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h i g h l i g h t s

� Rough set approximation of
classification improves energy
efficiency prediction.
� Dynamic features of diagnostic

classification allow for its precise
prediction.
� Indiscernibility in large population

enhances identification of process
features.
� Diagnostic information can be refined

by dynamic references to local
neighbourhood.
� We introduce data exploration

validation based on system dynamics
and uncertainty.
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a b s t r a c t

Data mining and knowledge discovery applied to the billing data provide the diagnostic instruments for
the evaluation of energy use in buildings connected to a district heating network. To ensure the validity of
an algorithm-based classification system, the dynamic properties of a sequence of partitions for consec-
utive detected events were investigated. The information regarding the dynamic properties of the classi-
fication system refers to the similarities between the supervised objects and migrations that originate
from the changes in the building energy use and loss similarity to their neighbourhood and thus repre-
sents the refinement of knowledge. In this study, we demonstrate that algorithm-based diagnostic
knowledge has dynamic properties that can be exploited with a rough set predictor to evaluate whether
the implementation of classification for supervision of energy use aligns with the dynamics of changes of
district heating-supplied building properties. Moreover, we demonstrate the refinement of the current
knowledge with the previous findings and we present the creation of predictive diagnostic systems based
on knowledge dynamics with a satisfactory level of classification errors, even for non-stationary data.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Building energy use is an important instrument for the evalua-
tion of district heating (DH) operation, especially when energy effi-
ciency is considered. The current development of metering systems
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opens the possibility for intensive data exploration and the
introduction of a variety of strategies for the acquisition and vali-
dation of diagnostic knowledge. Fault detection diagnostics (FDD)
of DH-supplied buildings has remained a focus of research and
development for a notably long time. Although progress has been
made concerning the technical level of relevant data selection
and modelling non-linearities [1–4], there is still a lack of reliable
and scalable instruments for the evaluation of building energy use
as influenced by the complex impact of occupants behaviour and
building maintenance policy. One of the reasons is that the algo-
rithms used for energy consumption-based diagnostics in build-
ings supplied from a DH network and based on the billing data
require up-to-date knowledge following the dynamic development
observed in supervised objects related both to technical and
socioeconomic determinants.

It is difficult to include explicitly the different factors that affect
the properties of heating energy consumption [5,6] in the diagnos-
tic models [7,8]; thus, operator-oriented supervision structures are
required [9–11] for centralised maintenance and service of DH-
supplied buildings. Usually, the tasks involved in the FDD are based
on the identification of the models for residual analysis [12,13] or
pattern recognition and expert-based reasoning [14–16].

Although applications of the only recently developed Data
Mining and Knowledge Discovery (DMKD) algorithms for the
supervision of energy efficiency in buildings are highly promising,
they require the validation of results with a large amount of exter-
nal information [17]. However, collecting the required precise
information on an individual building level would increase system
reliability at the cost of scalability and affordability [18]. In con-
trast, for classification systems derived from a series of past algo-
rithmically gained partitions of the problem, its evaluation can
be addressed in the domain of dynamic system theory, where
methods based on the analysis and exploration of system evolution
have been established.

The dynamics of algorithm-based knowledge brings new possi-
bilities for evaluation of the validity of the supervision system, but
it has not been explored to date for industrial data collected for DH
diagnostic tasks. However, the application of DMKD to the billing
data from a DH distribution system allows the collection of
sequences of diagnostic patterns and classifications of remote
heating systems [19,20] making it possible to address the valida-
tion problem in the domain of the dynamic properties of DMKD
findings.

The quality of the building energy consumption classification
system is essential for a proper implementation of the output
derived from data exploration and requires additional validation.
Hypotheses for the desired properties of the resulting classification
evolution include specific system dynamics and the uncertainty of
the resulting information system. However, the precise construc-
tion of the measures of the dynamic content of data mining-based
classification system itself is unknown.

The evolution of algorithmic classification of energy-consuming
buildings is attributable to changes in building properties; thus,
the classification relevance for supervisory tasks can be examined
in the domain of system dynamics. The specific design of a multi-
stage data exploration algorithm combined with a reasoning sys-
tem algorithmically produces classifications of buildings by
differentiating the level of energy consumption expressed in terms
of energy consumption model coefficients [19]. Furthermore,
model coefficient estimation errors are also taken into account
when distinguishing objects because of the uncertainty of the iden-
tified relation between the outside temperature and heating
energy use. Buildings with similar and certain energy use consti-
tute a class opposed by another class containing buildings with
excessive or uncertain energy consumption; thus, the classification
system automatically divides the population into two subgroups of

buildings with clear differences in the amount and uncertainty of
energy use. Though the qualitative distinction between the classes
is clear, the currently obtained borderline between classes might
vary in time, influencing the results of the classification implemen-
tation. Because the static properties of the current classification
have been demonstrated to be bound to the energy use [19], we
focused on the dynamic aspects of the series of classifications to
draw inferences about the relevance of the classifications for
energy use tracking and the sustainability of the obtained results.
Despite changing outside temperatures, energy consumption
levels and corresponding model properties, we expect the obtained
diagnostic knowledge not to change significantly and constitute
dynamic references for the detection of unexpected changes of
individual energy-use model properties. The observed
non-stationarities of models coefficients estimated in moving win-
dows were explored to verify their impact on the composition of
classes. Furthermore, the relation between the variation of
expected energy use in the series of classes and classification
uncertainty changes was investigated with the originally devel-
oped post-implementation measure.

There is a demand for methods that would further introduce
generalisation derived from the dynamics of knowledge in differ-
ent areas, in which the nonstationarity of the models representing
the current knowledge or statistical properties of the applied mod-
els is a limiting factor [21]. In the areas where DMKD use is estab-
lished [22,23], additional generalisation brought about by the
analysis of the dynamics of the discovered knowledge can be valu-
able in introducing new measures to describe the features of the
investigated processes. The properties of the dynamic system can
be investigated in terms of their ability to follow the observed
changes and differentiate common factors constituting neighbour-
hood-level references for future reasoning regarding the objects.
Furthermore, the dynamics of algorithm-based results provide
new ways to validate the quality of the DMKD results and creates
new prospects for the management of algorithmically gained
knowledge.

In this paper, we adopt a strategy to validate the DMKD of DH
billing data involving the investigation of the dynamic properties
of the gained classification with predictors based on rough set
(RS) approximations of past diagnostic classes. To aggregate infor-
mation from heating processes, we employ simple energy con-
sumption models and explore similarity relations between the
supervised objects in terms of their sustainability during a long
period of consecutive observations. When not changing, such sim-
ilarity relations are called steady from the point of view of classifi-
cation system evolution. Energy use similarity relation is expressed
in terms of the statistical significance of differences of model
parameters related to building energy efficiency. For efficient
energy use, we refer to the delivery of functionality such as indoor
climate with the lowest possible amount of energy and, as
described in the paper, this concept is specifically useful in DH
systems where climate conditioning and network operation are
common.

Algorithmically gained building energy consumption clusters
contain aggregated information about the similarities between
buildings in a quantitative description of the amount and uncer-
tainty of energy use implied by the outside temperature. To ensure
the relevance of selected variables for energy consumption, the
evaluation significance of differences between clusters in building
size, distribution network operation and heating energy consump-
tion was analysed. The meaning of such clusters in the evaluation
of efficiency of energy use was established according to obtained
statistics.

Classes with an established diagnostic meaning gained from
DMKD allow for observation of object migrations, and thus, the
RS indiscernibility of consecutive system states was exploited to
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