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Abstract—The research described in this paper proposes
an evolution heuristic for realising an adaptive semantic e-
commerce recommender system by establishing a feedback
cycle. This recommender extracts questions from product
domain ontologies (PDO) which are used in the dialogue of the
recommendation process. The heuristic decides an automated
PDO evolution (without a human inspection) in order to
realise an automatic adaptation of the recommendation process.
The feedback is derived from user interactions with the user
interface of the recommender. This research shows that the
automated PDO evolution outperforms a manual one. The
evolution heuristic has been evaluated with an experiment and
validated in real-world testing series.

Keywords-ontology evolution; heuristics; recommender sys-
tems; self-adapting information systems

I. INTRODUCTION

Recommender systems in e-commerce applications have

become business relevant in filtering the vast information

available in e-shops (and the Internet) to present useful

product recommendations to the user. The recommendation

process of such systems is static1 most of times, even though

the ‘world’ is dynamic. New products are introduced in the

market whereas old ones vanish. Hence, the products offered

in a Web application change2, and the recommendations

have to be based on the currently offered range of goods.

Also, new products probably have other product features—

this is especially valid for consumer goods and electronic

devices. Those new features can be included in the evalua-

tion of the recommendation process—or in a dialogue-based

approach reflected in the questions to the customer—which

finally leads to the recommendations.

All these reasons compel to adapt the recommendation

process in order to provide useful and successful rec-

ommendations to the customer. A manual change of this

process, however, is usually inefficient and, moreover, very

expensive. Additionally, it is very difficult for humans to

predict improvements for given changes of the recommen-

dation process3. The ideal is to automatically adapt the

recommendation process in order to be more efficient and

to minimise the costs entailed by a manual effort.

1I.e., there is no automated change of the recommendation process
2There may be several reasons for changing the offered products
3Of course, this is also difficult for machines

II. PRELIMINARIES

The research described in this paper uses a real-world con-

versational content-based e-recommender system—named

SMARTASSISTANT—which is based on given product do-

main ontologies (PDO). This system has been described

according to the ‘Adaptation Strategy’ formulated by the

author [1]. With the Adaptation Strategy the ontology strate-

gies and the ontology heuristic—which is addressed in this

paper—have been defined as well. Moreover, the result of

applying the Adaptation Strategy provided the basis for the

technical specification and thus the programming of the new

‘Adaptation Layer’. The description of this implementation

is omitted due to space limitations.

The PDO4 describe the products offered in the e-

commerce application formally—which is in OWL5 and

according to GoodRelations6—and thus offer a higher com-

putability than conventional product descriptions which fa-

cilitates the automated processing of information. SMAR-

TASSISTANT extracts questions from the PDO about the

product characteristics and features to investigate the user

preference and eventually recommend products that match

the needs of the user. By changing the PDO, this system

generates different questions and/or their order and herewith

adapts the recommender interface to the user preference.

Hence, an automated adaptation of the recommendation

process can be realised by automatically changing the PDO

which also minimises the high cost of the manual adaptation

of the recommendation process as well as of the underlying

PDO.

This is accomplished by implementing and utilising a

feedback cycle. The user feedback is gathered by unobtru-

sively monitoring customer needs7 (i.e., implicit feedback).

The interaction of the customer with the recommender is

analysed. The key metric to measure its success is the

share of customers who follows a recommendation. This

metric is defined as click-out rate ‘COR’ (i.e., clicks-to-

recommendations) which is fed back. The COR has been

the basis for the PDO adaptations up to date. In this re-

4The description of the PDO is omitted due to space limitations
5Web Ontology Language, www.w3.org/TR/owl-ref
6An upper ontology, www.purl.org/goodrelations
7This part is out of scope of this research
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search, however, the impact of the evolution in the precedent

feedback cycle is evaluated by transforming the COR to the

Success Trend ST8. A positive ST is a positive trend (i.e.,

an increase) of the COR, a negative the opposite. The larger

the figure is, the stronger the development of the COR (in

either direction) from the precedent to the current cycle has

been. Summarised, higher ST values are better than lower

values, and a negative ST indicates a worse COR.

The PDO gets evolved according to the evolution strategy

and evolution heuristic, and the instances9 are newly anno-

tated to the changed PDO if necessary. The recommendation

process is successful if the customer clicks on the recom-

mended product (i.e., clicks out). It is not successful if the

customer quits the recommendation process. The COR is

measured again which concludes the feedback cycle.

This research proposes predefined Types of PDO Changes

according to the user dialogue in the user interface of the

e-commerce recommender system. Unless the PDO changes

have an impact on the user interaction, no effective feedback

cycle can be established. Discussions with the application

provider10 clarified the Types of PDO Changes and their

effects in the user interface. Derived from that, three Types

of PDO Changes have been defined which are described in

the following including their impact on the user dialogue.

Figure 1 illustrates the relevant parts of the user interface for

recommending digital cameras (in German) and correlates it

with the entities of the respective PDO.

Figure 1. User interface and entities of the PDO

‘Switch annotation properties label and comment’: Each

property is annotated with labels and comments which

describe it. Those are switched, though, most of times, this

makes sense when the labels and comments of all properties

are switched at once. The most obvious case is switching the

labels and comments between different languages. A more

specific case is switching the labels and comments to ones

which are extracted from a different information source like

8This transformation is omitted due to space limitations
9The instances of a PDO are the respective products and their descriptions
10Smart Information Systems GmbH

labels and comments for a general audience to labels and

comments for a technophile audience. The impact on the

user dialogue is a textual modification of the questions and—

referred to the more specific case from above—a different

sales approach. It would be need-based (i.e., the labels and

comments are based on the source for a general audience) or

technology-prone (i.e., the labels and comments are based

on the source for a technophile audience).
‘Switch datatype property ranges’: A datatype property

has as range a literal which is exchanged. A group of

properties can be switched from a Boolean range to a string

range and vice versa. This only makes sense, in case each

property of an individual has the same range. The impact

on the user dialogue are different options for selecting the

properties. For example, in figure 1 the individual ‘Record-

ing’(i.e., ‘Aufnahmefunktionen’ in the upper right corner)

contains only properties with the range string, namely ‘pic-

tureStab’ (i.e., ‘Bildstabilisator’), ‘faceIdentification’ (i.e.,

‘Gesichtserkennung’), ‘selftimerFunction’ (i.e., ‘Selbstaus-

loser’), and ‘videofunction’ (i.e., ‘Videoaufnahme’). In case

the range of these properties are switched to Boolean, they

would be listed in the user interface with a radio button

(like ‘Akku’ in the lower right corner in figure 1) instead of

a check box.
‘Switch individuals’: An individual (e.g., WeightAndSize)

groups specific properties of the PDO (e.g., height, length,

weight, width) in DomainSegments. Such a group of prop-

erties is switched to another individual (e.g., GeneralChar-

acteristics). The impact on the user dialogue is a different

clustering of the questions. The questions regarding the

respective group of properties would be displayed in another

area of the user interface.

III. RELATED WORK

In Computer Science changing an ontology is referred to

‘ontology evolution’. In that research area has been put a

lot of effort. Nevertheless, an automated ontology evolution

(without a human inspection) has not completely been

realised to the best knowledge of the author. Additionally,

the research described in this paper is also a novel approach

because it proposes an automated PDO evolution induced

by the automated processing of user feedback. This section

introduces existing ontology evolution algorithms.
[2] adopted and compared two approaches from the

database community. The procedural approach is based on

consistency constraints and rules to be followed to maintain

those constraints. The declarative approach is based on

a sound and complete set of axioms that formalises the

dynamics of the evolution. The ontology engineer expresses

the request for a change in a declarative manner, and the

change gets processed automatically.
[3] considered an ontology as a logical theory that can

only become inconsistent by adding axioms.11 Consistency

11Due to the monotonicity of the description logic/OWL DL
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is ensured by determining a minimal part of the ontology

(i.e., a set of conflicting axioms) to be removed from the

ontology when an axiom was added. Those axioms are

considered to be structurally connected with the conflicting

axioms. The presented algorithm finds the maximal consis-

tent sub-ontology by removing and adding the respective

axioms (similar to belief contradiction and belief revision

operations in the theory of belief change, for example, the

AGM theory [4]).

According to [5], an ontology based on Description

Logic (like OWL DL) can contain contradictions only if

its underlying logic allows negation. The authors proposed

the introduction of a new concept, in case of a conflicting

axiom according to a confidence rating (i.e., structural

connectedness) computed with the term distribution in a text

document to be learned. The authors present two algorithms

which can be processed successively—AdaptOnto adapts a

TBox12 to a new axiom by removing concept descriptions,

and Regen resolves under-generalised concepts by inducing

new concept definitions (i.e., generalise) in the TBox.

[6] and [7] exploited the research in the field of belief

change which is ‘fact-centered’ and transferred it to ontology

evolution which is mainly treated as ‘modification-centered’

(i.e., the fact that initiates the change is not important,

and the system input is just the change to be executed).

They state that the representation of the knowledge affects

the ontology evolution algorithm: In case the explicitly

represented knowledge serves as justification for our beliefs

(i.e., a belief base), it can directly be changed whereas the

implicit knowledge is only affected by changes in the explicit

knowledge.

[8] pursue the belief revision principle of minimal

change—the resulting ontology should be as ‘close’ as pos-

sible to the original one. The ontology model is instantiated

with RDF13 mapped to First Order Logic predicates. These

predicates are ordered according to preference allowing an

evolution decision based on the belief revision principle

of minimal change. An evolution algorithm for arbitrary

changes rather than a predetermined set of changes has

been developed. It processes all predicates and determines

possible ways for solving an inconsistency.

Due to the specific challenges for the research described

in this paper like creating an automated ontology evolu-

tion based on user feedback and utilising predefined PDO

changes, none of the discussed algorithms can be reused.

Hence, a specific PDO evolution algorithm would have to be

formulated which would be application-specific. The effort

for formulating an adequate algorithm is too high compared

with the pragmatic approach of predefining types of PDO

changes which also ensure a consistent ontology evolution.

Moreover, such a specific algorithm could be reused neither

12The TBox contains the axioms of an ontology
13Resource Description Framework, www.w3.org/TR/rdf-concepts

in other research efforts nor in other applications.

IV. EVOLUTION HEURISTIC

Instead of formulating such an ontology evolution al-

gorithm, the challenge of an automated PDO evolution is

solved with generic evolution strategies and an application-

specific evolution heuristic. The evolution strategy—which

is manually selected in the Administration Interface of the

Adaptation Layer—decides the general evolution behaviour

(e.g., executing the same Type of PDO Change or a rollback)

by correlating the Types of PDO Changes needed with the

ST calculated. Four evolution strategies have been defined.

The description of those are omitted due to space limitations.

The interested reader is referred to [1].

A heuristic is a strategy that uses accessible and loosely

applicable information to solve a problem of a human being

or a machine [9] and leads to a solution of a complex prob-

lem with simplified conceptual aspects or reduced computa-

tion power. [10] mentioned first the term metaheuristic for

a computational method that makes few or no assumptions

about the problem being optimised and introduced the tabu

search metaheuristic [11]. The tabu search enhances a local

search metaheuristic (i.e., iteratively improving a criterion

in the search space) by using ‘taboos’—a solution is not

executed again according to criteria defined in the tabu list.

This research focuses on the tabu search metaheuristic.

The application-specific evolution heuristic eventually deter-

mines the concrete PDO change to be executed (e.g., switch-

ing the group of properties with ‘weight’ from the individual

WeightAndSize to the individual GeneralCharacteristics).

The general characteristics of the evolution heuristic are

concisely described in the following. Firstly, always the

impact of the evolution in the precedent feedback cycle is

evaluated. Secondly, only one implicit PDO change (i.e., a

PDO change of the Type of PDO Change ‘Switch datatype

property ranges’, ‘Switch individuals’, or ‘Switch annotation

properties label and comment’) is executed per feedback

cycle. Thirdly, each PDO change which satisfies a tabu is

added to the tabu list. Finally, a PDO change can not only

be executed but also be reverted at one point of time. For

this purpose there are two types of ST for determining the

PDO change to be executed, namely STf (or ST Forward)

which indicates the ST for the forward PDO change and STb

(or ST Backward) which indicates the ST for the backward

PDO change (i.e., reverts the forward PDO change). The

evolution heuristic has a ‘greedy’ approach—it selects the

PDO change with the highest precedent ST which has no

tabu and according to the evolution strategy.

For the evolution heuristic (i) general and (ii) specific tabu

criteria are defined which restrict the number of similar PDO

changes. (i) avoids a uniform optimisation and cycles. For

this, the PDO changes of the same Type of PDO Change are

consecutively executed only as often as there are implicit

Types T of PDO Changes (e.g., the use case has three
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implicit Types of PDO Changes, hence, T = 3). In case

a Type of PDO Change has less than T PDO changes, the

general tabu criterion is satisfied when all PDO changes of

this respective Type of PDO Change have been executed.

(ii) is specifically calculated for each Type of PDO

Change. The tabu is defined as ‘Type of Change’ ToC which

states the number of consecutive PDO changes of the same

Type of PDO Change. ToC is calculated with the values for

the two tabus ‘set switches’ ssw and ‘set iterations’ sit.
ssw is the number of consecutive switches of the same

Type of PDO Change (in one direction) of one set s of

an ontological entity of a PDO to a switch candidate cand.

For example, a switch of one set of property to another

individual. Often, there is only one PDO change possible like

changing the individual, the property range, or the annotation

properties label and comment, and the next change would

revert that change. This tabu is defined as follows:

ssw =

{
cand, case: s is not related to a switch candidate

cand− 1, case: s is related to a switch candidate
(1)

where cand is the number of switch candidates of a Type

of PDO Change (i.e., to these candidates can be switched), s
is one set of an ontological entity of a Type of PDO Change

(e.g., specific properties).

Result is the number of consecutive set switches ssw to

satisfy this tabu. In case s is already related to a switch

candidate, ssw is lessen by this one ‘impossible’ switch. In

case ssw is satisfied, another set of an ontological entity of

the same Type of PDO Change is switched (case: cand ≤ T )

or another Type of PDO Change is executed (case: cand > T
).

sit is the number of consecutive switches of the same Type

of PDO Change (in one direction) of the different sets s of

an ontological entity of a PDO (the premise for switching

another set than in the precedent feedback cycle is a satisfied

ssw). This tabu is defined as follows:

sit =
(S − scand)

n
, case: s ∈ S, n ∈ N\{0}, scand ⊆ S

(2)

where S are all sets of an ontological entity of a Type

of PDO Change (e.g., all sets of properties, all sets of

annotation properties label and comment), s is one set of an

ontological entity of a Type of PDO Change (e.g., specific

properties), scand is the number of sets of an ontological

entity of a Type of PDO Change already related to a switch

candidate, n is the fraction of the sets which are not related

to a switch candidate (e.g., n = 1: All sets of those entities

are allowed to be switched, n = 2: Half of those sets are

allowed to be switched, etc.; n can be changed for each

Type of PDO Change in the Administration Interface of the

Adaptation Layer).

Result is the number of consecutive set iterations sit
14 to

satisfy this tabu.

The tabu Type of Change ToC is calculated with the

overall number of consecutive PDO changes ssw and sit
where ssw respects the sets already related to a switch

candidate. Additionally, it is distinguished if single sets s
(i.e., s ∈ S ) or all sets S at once (i.e., s ≡ S ) are switched.

This tabu is defined as follows:

ToC =

{
ssw ∗ sit + (cand− 1) ∗ scand, case: s ∈ S

cand, case: s ≡ S
(3)

Result is the number of consecutive PDO changes ToC
of the same Type of PDO Change to satisfy this tabu. It

is satisfied when having executed either all ssw and sit
switches of the respective Type of PDO Change (case:

ToC ≤ T ) or T times the number of switches of the

respective Type of PDO Change (case: ToC > T ). In

case ToC or T is satisfied (in the use case this would be

when the same Type of PDO Change shall be consecutively

executed for the fourth time), another Type of PDO Change

is executed, and the overall oldest tabu is deleted from the

tabu list.

The tabu calculation is illustrated with the following

example for the Type of PDO Change ‘switch individuals’

which is depicted in figure 2. Six properties of the PDO (i.e.,

product features; on the left side in the figure) are related to

six individuals (on the right side). Usually, several properties

are related to one individual. In the beginning, no forward

PDO change has been executed.

Figure 2. Tabu calculation example

For calculating the tabu ‘set switches’ ssw, the number

of switch candidates cand of a Type of PDO Change (i.e.,

to these candidates can be switched) have to be determined.

It is obvious that it does not make sense to switch a prop-

erty to any individual (e.g., ‘faceDetection’ is not a port).

Hence, only individuals which are general definitions are

switch candidates. In the example these are the individuals

‘Features’ and ‘GeneralCharacteristics’. With equation 1 ssw
equals 2 respectively 1 for the properties ‘faceDetection’

and ‘videofunction’ which are already related to one of the

two switch candidates. After two consecutive switches of the

same set of properties, another set of properties is switched

14sit is truncated to the natural number
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to a general individual (the properties ‘faceDetection’ and

‘videofunction’ are allowed to be switched only once).

For calculating the tabu ‘set iterations’ sit, S is determined

to be 6 because there are six sets of properties. scand equals

2, namely the properties ‘faceDetection’ and ‘videofunc-

tion’. n is exemplarily set to be 2 (i.e., half of the sets

which are not related to a switch candidate are allowed to be

switched). It does not make sense to switch all properties

to one individual because then all questions regarding the

properties would be displayed in one/the same area of the

user interface. That would be neither user-friendly nor sales-

effective. With equation 2 sit equals 2.

Eventually, the tabu Type of Change ToC is calculated

with equation 3 to be 6 for the case that single sets of

the properties are switched. As the general tabu criterion

T equals 3 (i.e., the use case has three implicit Types of

PDO Changes), another Type of PDO Change is executed

when ‘switch individuals’ shall be consecutively executed

for the fourth time.

The description of the ramp-up of the evolution heuristic

is omitted due to space limitations.

V. EVALUATION AND VALIDATION

The evolution heuristic is evaluated by conducting an ex-

periment. The e-commerce recommender system is validated

by conducting testing series.

A. Experiment

This section shows the results of comparing the automated

PDO evolution with an evolution manually decided by the

ontology experts based on the delivered user feedback.

The experiment was an online survey and consisted of

fifty questions about the evolution heuristic. The concrete

PDO change to be executed in the upcoming feedback cycle

(i.e., one per question) should be selected in order to achieve

the ‘best’ PDO evolution from the tester point of view. The

experiment was conducted with twenty ontology experts.

Attendants were students of a Semantic Web course at the

University of Innsbruck as well as randomly selected ontol-

ogy experts who joined over the Internet. The answers where

stored in the back office of the online survey application.

The experiment is evaluated by calculating the recall for

the set S of PDO changes which has been selected by the

participants of the experiment. Each of the twenty ontology

experts who participated in the online survey answered fifty

questions. Hence, 1,000 PDO changes were evaluated by the

participants of the experiment, and S equals 1,000.

recall(S) :=
∑

(|apci = si|)/|S|, apc, s, S ∈ PC (4)

where apc is an automated PDO change, s is a PDO

change selected by the participants of the experiment, i is

the index for an answer to a question, S is the set of PDO

changes evaluated by the participants of the experiment, and

PC is the set of PDO changes pc. The higher the recall the

better is the automated PDO evolution.

The overall result is that 833 PDO changes were selected

by the human experts like the evolution heuristic did. The

recall(S) for the set S of PDO changes is calculated with

equation 4 to be 83.3%. Hence, more than four out of

five PDO changes selected by the evolution heuristic were

identical to the ones selected by the human experts.

The drill-down analysis to the question level shows that

the maximum recall(S) is 100%. It was achieved with two

questions. Hence, those questions were selected completely

identical by the evolution heuristic and the participants. On

the other hand, the minimum recall(S) is 65% (i.e., 13

participants out of twenty answered ‘correctly’) which was

achieved with one question. This low figure could be caused

by design issues in the online survey combined with similar

figures shown in the table which contained all PDO changes

and achieved ST.

The most interesting result is that some experts did not

revert the PDO changes which they had selected even though

those changes did not generate a good ST. The backward

PDO changes had recalls ranging only between 70% and

80%. It seems that those participants had difficulties in

accepting that their decision did not lead to a successful

impact on the recommendation dialogue with the user.

This leads to the conclusion that the evolution heuristic

overcomes this kind of ‘human weakness’ and reverts a PDO

change whenever the ST Backward is higher.

The overall result of the experiment is that the automated

PDO evolution almost always leads to the same PDO

changes as the manual PDO evolution.

B. Testing Series

This section delivers the results of measuring the effects

of the Adaptation Layer in a real-world scenario. Basically,

the impact of changes in the user interface on the customer

interaction and on the success of the SMARTASSISTANT

is evaluated. As this system was applied in live e-shops of

large Austrian and German online retailers, it has been a

real-world scenario. The customers were unaware of the test.

The validation scenario was to analyse and evaluate the

impact of the PDO evolution in the domains Blurayplayer

and Camcorder after having accomplished a minimum num-

ber of 400 recommendation processes. The test row ran from

December 19, 2011 to January 2, 2012. The recommendation

processes where evaluated with an A/B test in which the

users of the recommender were equally distributed to either

variant. One variant was based on a manually evolved PDO,

the other on an automatically evolved one.

In the domain of Blurayplayer the manually evolved PDO

was tested in 806 recommendation processes which led to

a COR of 0.458, whereas the automatically evolved PDO

was tested in 825 recommendation processes and led to

COR of 0.509. This is a significant increase of 11.14%.
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The automated PDO evolution led to an increased success.

The purple line in figure 3 shows the COR of the manually

evolved PDO, the khaki line of the automatically evolved

PDO.

Figure 3. Graphs for the click-out rates COR of Blurayplayer

In the domain of Camcorder the manually evolved PDO

was tested in 205 recommendation processes and led to a

COR of 0.444. The automatically evolved PDO was tested in

233 recommendation processes and led to a COR of 0.485.

This is an increase of 9.23%. The automated evolution led

to an increased success for this domain as well.

The click-out rates generated with the evolution heuristic

and evolution strategy are clearly higher than the ones gener-

ated with a manual PDO evolution and lead to a significantly

increased success most of times. The increases of 11.14%

and 9.23% respectively are impressive. In addition to that,

the overall creation of the recommendation dialogue was

feasible with a decreased manual work by up to 60%,

according to the producer of the recommender15.

VI. CONCLUSION

Automatically processing user feedback and creating an

automated ontology evolution are relevant topics especially

in feedback-based domains and applications like in the e-

commerce industry. The better the customer is understood

the better the recommendations in the application can be

customised. In turn, she will ‘reward’ a better service level

with more purchases.

By programmatically implementing the relevant charac-

teristics of the heuristic as well as calculating the relevant

metrics, a complete automation of the decision process

for the PDO evolution has been accomplished. With the

process described, the PDO adapts to the user feedback

automatically without any explicit, direct intervention from

a human. Additionally, the results show an increased success

of the adaptive e-commerce recommender system.
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