ”We support the
worker, but do not replace their decision-making ability”.

This paper presents an approach based on these assump-
tions focused on tourism activities within a given city. The
core of the approach is an HTN planning engine that has been
used before to plan for civil emergencies, e-learning problems
[Castillo et al., 2010] or to design oncology treatment plans
[Fdez-Olivares et al., 2011] among others. When someone
talks about real world applications of planning and schedul-
ing one leans to think of complex artifacts plenty of complex
knowledge representations, with a hardwork employed to in-
terconnect the planning engine with some legacy systems.
And in many cases it is true.

However it is not the case of the application shown in this
paper. This paper features a very simple, but powerful, plan-
ning application devoted to the design of personalized visits

to a city depending on the tourist offer of the city, the pref-
erences of the visitor, his/her budget, available time and even
his/her disabilities. It is Smartourism1, a web application that
is being used in the tourism portal of the city of Granada in
Andalusia (Spain) since october 2010, generating an average
of about one thousand of plans per week, and that is currently
being implemented in a number of other Spanish cities.

In the era of the internet of things, everything is inter-
connected, producing an overwhelming flow of information.
Tourism is one of the areas experimenting this explosion of
information making it more feasible, but also more diffi-
cult, to design a plan to visit a city. The web contains large
amounts of information that allow us to plan the flight, book
hotel rooms, discover opening and closing hours of buildings,
monuments, show their main features, stories and even the
price of tickets. All this is possible. But it also makes the
search slower and complex for potential visitors that have to
gather information, select the most appealing visits, arrange
the targets, prioritize them, compose a plan, check the budget,
look for pathways to move from one place to another and con-
sider the time taken and the opening hours, etc. Smartourism
does the search for the visitor, select the most appropriate ac-
tivities based on visitor’s profile, compose an activity plan,
and sequence it along a timeline depending on the schedule
of every selected visit, design door to door instructions in the
case of moving by foot, in a matter of seconds.

This process is carried out for every visitor, so the outcome
is a customized experience for everyone. Smartourism is ac-
cessed from public civil services web sites, as of cities, or
clusters of cities, and gather statistics about the tourist de-
mands that can be used to gain a deeper knowledge about
visitors and their preferences and to improve the quality and
use of the tourist services offered. In summary, Smartourism,
a relatively simple artificial intelligence planning application,
may be used to improve the tourist offer and associated re-
sources of a city, give a higher quality welcome to visitors in
less time with a lower cost. All the ingredients for a city to
become smarter.

2 The problem

Generally speaking, the problem is the selection and arrange-
ment of a sequence of visits to different tourist attractions of

1www.smartourism.com



a city. This visit plan has to be designed taking into account

the following variables:

1. The resources included in the plan must match the pref-

erences of the visitor, specified in terms of the artistic

style, type of activity among others.

2. The opening hours of the resources must coincide with

the available time of the visitor. Movements across the

city must be planed to fit within these opening hours.

3. The visitor must move from one point to another and

must be provided with instructions on how to move, ei-

ther by taxi or by foot, including door to door instruc-

tions (a multimodal transport plan is not available to date

in Smartourism).

4. The amount of money spent in the visit must be within

the limits allowed by the visitor.

5. Every resource, and in fact the whole plan, must be pre-

pared for mobility disabilities if the visitor declares this

impairment.

6. If required, the plan must include a selection of restau-

rants to have lunch in the nearby during the visit, accord-

ing to visitor preferences and budget.

7. The visitor must be able to modify the suggested visit

plan to adapt it on the fly.

As a result of the problem, Smartourism must suggest, ba-

sically, what to do, where to go and at which time, during the

whole visit.

3 The technology behind the scenes
From a technical point of view, it is basically a temporal plan-

ning problem with some scheduling flavor, that is, how to ar-

range an undefined sequence of actions along a timeline sub-

ject to some temporal constraints given by movements from

one point to another and opening hours. The approach pre-

sented in this paper builds on previous results obtained in a

research project named SAMAP [Castillo et al., 2008] part of

which has been successfully transferred for commercial ex-

ploitation to IActive Intelligent Technologies, a spin-off of

the University of Granada. In particular it refers to the Hi-

erarchical Task Network (HTN) planning approach [Castillo

et al., 2006] to this problem that has been redesigned and re-

named as Smart Process Management technology (SPM). It

allows for the design of processes built on top of a Simple

Temporal Network [Dechter et al., 1991] as a flexible tempo-

ral plan. These processes must be understood as sequences of

actions (in sequence or in parallel) that achieve a certain goal

in a given context based on an initial state of the context and

the represented expert knowledge that determines how one

can act in this context. These are the components of Smart

Process Management technology, borrowed from HTN plan-

ning:

• Context Model of the environment in which the plan is

to be executed, the types of objects, their properties and

their relationships. In terms of PDDL, the Planning Do-

main Description Language [Edelkamp and Hoffmann,

Figure 1: Four basic graphical constructs of Expert Knowl-

edge: compound goals that may be decomposed into one or

more subgoals by following decomposition methods. A goal

may be decomposed by following multiple, alternative meth-

ods and one or more subgoals may be tasks which are non-

decomposable, primitive activities. All these elements are re-

lated by means of arrows to represent precedence constraints.

2004] this is the hierarchy of types of the planning do-

main and it is represented in UML 2.0 to ease a wider

adoption.

• Initial state. Initial state of the objects in the context, that

is a dump of the specific values of the properties and re-

lationships of any object in the problem. It is equivalent

to the :INIT section of PDDL and it may be extracted

from corporate databases as an XML file.

• Expert Knowledge (EK). Hierarchical representation of

the actions that may be done in the context, in terms of

compound actions (named goals) and their constituent

subactions (named tasks). EK uses a very simple

graphical language with only four constructs (Figure 1).

Among other aspects, the EK represents preconditions

that must be met for each action and their effects on

the properties of the objects it affects to, temporal con-

straints, metadata associated to actions, etc. In summary,

this EK is the HTN domain itself, but following a graph-

ical interpretation [Palao et al., 2011] of the textual lan-

guage proposed in [Castillo et al., 2006].

• Goal. Description of high level goals to be carried out to

solve a problem. They may be specified either explicitly

by an expert or implicitly (e.g., ”solve all problems en-

countered in the context” or ”visit as many monuments

as possible today”).

• Process. It is a timed action plan (with an estimated time

of start and end for every action) that determines the se-

quence of activities to be carried out, extracted among

those available on the EK, that can be applied in the ini-

tial state with regards to achieving a goal.

These components are modeled, represented and validated

in an integrated environment whose two main components



are:

• Decisor. It is the intelligent component that is respon-
sible for designing processes to meet the objectives, to
arrange the means described in the expert knowledge
within the circumstances specified in the initial state of
the context. Therefore, Decisor is the temporal HTN
planner.

• IActive Knowledge Studio. It is the environment for the
modeling and validation of all the knowledge related to
the problem:

– The contextual knowledge(Figure 2.a)).
– The expert knowledge (Figure 2.b)).
– The initial state of the context, in the form of a rela-

tional database, showing the values of the attributes
of every instance of any object in the CM present
in the context(Figure 2.c)).

– The sources of data where the initial state is ex-
tracted from.

– The goal of the problem specified as an ordered se-
quence of high level tasks from the expert knowl-
edge to be decomposed.

– The resulting processes. It provides several tools
for the visualization and comparison of processes,
extraction of statistics, with regards to validate the
processes obtained (Figure 2.d)).

The lifecycle of exploitation of Smart Process Manage-
ment is shown in Figure 3 and it might well be shared with
any other planning application. The following are the most
important steps in this lifecycle:

1. The consulting team of Smartourism with the help of
the of Partner Support Department of IActive, extracts
the end-user knowledge of the application and model it
within IActive Knowledge Studio. In this case end users
are tourism experts of a city and the knowledge is fully
related to tourism activities2:
(a) The structure of the problem (Context Model).
(b) The problem-solving skills and previous experi-

ence in designing tourist plans (EK).
2. Thanks to IActive Knowledge Studio, which integrates

the HTN planner (Decisor), solution plans may be auto-
matically generated and displayed.

3. These solution processes are validated in an iterative re-
finement lifecycle by end users and the consulting team.
These three steps (knowledge extraction, representation
and validation) configure a typical knowledge engineer-
ing effort that might well be suited for any planning ap-
proach and may be fully carried out with IActive Knowl-
edge Studio. Once the knowledge of the problem has
been correctly modeled and validated, it is necessary to
integrate the planner together with its knowledge rep-
resentation and its connections to databases with larger

2This is not a process from scratch. Indeed it is an adaptation
and extension of a basic knowledge representation common to all
instances of Smartourism

systems, in particular it is integrated with the whole
Smartourism system.

4. The integration of the the planner is done through a de-
ployment operation from Knowledge Studio. A deploy-
ment is the generation of a package that includes the in-
telligent planner (Decisor), the Context Model and the
Expert Knowledge together with a programming inter-
face. We name this package a Smart Module, since it
may be integrated with almost any larger IT system to
enrich it with HTN planning capabilities. A deployment
may be featured either as a JAR package (Java / Eclipse)
or as a Web service depending on the application to be
integrated. The communication between the application
and the Smart Module may be done either by passing
XML files or by including data gateways to corporate
databases without going through XML files.

5. End users enjoy the added value of Smartourism by al-
lowing them to perform tasks that were unable to per-
form before, that is to say, obtaining a customized visit
to a city. It is difficult to demonstrate whether this is
the best plan or not because this is very subjective to
measure and it depends on many variables (adequacy to
user preferences, time tightness, number of trips, etc).
In this case, the search is driven by a greedy process that
uses a ranking function which aggregates these variables
and also others corresponding to policies of fostering of
tourism at every city. Figure 5 shows a screen intended
to be used by authorized administrative staff of cities
where every row corresponds to a category of tourist at-
tractions and columns corresponds to different criteria,
in this case, the four different seasons of the year. Each
cell contains a slider to represent the relative weight of
every attraction during every season, as an heuristic eval-
uation that takes part in the whole ranking function used
by Smartourism.

4 Smartourism
Smartourism is a web application and its architecture is
sketched in Figure 4 showing a typical layered structure of
web applications. It integrates these two main modules:

• The web application, that includes the database of vis-
itor’s profiles and tourist attractions, the graphical user
interface and the remaining software platform.

• The Smart Module, the package that integrates the HTN
planner (Decisor). In the Smartourism project the Smart
System has been deployed as a web service.

Every plan satisfy all the requirements presented in Sec-
tion 2 and may be obtained in just three steps: (1) specify the
date for the visit, (2) specify the location of the hotel of the
visitor or select one on the fly and (3) specify the motivation
of the visit (Cultural, Religious, Family visit, Leisure or the
most popular visits. In order to make the Smartourism expe-
rience more satisfactory, plans are displayed in several ways.
At the top of Figure 6.d) the plan is displayed as a continuous
timeline, from left to right, showing the main stops, walking
instructions and time. The bottom of the same figure shows
the same plan integrated in Google Maps. To facilitate the



a) b)

c) d)

Figure 2: a) View of IActive Knowledge Studio showing the main classes and their relationships in UML 2.0 as they are
represented in the Context Model. b) Birds-eye view of the EK of Smartourism, which contains 141 entities out of goals and
tasks and 150 decomposition methods. c) View of the Initial State as a local relational database.d) View of IActive Knowledge
Studio showing a sample plan as a Gantt Chart and some statistics and key performance indicators about it



Figure 3: Life cycle of the application of Smart Process Management technology: (1) Knowledge extraction from end users
and representation in Knowledge Studio, (2) Plan generation, (3) Domain and Plan validation, (4) Deployment and integration
into real applications and (5) Exploitation and commercial use

adaptation to user’s preferences, Smartourism allow to edit
the plan, reject some activities or request new ones in a inter-
active refinement process. Therefore, a new alternative plans
is designed after each iteration with the end user, until a fi-
nal plan is obtained that satisfies him/her. This plan may be
downloaded or shared with other visitors.

5 An example
Figure 6 illustrates a step by step execution of Smartourism:

Figure 6.a) Select the start date and duration of the visit.

Figure 6.b) Select user’s hotel or address. All the dairy plans
start and end here. If the user needs an accommodation,
he/she may select it from here. There is an option for
people with mobility disabilities. When selected, only
accommodations prepared for handicapped persons are
shown. This option also implies that only attractions
prepared for this condition will be selected.

Figure 6.c) Select one or more motivations for the visit: cul-
tural, religious, family, leisure or most popular. Al the
above information is easily stored in the Context Model
as properties of different types of several classes (visi-
tors and tourist attractions), and they are equivalent to
different predicates and fluents in PDDL.

Figure 6.d) Display the plan day to day, with geographical
information about the movements and selected attrac-
tions and restaurants. From this display, the user may

accept, reject, advance or delay any of the selected at-
tractions and request a new plan accordingly.

The interface has been kept as simple as possible to promote
its ease of use and its translation into a specific application
for smartphones (to appear).

6 Some results and conclusions
As shown throughout the paper, Smartourism is a simple web
application built on top of a temporal planner with a rela-
tively simple knowledge representation of 13 classes in the
UML representation of the context knowledge, and a domain
made up of about 140 compound goals and primitive tasks.
Our experience with the application of Smartourism in the
city of Granada allow us to state the following. Every plan
obtained by Smartourism in seconds is equivalent of around
15 minutes of work of tourist offices staff to help a visitor to
design a plan. This might raise up to 20 minutes if the inten-
tion is to personalize the plan. Therefore Smartourism may
help tourism support staff to give a faster response to visitors
(therefore a higher number of visitors may be attended, with
a lower cost due to the reduction of the time needed per vis-
itor), to foster a more efficient use of tourist attractions and
their associated staff in a city. In summary it allows to do
more with less: give a higher quality service in less time and
cost. Here are some of the benefits that allow Smartourism to
be aligned with mainstream Smart Cities initiatives

• For tourists



Figure 4: Architecture and modules of the implementation of Smartourism

– Easier design of the visit to a city. In just a
few clicks all the information is gathered, matched
against visitor’s preferences and arranged accord-
ing the timetable of visits.

– All the visits are customized to every visitor, pro-
viding a higher subjective sense of quality. Only
possibly interesting places are included in the visit.

– Better use of the available time of the tourist by
considering timetables, time taken to move from
one point to another and the available time.

– Continuous 24x7 support since visitors can connect
from any place at any time.

– Support for people with mobility impairments,
since Smartourism only selects those visit adapted
for them.

• For city councils and other public organizations in
charge of tourism

– Expected increase on the tourist interest.
– Better feedback knowledge of the visitors of the

city.
– Better service given to visitors.
– Improve the management of the tourist attractions,

targeted by the selection and opinion of visitors.
– It allows to configure ad-hoc tourist policies by fos-

tering or promoting certain tourist areas.
In the current state of deployment of Smartourism it is

rather difficult to state its influence on real visits. Figure 7
shows the number of plans dispatched in the city of Granada
during the last five months. It is not possible to say which,
among these plans, are real plans being executed by tourists,

how many tourist have been attracted to the city thanks to
Smartourism or their feedback about the quality of plans.
However the technical team is working on this by allowing
sharing plans through social networks, mainly short links in
Twitter and also by sharing and ranking the plan in Facebook.
This indirect information would provide feedback on user sat-
isfaction and a lower bound of real visits out of the plans be-
ing dispatched. These measures are currently being imple-
mented but they need some time to be effectively measurable
and to be reported.

And last, but no least, Smartourism, as an Artificial Intel-
ligence planning application proves that there is life beyond
blocksworld and logistic puzzles in planning research. It is a
very simple planning domain, where planning and replanning
are easy, time representation and reasoning are affordable and
with a high social and economic impact. And it is not the only
one. There are other small, simple problems very sensitive to
be approached by AI planning with relatively little effort.
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O. Garcı́a-Pérez, and F. Palao. Efficiently handling
temporal knowledge in an HTN planner. In Sixteenth
International Conference on Automated Planning and
Scheduling, ICAPS, 2006.

[Castillo et al., 2008] Luis Castillo, Eva Armengol, Eva On-
aindı́a, Laura Sebastiá, Jesús González-Boticario, Antonio
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Abstract
The overall objective of this paper is to describe

the development of methodologies and to present

an implementation for supporting researchers in the

domains of sustainability. The methodologies are

inspired by the approach of qualitative case studies

as it is gradually gaining a large acceptance in these

domains. In this paper, key elements of qualitative

case study research are analysed and the state of the

art relevant to these elements is presented. Ontolo-

gies, as the core methodology, are proposed as the

basic tool to set up and represent knowledge from

different perspectives. Original textual data is an-

notated with ontologies and information is retrieved

from these ontologies by different ways for learn-

ing, inferring and proposing. Experiments and ap-

plications of sustainability scenarios are presented

and an outlook to some further design and develop-

ment possibilities are given.

1 Introduction
These years, qualitative case study has become an important

methodology for scientific research and industrial applica-

tions in many fields, such as management, economics and

environment. Particularly, in the domains of sustainability,

it is getting an increasing attention due to its inherent advan-

tages in many aspects. In this paper, we are going to present

an ontology based qualitative case study approach for the do-

mains of sustainability including energy and environmental

management. This methodology as well as its implementa-

tion aim to extract information from original data and analyse

it in multiple ways to provide feedback to domain experts. It

was motivated by the need in the domains of sustainability

but can be extended to other similar domains. The data we

are using in this paper is collected in an ongoing interdisci-

plinary research project and consists of environmental data.

The data stems from documents produced over several years

in the context of the Global Report Initiative[GRI, 2011] and

∗
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is analysed from a practical point of view by sustainability ex-

perts based on the approaches originated in computer science

proposed in this paper.

In accordance with its characteristics, the case study ap-

proach provides many advantages which make it very attrac-

tive particularly in domains like sustainability management.

First, the subject topic can be highly complex while lacking

of corresponding theories as for example the study of new

service design and environmental issues[Stuart et al., 2002].

Furthermore, our research objective is mainly focusing on the

question why the phenomenon emerge which is also well cov-

ered by the case study approach[Yin, 2009]. All these char-

acteristics are arguments for using the qualitative case study

approach in the domain of sustainability management.

Environmental issues have drawn increasing global atten-

tion. Not only international organisations which focus spe-

cially on the environment, but IT and financial companies

with business closely related to environment, have started fo-

cusing on environmental issue as a decisive factor for their

plans and operations. One of the usual problems they are

confronted with is the large number of documents and reports

containing information about environmental issues. Besides,

since a high proportion of the original data is presented in a

textual form, quantitative analysis is not sufficient. There is a

clear need for an effective approach for supporting the anal-

ysis of their qualitative information. Qualitative case study,

hence, is one of the appropriate methodologies for support-

ing sustainability management.

Because of their undeniable advantages for knowledge rep-

resentation, ontologies are adopted in this paper as the core

formalism for storing and managing information and knowl-

edge. They allow for representing knowledge from nearly

all domains and provide support for learning and reasoning

processes. In this paper, we use ontologies for formally mod-

elling the knowledge from the original data. Additionally, we

use ontologies to formalise the grounded theory approach —

one of the most important methodologies in the qualitative

research domain. It enables us to incorporate into our sys-

tem external knowledge from domain experts as well as from

database.

The contribution of this paper focuses on providing a

generic methodology and the description of a prototype for

qualitative case studies in the domain of sustainability re-

search. As stated in the previous paragraphs, the most sig-



nificant advance in our work is to allow for analysing very
complex data, with a rich and diverse vocabulary. These char-
acteristics caused the lack of standardised approaches read-
ily available. Given this concrete condition, our objective is
to successfully extract information and knowledge from the
data, to set up a formal model to define a systematic approach,
and to provide meaningful results to domain experts. Conse-
quently, we highlight the advantages of using ontologies dur-
ing our research process while selecting it as the basic tool
for knowledge representation. We are thus able to investigate
several integrated techniques to provide generic methodolo-
gies for the sustainability domains. Our implemented system
has been used to contribute to the understanding of environ-
mental management and its impact on financial service firms.

The paper is organised as follow: the second section in-
troduces the state of the art; the third section presents the re-
search methodology; the fourth and fifth sections explicate
the system implementation, some experiments and use cases,
while the final part is presenting the future work and conclu-
sion.

2 State of the Art

In this section, we are going to present a detailed review
on the existing scientific literature related to the main ideas,
namely qualitative research, and the concept of ontology as
well as their combined utilisation.

2.1 Qualitative Research

Qualitative research [Taylor and Bogdan, 1998] is an aca-
demic field dealing with the acquisition and analysis of non-
standardised data. Data used in qualitative research can be
provided using a wide range approaches, such as historical
and phenomenological research. In the context of this paper
we will essentially concentrate on the grounded theory ap-
proach [Glaser, 1992; Strauss, 1987]. In grounded theory the
starting point is the data, which is marked by a series of codes
which are then grouped together into concepts in order to re-
duce the dimensionality. These concepts are again grouped
together to form categories which are finally used to build a
theory. This contrasts the standard scientific method where
the starting point consists of a hypothesis which is then tested
against specially designed experiments. Based on grounded
theory we will develop a formal framework for case study
research in the domains of sustainability.

2.2 Ontologies in Computer Science

According to [Buitelaar et al., 2005], in computer science an
ontology is an explicit, formal specification of a shared con-
ceptualisation in a domain of interest, where formal implies
that the ontology should be machine-readable and shared so
that it is accepted by a group or community. Mostly, they
build upon a hierarchical backbone and can be separated into
two levels: upper level ontologies (which describe the most
general entities, contain very generic specifications and serve
as a foundation for specialisation) and domain ontologies
(which aim at describing a subject domain and where entities
and relations of a specific domain are sometimes expressed
directly in the texts belonging to it).

2.3 Ontology Learning

Ontology learning is concerned with knowledge discovery
in different data sources and with its representation through
an ontological structure and, together with ontology popula-
tion, constitutes an approach for automating the knowledge
acquisition process [Buitelaar et al., 2005]. According to
[Maedche and Staab, 2001], there are two important aspects
in ontology learning: availability of prior knowledge — if
knowledge exists, it must be used to create a first version
of the ontology, which is then extended (semi-)automatically
through learning procedures — and the type of input — ac-
cording to its nature, input data is classified as structured data,
semi-structured data (dictionaries, user tags [Benz and Hotho,
2007]) and unstructured data. The nature of data of interest
for this paper is intrinsically non-structured and consists of
natural language texts in the form of PDF documents.

3 Research Methodology

Based on our analysis and state of the art given above, the
detailed research methodology is presented in this section.

3.1 Ontologies as Knowledge Representation Tool

Grounded Theory (GT) is probably the most systematic
methodology currently used in qualitative research. In this
section we will describe how we intent to integrate ontolo-
gies into this methodology and what the improvements are
given this integration, especially from a formal point of view.

The basic idea of GT is to generate a theory starting from
data. In our ongoing project, as the way of how we coordi-
nate the research collaboration, GT is essentially regarded as
the bridge between domain experts and computer scientists
in that it reveals the principles of both specialised sustainabil-
ity management and knowledge representation and discovery.
The two sides supplement each other by fulfilling the imple-
mentation of GT from different aspects. The cooperative ex-
perts set up their theories by leveraging our methodologies
and prototype whilst we take the reference from their fields
to establish the domain knowledge. This combination works
effectively due to our conformity with the substance of GT
and its implementation in the form of ontologies.

Formal Upper Level Ontology

In the first phase of this paper we have developed a formal
specification of the GT process.1 Ontologies are well suited
for describing processes (see e.g. [Hepp and Roman, 2007]).
The process we have to describe here is very simple compared
to a complete business process. However the big challenge
and the goal of this ontology would be to formally define the
process that describes the three coding schemes used in GT,
namely: open coding, selective coding and theoretical cod-
ing. Open coding refers to a process where the user is free
to select whatever codes he judges relevant to the task under
consideration. Selective coding limits the usable codes to a

1A preliminary analysis has shown that formal knowledge repre-
sentation aspects can be done using ontologies. We have decided to
encode all ontologies in the context of this paper in OWL. Depend-
ing on the usage of the ontologies we can use the lite, DL and full
dialect.



subset of previously (in open coding) identified codes. Theo-

retical coding is a top down approach where codes have to be

selected in accordance with a previously established theory.

Lower Level Ontologies

In this paper we are developing the formal framework that is

needed to specify the lower level ontologies which will allow

the implementation of a concrete case study research project

in the sustainability domains. The set of lower level ontolo-

gies is composed of three types of ontologies, namely project,

reference and coding ontologies.

The first set of ontologies (project ontologies) defines

which GT approach will be used as well as the set of rea-

soning mechanisms that are allowed. Following this schema,

all qualitative case studies will have the same structure even

if they are following different views in respect to the GT ap-

proach. This will guaranty a much higher comparability be-

tween different projects even if they would have all their own

structure. This set of lower level ontologies will define a con-

crete instance of the upper level ontologies which are only

defining the formal constraints.

The second set of ontologies (reference ontologies) con-

tains ontologies that are used as reference systems. Domain

experts may want to impose a specific view on a given subject

and impose a codification based on this reference system. As

a minimum an environmental ontology is included as we are

focusing on environmental management. This would lead to

a theoretical coding approach.

The third set of ontologies (coding ontologies) is created

by the users while coding the raw data. In our approach the

results of this coding process will also be stored in ontolo-

gies, as a simple fragment of the ontologies shown in Figure

1. This allows for a direct application of the reasoning mech-

anisms implemented in the higher level ontologies. Coding

ontologies are direct successors of project ontologies as well

as reference ontologies and they are thereby inheriting their

properties. In this way we guaranty that coding is done ac-

cordingly to the constraints imposed by the project and ref-

erence ontologies which in their turn have to conform to the

upper level ontology.

Ontologies of Sustainability

As far as sustainability is concerned, inheriting from the pre-

vious part, a number of ontologies are incorporated as refer-

ences specifying the domain knowledge. Taking the example

of environmental performance indicators, a group of indices

to evaluate the performance issues related to environment, we

have established ontologies including energy, emissions, ma-

terials and transportation. Each indicator, for example, en-

ergy, comprises a list of subcategories, such as gas, water,

electricity, etc. The knowledge represented in the form of an

ontology is readable for both domain experts and machines.

It identifies the most important concepts, in the form of a tax-

onomy, and a hierarchical structure of the sustainability do-

mains. It is contributing to the interface operations, learning,

inferring and proposing. Ontologies of the sustainability do-

mains participate seamlessly in all the phases of a project and

demonstrate the advantages of our methodologies for a con-

crete case.

Figure 1: Ontology fragment

With the ontologies of sustainability, the process of case

studies is facilitated and amended for two aspects: on the one

hand, domain experts are able to employ the knowledge from

these ontologies and together with the system we have imple-

mented to do analysis for their case studies in depth. More

patterns of the data, which are not intuitive for humans, can

be revealed and presented. On the other hand, as their inves-

tigation to the cases gets more advanced, the experts are go-

ing to perceive more elements from different cases and these

elements will be accordingly converted to ontology based

knowledge to be navigated by the system.

3.2 Annotating with Ontologies

Based on the formal specification acquired as described pre-

viously we have developed a prototype implementation with

a solid foundation completely based on an ontological ap-

proach. This prototype has been used to implement most of

advanced functionalities outlined before.

As benchmark for the prototype we chose to focus on sys-

tems currently used by our project partners to analyse ”Green

Services”. Derived from the idea of grounded theory, a num-

ber of commercial software products have been released for

qualitative applications. Among them ATLAS.ti[ATLAS.ti,

2011] is the most prominent one. It emphasises elementary

concepts and their implicit relationship.

ATLAS.ti has been designed on the basis of a group of con-
cepts. Beyond all, primary documents are the original data

source explored though the domain knowledge. A marked

section or piece of text, named quotation, represents the sig-

nificant or valuable parts of primary documents. These quota-

tions can be exploited by adding codes with initiative names

selected by the users or with the words in the text. Another

concept, called memo, can be used to add comments about

concepts using annotations.

In our prototype implementation, an operational graphical

interface providing the functionalities for coding and export-

ing of information exists together with the mechanisms for



learning and inferring. The whole process follows the design

of ontologies on different levels in the way described above as

a consistent integration by linking knowledge representation

and functional operations.

3.3 Ontology Learning

Ontology learning deals with discovering and acquiring new

ontology elements, and integrating them in an existing ontol-

ogy in a consistent and coherent way. In this paper, ontology

learning is the basic process for constructing the coding on-

tologies. This important functionality is implemented based

on the following assumptions:

• Input data for the learning process is represented by un-

structured, natural language documents.

• The ontology concepts are represented by latent topics.

• Each document is annotated by the users with a set of

labelling concepts (or codes), which may either be pro-

vided from the process/reference domain ontologies or

from a predefined user language (in the form of a ”bag-

of-concepts”).

As Figure 2 illustrates, the learning process starts from the

annotation phase, followed by the term extraction phase. The

matrices created using labels, documents and terms become

the input for the label-topic model, and the tags (or codes)

are analysed to estimate possible relations and to construct

the hierarchical structure.

Figure 2: Learning process

More specifically, the stages of the ontology learning pro-

cess are proposed as follows:

1. Annotation - The marked sections of the primary docu-

ments are coded (labelled) by the users, according to the

constraints imposed by the project and reference ontolo-

gies. More than one label can be used to tag a piece of

text (considered as an annotated document).

2. Term extraction - Each document of the corpus of an-

notated documents is treated as a bag-of-words. Stop-

words are detected using simple, language independent

statistical techniques and are then removed.

3. Feature vector creation - For each document d, the vec-

tor (wd, ld) is created. Two matrices, one recording

the frequency of each term in each document, and the

other recording the frequency of each label in each docu-

ment, are calculated and used as input for the label-topic

model.

4. Topic generation - The number of topics (K) is fixed

(but approaches using a variable number of topics may

also be considered) and a generative probabilistic model

is applied to model the correspondence between the doc-

uments and the labels.

5. Tags analysis - The possible relations between labels,

seen as distributions over topics, are estimated using

different divergence measures. The considered rela-

tions are Subordinate (or hypernym-hyponym relation),

Merge (or synonymous relation) and Keep. The di-

vergence measures are calculated based on the KL-

divergence or on the conditional independence.

6. Taxonomy construction - The hierarchical structure of

the tags (codes) is constructed by applying different op-

erations, such as merging two similar tags or creating the

hypernym relation between two tags. In this hierarchy,

the result of a minimising or a keep operation is always

a virtual concept (tag). The resulting taxonomy must be

created by minimising the information loss.

3.4 Proposition System

The coding process, whatever schema is used, requires the

decision of a user regarding the ”best” code for annotating a

given document. One of the most important advantages of the

label-topic model is its capacity to predict the topic distribu-

tion of a new, unannotated document, and — based on this

distribution — to find the most likely labels adapted for this

document. Concretely, after the model is trained, we can infer

information from the existing knowledge in the form of on-

tologies. The procedure of fold-in is fast, since it only deals

with a single document instead of the whole corpus. In this

context, the proposition system can be used to estimate the

quality of the coding process for a given user, by calculating

the ”distance” between the codes selected by the user and the

”best” ones proposed by the system.

4 System Implementation

Based on the methodologies proposed in the previous section,

we have implemented a prototype as our application platform

enforcing a systemic utilisation of our approach by the sus-

tainability practitioners.

4.1 Architecture

As shown in Figure 3, the system, named Qualogier, is com-

posed of several components - a PDF tool, an ontology man-

ager, an inference engine, a proposition system and an export-

ing tool.

4.2 PDF Tool

The Portable Document Format(PDF) is an open standard

widely used and most of the other data formats, such as Word

and web pages, can easily be converted to PDF. This is the

reason why we selected PDF as the default format for the

original documents. Consequently, assigning annotation and

all other essential functionalities for supporting qualitative

case study research have to be added to basic PDF documents.

We use ICEPdf[ICEpdf, 2011], a Java-based project, as the

tool for PDF operations and extend it with extra functionali-

ties. In ICEPdf, basic PDF operations are provided. Users can
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Figure 3: System architecture

open a PDF document, turn pages in different ways, zoom and
print. Based on these utilities, as shown in Figure 4, the fol-
lowing functionalities have been added and are implemented
in the prototype described in this paper:

Figure 4: System screenshot

1. Profile and project management - For the sake of mul-
tiple users and projects, each active instance in the sys-
tem is located in a scope characterised by its owner and
the containing project. User name and project name are
displayed at the menu bar of the system as a key. In Fig-
ure 5 all the projects previously created are listed for the
users to select.

Figure 5: Project list

2. Quotation - Users are able to choose some of the words,
sentences or paragraphs from the primary document as
a quotation. Each quotation contains as information its
text, creation and modification time and date and the text
size. Figure 6 indicates a quotation highlighted in the
original text.

Figure 6: Quotation in the text

3. Coding - As demonstrated in Figure 7, once a user has
selected some quotations from the document, he can add
codes to the quotations as tags. As an important defini-
tion in grounded theory, codes are the key elements later
used in the analysis provided for qualitative case studies.

Figure 7: Code tree

4. Code Search - A user can specify interesting codes.
Likewise he can also exclude words he does not want to
find in the result set. Multiple key words are supported.

5. Code Family - In some cases, several codes are linked
due to their inherent relationships, defined as a code
family. Users are able to create a code family with exist-
ing codes, and then modify or delete them.

An ontology manager is used to store all the knowledge
defined above in different ontologies. They are providing the
necessary information for further analysis.

4.3 Inference Engine
We use Jena[Jena, 2011], a Java-based ontology API contain-
ing a rule engine, as our ontology inference system. Sup-
ported inference mechanisms are forward chaining, backward
chaining and hybrid chaining. With the inference engine, we
can learn rules and ontologies in order to generate new facts.
The results of the inference process can be used in order to
make propositions or they can be used by the exporting tool.

4.4 Proposition System
Since we have already extracted the knowledge from annota-
tions in the original documents, the next step is to carry out



ontology learning and exploit inference to provide extended
functionalities for qualitative case studies.

Once some codes are given by the users manually, they
should be able to get proposition according to the manual
coding in an automatic way. Different mechanisms can be
used to provide this functionality. Let’s assume a code is
given (named codeN) to a quotation. In our system, a proposi-
tion is generated in several ways: first, the system can propose
codes which appear together with codeN in other quotations.
Second, other codes from the same code family as codeN are
proposed. Third, if the quotation itself contains some key
words which are of interest, they are also proposed.

Moreover, data mining algorithms are applied to the data
in our system. Currently we have integrated association rule
approach, which builds all the item sets by learning and
inferring from the ontologies and then adopts a-priori and
predictive-a-priori algorithms to generate rules. With these
rules, propositional codes are produced for the users accord-
ing to what they have already coded. The proposition system
is a typical case in which ontology learning and inferring are
made used of.

4.5 Export and Visualisation
In qualitative research programs it is often important to be
able to export the collected data to allow further analysis e.g.
in statistical tools. In the standard GT approach this is dif-
ficult to realise as codes, concepts, categories and theories
are stored in different places. The ontology approach over-
comes this difficulty because all the information is stored in
one single system and in a common format. Therefore we
are able to define and implement an export mechanism based
on ontological inference. This is provided by using the OWL
query language which will allow a user to specify dynami-
cally which elements of the ontology he wants to export. The
data is exported in a portable spread sheet format in order to
ensure an easy interoperability with other analysis tools.

Another form of export is to visualise the existing knowl-
edge. For instance, users of the system can give certain rat-
ings to the quotations and codes in each page. They will
then be visualised in the form of a rating distribution over
the whole document in terms of page numbers. In Figure 8,
the X-axis lists all the pages in the document and the Y-axis
illustrates the ratings provided by the users. The full mark
of the rating can be modified in the configuration file of the
system.

4.6 Comparison
As stated above, ATLAS.ti is the most popular software pack-
age used in a case study setting and it serves also as the re-
search benchmark of our system. Here we are going to com-
pare the main features of ATLAS.ti and of our system.

From the comparison in Table 1 we can observe that
Qualogier has the advantages of learning extracted knowl-
edge to produce analytical results and output them. These
are global advantages frequently used by the users and fur-
thermore all these features can be personalised to meet each
user’s specific needs.

Figure 8: Rating distribution

Features ATLAS.ti Qualogier
Basic PDF functionalities Yes Yes
Quotation and code labelling Yes Yes
Code rating No Yes
Code time range No Yes
Code proposition No Yes
Code family Yes Yes
Flexible export No Yes
Node network Yes No

Table 1: Comparison table

5 Experiment and Use Cases
One of the big challenges in using ontologies is the issue of
scalability. When data is getting larger, computational com-
plexity is increasing accordingly. In order to test the effi-
ciency of the system, we have carried out an experiment for
adding new codes. A group of ontology files is generated
containing a number of quotations varying from one to one
thousand. We are going to add new codes to these files to
verify the processing time required by the system for auto-
matically iterating over all the files.

While adding a new code, we need first to search for its
corresponding quotation in the file, insert the relation between
this code and its quotation, and then add the code instance.
For each file, we added one hundred codes and calculated
the average time required. The experiment was conducted on
a PC running Windows XP SP3 with a 2.80GHz CPU and
in total of 4GB physical memory. In Figure 9, the X-axis
represents the number of existing quotations in each file and
the Y-axis indicates the processing time used for adding a new
code in millisecond.

From the experimental result, we can see that in the case
where a large amount of existing knowledge is already stored
in the ontology files, the system still runs efficiently for sup-
porting new coding.

Currently, Qualogier has been deployed to the research
team specialised in the sustainability domains, with a focus
on environmental analysis. They are conducting research
case studies and experiments using this system to facilitate
data organising, inferring and exporting. Compared to the



Figure 9: Coding experiment

traditional ways which was used before, ontology shows its
advantages in that it is readable for both machines and hu-
mans, resulting a more efficient integration between domain
analysis and computational output. Data from the original
documents is well structured for different types of usage and
the codes and concepts established can be maintained in a
more consistent way. The system has been proven to be en-
tirely satisfactory for their project.

Furthermore, it is discovered that the methodologies pro-
posed in this paper are specifically feasible and practical for
the environment-like topics. As we know, the field of en-
vironment contains a large group of concepts with multiple
branches. Each of them have influence on each other, either
in an implicit or explicit way. The existing way, like rela-
tional database, is not sufficient to represent this kind of char-
acteristics. Also, the phenomenon of environmental topics
are often resulted by chains of factors. With the reasoning
mechanisms of ontologies, the analysis to these processes is
more effective. At the same time, different forms of reports
and outputs are demanded by the experts for cooperative or
conclusive purpose. The query and export capacity of ontolo-
gies fits well these utilities.

6 Future Work and Development
As an ongoing interdisciplinary project, it is far-reaching to
have reasonable design of the development plan in the coming
steps to improve the methodologies and their implementation
from different perspective. Based on our previous analysis
and description, we will focus on the following aspects:

First, regarding the mechanisms of ontology learning and
proposition, we have found that a trade-off is significant be-
tween efficiency and accuracy. Since the data is undoubtedly
large and diverse, computational duration is usually long. On
the other hand, the users of the system desire precise results
transparent from the data structure and scalability. We are
thus going to find the balance between these two factors to
improve our proposed methodologies.

Then, from the technical point of view, a more dynamic and
flexible architecture of the system is in demand. Currently the
prototype is designed without consideration of reusability and
adaptation. As the applications evolve, we need the system
suitable for more scenarios not only limited to sustainability

domains and particular data structure. Compositional modu-
larisation is of necessity for the next development.

In addition, it is also significant to set up the evaluation cri-
teria to compare our system and its benchmark. This method-
ology of the evaluation is supposed to be generic and feasible
for all the qualitative software. Besides, we need to design an
entire and complete business flow to support and demonstrate
how our methodologies are integrated into the processes in-
volving data, system and experts.

Moreover, we will formulate a more advanced research
framework that permits for describing and interpreting the
links between environmental causes and effects. More do-
main knowledge will be brought into our project from differ-
ent sources.

Finally, we will also set up more sophisticated approaches
for output evaluation and validation. This is in great neces-
sity because we are supposed to know how the methodologies
proposed in this paper and their implementation meet the de-
mand of the users, especially domain experts. We are cur-
rently designing some experiments to fulfil this initiative.

7 Conclusion
The goal of this paper, on the one hand, is to make a contri-
bution in the field of case based studies by adding ontologies
into the overall process, and on the other hand to integrate the
approach of building theories from case studies to the field of
ontologies in computer science. The approach would then be
validated using real case study research, projected to develop
an overall understanding of environmental management ori-
entations and their impact on financial service firms.

In order to achieve this goal we first develop a formal
model for case study research based on grounded theory. This
model is formalised in the form of ontologies. The ontology
approach allows for the validation of a user’s work in accor-
dance with the project, domain experts and grounded theory
ontologies which are used as constraining reference systems.
Based on this model, a prototype implementing the ontology
layers and supporting supplementary functionalities has been
created and used as a working tool for the case studies in envi-
ronmental management. In general, we are applying ontolo-
gies to enable and facilitate the complete theory development,
especially in sustainability domains.
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