
Emanuel Lacić, M.Sc.

Real-time Recommender Systems in Multi-Domain
Settings

DISSERTATION

for the attainment of the degree of

Doctor of Engineering Sciences (Dr. techn.)

submitted to

Graz University of Technology

Supervisor:
Assoc.-Prof. Dr. Elisabeth Lex

Graz, 25.05.2022









Abstract

Recommender systems have become an essential tool in supporting users to find
relevant content in an overloaded information space. Be it for business, government,
or education, the utilization of recommender systems has become popular across
many application domains. It remains however an open challenge for the research
community to simultaneously deal with multiple domain-specific requirements and
information sources. In addition to that, the advent of the modern Web has posed
the need for handling frequent and diverse data updates with high scalability and
real-time processing, and thus, has brought new challenges that recommender sys-
tems need to deal with. It is therefore the aim of this thesis to investigate how
real-time recommendations can be provided within a multi-domain setting.

For this, four separate research problems are tackled. As the usage of various
information sources is nowadays a popular choice for many application domains,
the first research question investigates the impact of recommendation quality with
respect to combining different sources of data. An empirical study presented in this
thesis shows, for example, that sources like social or location data are especially
beneficial for tackling the cold-start problem. The second research question builds
upon these insights and addresses the problem of customization, scalability, and
real-time performance while supporting heterogeneous information sources across
multiple domains. This yields a methodological contribution of design principles
and aspects that such systems need to support, as well as two recommendation
frameworks that present the underlying architecture suited for a multi-domain set-
ting. The third research question focuses on how to balance the trade-off between
accuracy and runtime performance within a real-time setting. The performed scala-
bility experiments demonstrate how to achieve the desired recommendation accuracy
while guaranteeing the same runtime performance under different load peaks. More-
over, it is shown how to further speed up the generation of recommendations by, for
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example, adapting the popularly utilized Collaborative Filtering algorithm to find
neighbors in a greedy fashion or utilizing search engine technology with latent item
embeddings. The fourth research question of this thesis tackles the problem of im-
proving real-time recommendations beyond accuracy. This results in an online user
study that shows how offline experiments that focus on improving only accuracy
provide a limited perspective on the true recommendation utility. Besides, this the-
sis presents a methodological contribution in form of a novel approach that utilizes
neural autoencoders to improve the recommendation quality beyond accuracy for
anonymous session users.

Finally, the research performed in this thesis opens up a number of possible re-
search strands for future work on algorithms and systems specifically tailored for
real-time recommendations that are applied in a multi-domain setting. These, for
instance, include tackling different biases, incorporating privacy mechanisms, ap-
proximating online performance as well as providing session-aware real-time recom-
mendations.





Zusammenfassung

Empfehlungssysteme gelten als ein wesentliches Instrument, um Benutzer bei der
Suche nach relevanten Inhalten zu unterstützen. Deren Einsatz hat sich deswe-
gen in vielen Anwendungsbereichen, wie zum Beispiel im Handel, für den Staat
oder im Bildungswesen, durchgesetzt. Eine Problemstellung für die Research Com-
munity ist jedoch, wie man in einer Multistakeholder-Umgebung gleichzeitig die
verschiedenen bereichsspezifischen Anforderungen und Informationsquellen berück-
sichtigen kann. Darüber hinaus hat das modernen Web neue Herausforderungen
für Empfehlungssysteme mit sich gebracht, wie die Notwendigkeit, häufige und
vielfältige Datenupdates hoch skalierbar und in Echtzeit handzuhaben. Das Ziel
dieser Arbeit ist es, zu untersuchen, wie Empfehlungen in einer Multistakeholder-
Umgebung in Echtzeit bereitgestellt werden können.

Es werden vier Forschungsfragen untersucht. Da die Nutzung verschiedener In-
formationsquellen heutzutage in vielen Anwendungsbereichen eine beliebte Wahl ist,
untersucht die erste Forschungsfrage den Einfluss der Empfehlungsqualität in Bezug
auf das Kombinieren von mehreren solchen Datenquellen. In einer empirischen
Studie wird, zum Beispiel, festgestellt, dass Quellen, die soziale oder ortsbezogene
Daten beinhalten, besonders vorteilhaft für die Bewältigung des Cold-Start Problems
sind. Die zweite Forschungsfrage baut auf diesen Erkenntnissen auf und befasst sich
mit dem Problem der anwendungsorientierten Unterstützung heterogener Informa-
tionsquellen. Der Fokus hier liegt insbesondere in der Anpassung, Skalierbarkeit und
Echtzeitleistung innerhalb einer Multistakeholder-Umgebung. Daraus ergibt sich ein
methodischer Beitrag zu den Prinzipien und Aspekten, die bei der Gestaltung solcher
Systeme unterstützt werden müssen, sowie zwei Frameworks für Empfehlungssys-
teme, die die zugrunde liegende Architektur für eine Multistakeholder-Umgebung
darstellen. Die dritte Forschungsfrage untersucht, wie der trade-off zwischen algo-
rithmischer Genauigkeit und der Laufzeitleistung in einer Echtzeitumgebung aus-
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geglichen werden kann. Die durchgeführten Experimente bezüglich Skalierbarkeit
zeigen, wie man die gewünschte Empfehlungsgenauigkeit erreichen kann, während
eine unveränderte Laufzeitleistung unter verschiedenen load peaks garantiert wird.
Weiters wird gezeigt, wie man die Generierung von Empfehlungen weiter beschle-
unigen kann, indem man zum Beispiel den häufig genutzten Collaborative Filter-
ing Algorithmus anpasst, um Nachbarn in einer greedy Art und Weise zu finden,
oder indem man Suchmaschinentechnologie mit latenten Vektoren nutzt. Die vierte
Forschungsfrage dieser Arbeit befasst sich mit dem Problem der Verbesserung von
Echtzeitempfehlungen, die über typischerweise verwendete Genauigkeitsmaße hin-
aus geht. Das Ergebnis ist eine Onlinestudie, die zeigt, dass Offline-Experimente,
die sich nur auf die Verbesserung der Genauigkeit konzentrieren, eine limitierte Per-
spektive auf die echte Effektivität von Empfehlungssystemen bietet. Weiters wird
ein methodischer Beitrag präsentiert, der einen neuartigen Ansatz zur Nutzung
von neuronalen Autoencodern vorstellt, um die Empfehlungsqualität für anonyme
Session-Benutzer zu verbessern.

Abschließend eröffnet die in dieser Arbeit durchgeführte Forschung eine Reihe
möglicher Forschungsrichtungen für zukünftige Arbeiten, die sich an Algorithmen
und Systeme fokussieren, die speziell auf Echtzeit-Empfehlungen zugeschnitten sind
und in einer Multistakeholder-Umgebung eingesetzt werden. Dazu gehören zum
Beispiel der Umgang mit verschiedenen Daten Biases, die Einbeziehung von Mech-
anismen zum Schutz privater Daten, Online-Performance vorab zu schätzen, sowie
die Bereitstellung von Echtzeit-Empfehlungen anhand mehrerer Sessions, die für
bekannte Benutzer verfügbar sind.
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Chapter 1

Introduction

With the advent of the Web, the majority of our activities like shopping, socializing

or working are being performed online [Lewis, 2021]. During the past decade, the

amount, complexity and heterogeneity of information available on the Internet has

downright skyrocketed and presents a huge hurdle for the human processing capa-

bilities. For example, the e-commerce website Amazon.com provides hundreds of

millions of products [Smith and Linden, 2017] of which an average user is highly

unlikely to be able to process them all. This naturally also holds for applications in

other domains like Airbnb, YouTube, Spotify, or Net�ix. It has become abundantly

clear, particularly since the hype of the social Web and platforms such as Twitter,

Facebook, and Reddit, that we now live in an age of information overload [Matthes

et al., 2020, Lewis, 2021].

This led to a tremendous increase in popularity of utilizing recommender systems

where nowadays, they are acknowledged as an essential feature to help users discover

relevant content [McNee et al., 2006]. At Ne�ix for example, up to75%of what users

watch are recommendations1 and this is estimated to save the company more than$1

billion per year [Gomez-Uribe and Hunt, 2015a]. As a consequence, current research

focuses on improving the prediction task in order to deliver recommendations that

are more likely to align with people's preferences. Thus, many well known methods

are available, such as the ones that use the textual content of recommendable items

[Balabanovi¢ and Shoham, 1997] or the historical preference of a user in form of

interactions with the online system [Sarwar et al., 2001, Koren et al., 2009].

1http://www.mckinsey.com/industries/retail/our-insights/
how-retailers-can-keep-up-with-consumers
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1.1. STRUCTURE OF THIS THESIS 7

Most of the earlier work on recommender systems has focused on adapting ex-

isting algorithms for a speci�c application domain like movies at Net�ix, music at

Spotify or products at Amazon. But in recent years, integrating data across di�er-

ent domains [Im and Hars, 2007, Cantador et al., 2015] or markets [Roitero et al.,

2020, Bonab et al., 2021] is starting to gain more momentum in the research com-

munity. A common approach in such settings is to simplify the prediction task and

view it as a problem with only two dimension. That is, given a user pro�le and a

target item, the task at hand is to predict if there exists a link between them and

if yes, to see if that particular item should be recommended. The current challenge

here lies in fully utilizing data from auxiliary sources. This especially holds when

the aim is to support and provide recommendations to multiple domains at the same

time.

With the arrival of the Big Data era, recommender systems must now deal with

the dynamic nature of the Web, requiring them to analyze large amounts of data,

handle streams of new data, and support a range of data formats (i.e., volume, veloc-

ity, and variety which de�ne the Big Data problem [Russom et al., 2011]). In these

situations, traditional recommender systems typically examine the data o�ine and

update the underlying model at regular intervals. However, a user's choice depends

on many factors, which are susceptible to change anytime. For example, users who

physically visit a shopping mall can trigger frequent indoor location updates via a

smartphone application while moving through the mall [Lacic et al., 2015b]. An

o�ine model update approach that, for example, lasts hours may miss the user's re-

cent location context and fail to give the appropriate recommendations to meet the

user's real-time need. As such, being able to consider a user's real-time interests is

gaining traction and is not only in high demand within the research community but

also with recommender systems' practitioners [Huang et al., 2015, Jannach et al.,

2017, Al-Ghossein et al., 2021, Kersbergen and Schelter, 2021]. [Lacic, 2016]

Thus, the aim of this thesis is to show how real-time recommendations can be

provided within a multi-domain setting.

1.1 Structure of this thesis

This thesis is structured as follows: the current chapter continues with Section 1.2,

which de�nes the four research questions, the overall problem, approach, and �ndings
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related to each of the questions. The accompanied Section 1.3 then summarizes

the scienti�c contributions of this dissertation's research. Chapter 2 presents an

overview of the state-of-the-art that is related to this dissertation. Chapter 3 lists

the publications related to this thesis and presents their corresponding contributions.

This chapter is split in two parts, the main contributions that are also included in

this thesis and additional publications, which are further strengthening the outcome

of this thesis but are only referenced. Finally, Chapter 4 concludes this thesis and

points to relevant research directions for future work.

1.2 Research Questions

This section describes the four research questions that are investigated in this the-

sis. As visualized in Figure 1.1, this thesis �rst investigates how combining data

sources impacts the recommendation quality (RQ1). Second, the problem of tai-

loring recommendations for a multi-domain environment is tackled (RQ2). Third,

the real-time performance of recommender algorithms is analyzed when applied in

a multi-domain environment (RQ3). Finally, this thesis studies improvements on

the quality of recommendations which go beyond the notion of standard accuracy

measures (RQ4). Summing up, in this thesis, the following research questions are

tackled:

RQ1: How does combining di�erent data sources and recommender ap-

proaches impact the robustness of recommendations?

Problem. Personalized recommender systems commonly calculate their recommen-

dations using only one information source, namely interaction data. This can be, in

case of an e-commerce system for example, implicit user feedback like already clicked

or purchased products [Guo et al., 2011, Zhang and Pennacchiotti, 2013, Trattner

et al., 2014]. As depicted in Figure 1.2, solving the recommendation problem in

such a traditional setting would mean to predict connections in a bipartite graph.

Although there are many examples that perform reasonably good when handling

the prediction task in such way, nowadays, many platforms have the opportunity to

collect additional information about their users. As seen in Figure 1.3, where an ex-

ample of a social marketplace is depicted, this can come directly from di�erent data
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Research Questions

RQ 1

How doescombining di�erent data sources and
recommenderapproaches impact the robust-
ness of recommendations?

RQ 2

How can we addresscustomization , scalability
and real-time performance acrossmultiple rec-
ommender systemsdomains ?

RQ 3

How can we balance thetrade-o� betweenac-
curacy and runtime in real-time recommender
systems?

RQ 4

How can we improve real-time recommendations
beyond accuracy ?

Figure 1.1: The four research questions addressed in this thesis.
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u1 u2 u3

p1 p2 p3 p4

Figure 1.2: Traditional recommender systems consider only a bipartite network
which represents user interactions. For instance, a user (green) in an e-commerce
online system would buy products (red) and this data would be used to recommend
additional products to purchase.

sources like social and location-based data (e.g., by supporting a social login mech-

anism [Kontaxis et al., 2012]) or be inferred from the existing data (e.g., creating a

location network out of check-in data). Even though previous research has shown

that additional information can be useful in the wide �eld of recommender systems

(e.g., [Feng and Wang, 2012, Liu et al., 2017b, Berndsen et al., 2020, Patro et al.,

2020]), it remains an open problem to understand the impact on the robustness of

recommendations when combining di�erent information sources.

Approach. The �rst research question of this thesis aims to understand how dif-

ferent information sources can help in learning a user's preference and consequently

create more robust recommendations. To that end, in [Lacic et al., 2015a] we studied

the e�cacy of utilizing social, location and marketplace data features to recommend

products and categories to users in an online social marketplace. In addition to that,

we investigated on how to e�ciently combine data sources in order to further in-

crease the recommendation quality. This study was extended in [Lacic et al., 2014c]

and [Lacic et al., 2015b], where we looked at the impact of additional data sources

for users that are new to the system. In [Duricic et al., 2018] we explored how ex-

plicit trust connections between users can be leveraged to provide recommendations

when no other data is available about a user. In [Lacic et al., 2014b], we studied

social tags and how to use them by considering their temporal patterns. Finally, in

[Reiter-Haas et al., 2017] we showed how domains which do not rely on additional

data sources can be enriched with data that can serve as an information source for

the recommender.
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g3

l1 l2

l3

u1

u2
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i 2 i 3

p1 p2

p3 p4

c1 c2 c3

Figure 1.3: Heterogeneous network representing an online social marketplace that
contains information commonly found in popular online systems like Facebook or
Amazon. A common action for users is to purchase or sell a productpi (red) that
belong to a speci�c categoryci (orange). Users also frequently belong to a social
group gi (yellow) or have a speci�c interest i i (purple) denoted in their pro�le.
Mostly however, a userui (green) interacts with other users via social interactions
such as likes or comments. In addition to that, users may notify their community
via a check-in when they arrive at a speci�c location of their interestl i (blue).
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Findings and Contributions. We �rst introduced content and network-based

similarity features that can be applied for di�erent data sources. By focusing on the

popular non-probabilistic user-based Collaborative Filtering [Schafer et al., 2007]

algorithm, we further showed how the use of such features in the recommendation

process helps to improve the recommendation performance. Here, for example, uti-

lizing the network structure derived from social interactions (e.g., likes) was shown

to be particularly bene�cial in improving the recommendation quality. Further-

more, our experiments proved our initial assumption that combining user similarity

features of the di�erent data sources in a hybrid manner can lead to more robust rec-

ommendations with respect to accuracy, diversity, and user coverage. [Lacic et al.,

2015a]

We also demonstrated how the recommendation quality could improve if an addi-

tional data source is provided (e.g., [Reiter-Haas et al., 2017, Duricic et al., 2018]).

In case of social data, we showed that the overall quality greatly depends on the

number of social pro�les available in the system. We also extended this with a cold-

start simulation of a new system (e.g., a similar case like it was with the beginning

of Spotify) in which we assumed that all new users provide social data. In this case,

the delivered prediction quality can already be signi�cantly increased in the early

stages of the new system. [Lacic et al., 2014c]

This was further con�rmed in a similar experiment where we tackled extreme cold-

start users, but with location data. We showed that when location data is available

(e.g., generated from indoor positioning systems in shopping malls), we can greatly

improve the �rst recommendation to completely new users in the system by either

using the raw location traces or inferring a location network out of them. [Lacic

et al., 2015b]

Finally, we also considered social tagging systems, which are another popular data

source. We contributed with a novel algorithm called Collaborative Item Ranking

Using Tag and Time Information (CIRTT) and showed how the recommendation

performance can be improved by ranking candidate item sets using the information

of frequency and recency of tag use. [Lacic et al., 2014b]
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Figure 1.4: Notions of a domain according to [Cantador et al., 2015]. The attribute
level contains the same type of items (e.g., movies) but has di�erent values on
certain attributes (e.g., genre of the movie). The type level notion has similar types
of items (e.g., movies and TV series) which share some of their attributes. Individual
domains on the item level have di�erent types of items (e.g., movies and books).
On a system level, items (e.g., movies or books) belong to distinct systems, which
are considered as di�erent domains (e.g., Net�ix and Amazon). [Cantador et al.,
2015, Lacic et al., 2017]

RQ2: How can we address customization, scalability and real-time per-

formance across multiple recommender systems domains?

Problem. Most of the literature about recommender systems focuses on developing

novel approaches that improve the accuracy for items that belong to a single domain

(e.g., movies, music, news, etc.). But focusing on multiple domains (e.g., [Roitero

et al., 2020, Bonab et al., 2021]) is gaining more traction in the research community.

The work of [Cantador et al., 2015] was the �rst attempt to de�ne the concept of a

domain in the setting of recommender systems. As seen in Figure 1.4, the authors

distinguish between four di�erent domain notations. First, there is the attribute

level, where items are of the same type (e.g., movie genres). Second, the type level,

where items are of similar types but do not necessarily share all attributes (e.g.,

movies and TV series). At the item level, items are not of the same type and di�er

in most or all attributes (e.g., movies and books). Finally, at the system level, items

and users belong to completely di�erent systems (e.g., Net�ix and Amazon). [Lacic

et al., 2017]

Most work that adopt this notion focus solely on utilizing the data between

domains in order to improve the recommendation performance [Gao et al., 2013, Loni

et al., 2014, Sahebi and Walker, 2014, Elkahky et al., 2015, Sahebi and Brusilovsky,

2015, Bonab et al., 2021]. There is however still a lack of work on how to actually

simultaneously support recommendations in a multi-domain environment.
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Figure 1.5: Building a recommender system for a multi-domain environment needs
to address the aspect of (i) providing service isolation, (ii) supporting data hetero-
geneity, (iii) allowing recommender customization, and (iv) ensuring fault tolerance.

Approach. The aim of the second research question is to build upon the work

of [Cantador et al., 2015] and extend the scope of multi-domain recommender sys-

tems. In [Lacic et al., 2017] we have categorized and introduced di�erent design

aspects that should be addressed when providing recommendations. To show the

applicability of these design aspects, we �rst presented a framework for providing

real-time recommendations for online marketplaces [Lacic et al., 2014c] and then

extended it to account for scalability and a multi-domain environment [Lacic et al.,

2015c]. Finally, in [Traub et al., 2015, Lacic et al., 2016, Kowald et al., 2018, Lacic

et al., 2018a, Lacic et al., 2018b] we showed how such an approach can be utilized

to customize a recommender system across multiple domains.

Findings and Contributions. As depicted in Figure 1.5, we categorized a multi-

domain recommender system into four di�erent aspects. First, sharing hardware

resources while ensuring performance isolation and fault tolerance is required to

support di�erent requirements in terms of recommendation request load2. Such

functionality helps, for instance, in handling unanticipated load peaks a domain may

occasionally encounter. Second, a multi-domain recommender system inherently

needs to be able to handle a diverse set of data sources and simultaneously support

an easy integration of new data types (e.g., by altering the underlying schema). Such

a need can be depicted by Listing 1.1, where two domains have a requirement of

storing user-item interactions. But as di�erentiated in [Adomavicius and Tuzhilin,

2The number of simultaneous recommendation requests that the system needs to process in a
timely manner.
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{
"item": "5a35c4d3= a5dc= 36d4= 6a8b= f543da297a7c",
"users_listened": [5506, 68107, 1000002]
"users_listened_count": 3
"domain": "LastFM"

},
{

"user": "56861",
"item": 3473,
"rating": 2.0
"domain": "MovieLens"

}

Listing 1.1: Example of di�erent user-item interactions that need to be stored and
utilized by recommender algorithms in an multi-domain envorinment. The recom-
mender system in this case needs to support the implicit listening interactions from
the music domain (i.e., LastFM), as well as explicit movie ratings found in the movie
domain (i.e., MovieLens).

2008], a recommender algorithm employed by one domain may consider di�erent

types of user interactions than the one used in the other domain. That is, the

underlying system would need to support every kind of interaction (e.g., implicit,

explicit or inferred ones) that could form such a two-dimensional view. Finally, a

multi-domain recommender system should support the customization of domain-

speci�c parameters related to the employed algorithm and unambiguously know

which source of information should be used to calculate the recommendations. [Lacic

et al., 2017]

To show that these design principles can be applied in real systems, we �rst con-

tributed with SocRecM, a Java-based recommender framework that is aimed to

build a scalable social recommender engine for online marketplaces. With SocRecM

we showed how search engine technology can be leveraged to build a recommender

system that supports large quantities of diverse data structures. [Lacic et al., 2014c]

We then improved on the runtime performance in a multi-domain setting and con-

tributed with ScaR (i.e., Scalable Recommendations-as-a-service), an extension that

is aimed for a multi-domain setting. To show its applicability as depicted in Fig-

ure 1.6, we customized and presented ScaR for the domains of Tourism, Music,

Movies, Venues, Social Care, E-Commerce, Technology Enhanced Learning and Job
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Matchmaking. Furthermore, we found that the domain-speci�c customization of

a recommender algorithm is of particular importance, as it also fosters the repro-

ducibility [Ekstrand et al., 2011] of experimental evaluations conducted within an

application domain. [Lacic et al., 2015c]

Figure 1.6: Proposed architecture for a multi-domain recommender system. Each
component is a microservice (i.e., a standalone HTTP server) that is aware of its
communicating partners' location (i.e., the URL). If a multi-domain scenario at
the system level is not required, the same form of data storage can be used between
individual domains. The corresponding customization through recommender pro�les
provides the domain-speci�c algorithm con�guration. [Lacic et al., 2017]

RQ3: How can we balance the trade-o� between accuracy and runtime

in real-time recommender systems?

Problem. In the past decade, most research on recommender systems has focused

on producing novel recommendation algorithms [Shani and Gunawardana, 2011] and

improving the prediction accuracy [Rana and Jain, 2015]. Traditional recommender

systems typically analyze data o�ine and generate an algorithmic model at regular

time intervals in order to be used in a dynamic environment such as the Web.

However, a user's choice depends on a variety of factors that are subject to change

at any time. One example would be the news domain, where a majority of the

user base are short-lived session users that interact with only few news articles. An
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o�ine model training strategy which is updated after several hours or even days may

miss the current context of the user's real-time demand. Hence, the interest of the

research community has shifted into balancing the open problem of showing accurate

recommendations while being able to capture and consider a user's real-time interest

[Chandramouli et al., 2011, Huang et al., 2015, Rana and Jain, 2015].

Approach. The focus of the third research question is to investigate the impact

on the accuracy while providing recommendations in real-time. This led us to �rst

investigate if and how search engine technology can be adapted in order that recom-

mender algorithms exhibit a real-time performance [Lacic et al., 2014a]. In [Lacic

et al., 2015c, Lacic, 2016, Lacic, 2017], we further looked at how an increasing recom-

mendation request load can impact the runtime performance of a given algorithm.

In this study, we additionally explored how scaling the system can help to reduce

the runtime of particular algorithms and the general response time of the overall

recommendation system. In [Lacic et al., 2018a] we investigated how to speed up

the nearest neighbor approach as it is one of the most explored and utilized tech-

niques for personalized systems. Finally, in [Lacic et al., 2019b], we conducted a

user study within the job domain to uncover the applicability of user embeddings in

a real online setting while maintaining a mean runtime performance that is below

200ms.

Findings and Contributions. We �rst demonstrated that by leveraging search

engine technology (e.g., Apache Solr), we can generate recommendations under real-

time constraints as well as handle data streams and frequent updates [Lacic et al.,

2014a]. We further showed that under an exponentially growing workload (i.e., a

load peak that is triggered by an increasing number of incoming recommendation

requests), the recommendation system will continue to increase the average runtime

performance of individual algorithms even though there is a maximal theoretical

limit of recommendation requests that can be handled by the underlying hardware

and software con�guration. By scaling the system in a horizontal manner, it is how-

ever possible to increase this theoretical limit and therefore minimize the impact

on the runtime performance of individual algorithms. By making such scalability

experiments, it is possible to �nd out which algorithms should be used or combined

(e.g., in case of hybrid approaches) in order to guarantee a real-time runtime per-
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formance while maintaining the desired recommendation accuracy. [Lacic et al.,

2015c, Lacic, 2016, Lacic, 2017]

To further improve the balance between accuracy and runtime we explored the

Collaborative Filtering algorithm [Resnick et al., 1994, Sarwar et al., 2001] which

is one of the most explored and utilized approaches for providing personalization.

For this, we integrated a user pre-�ltering step to build a smaller set of candidate

neighbors in a greedy manner. That is, we focused on neighboring users which have

a higher amount of overlapping items. Our experiments showed that in this way, it

is possible to greatly speed up the runtime performance and in some cases not even

sacri�ce the overall accuracy. [Lacic et al., 2018a]

Finally, we also considered the utilization of latent item embeddings, as these have

recently become one of the most popular methods to use in the recommender sys-

tem's research community. For this, we conducted an online user study in the job

domain for the scenarios of recommending similar jobs and personalizing the home-

page. We showed how to utilize embeddings in order to improve Click-Through-Rate

of the recommender while having a below200 ms average runtime performance.

Moreover, we showed that the recommendation scenario (i.e., context where the

user sees the recommendations) in fact impacts the �nal online performance of a

utilized recommendation algorithm. For instance, when recommending similar jobs,

users expect to see something that is relevant to their recent interaction history.

When compared to classical approaches, utilizing embeddings that focus on recent

interactions led to both, an improved Click-Through-Rate and runtime performance.

[Lacic et al., 2019b]

RQ4: How can we improve real-time recommendations beyond accu-

racy?

Problem. The focus of research on recommender systems has been in many cases

only on assessing and improving the prediction accuracy [Jäschke et al., 2007, Shi

et al., 2010, Liang et al., 2018]. But optimizing only on accuracy and not the

human need for variety and discovery may easily lead to a lesser user experience, as

this easily results in �boring and ine�ective recommendations� [Zhang et al., 2012].

The research community has therefore acknowledged that in an online, real-time

setting, factors other than accuracy may have a signi�cant e�ect on the performance
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of a recommender system [McNee et al., 2006]. To assess the true utility of a

recommender algorithm, one would usually need to conduct a user study or set up

an online A/B testing experiment. The former approach requires the involvement

of active participants within a pre-de�ned time frame [Beel et al., 2013]. The latter

requires access to a fully functional system with existing users. Moreover, to conduct

A/B tests one would need to deal with other real-time constraints [Eksombatchai

et al., 2018], like having a response time of recommendation requests which do not

exceed a certain amount of milliseconds. As such, there is a growing trend to go

beyond accuracy. This essentially means to investigate o�ine metrics that provide

more in-depth insights into the quality and �nal utility of a recommender approach

(e.g., [Ge et al., 2010, Belém et al., 2013]).

Approach. For the fourth research question, we �rst explored how the recently

popularized utilization of item embeddings compares to standard recommendation

algorithms on measures which go beyond recommendation accuracy [Lacic et al.,

2018b]. For this, we looked at di�erent strategies on how to combine embeddings in

order to balance the trade-o� between accuracy, diversity and novelty. We continued

with this using an online study under real-time constraints in [Lacic et al., 2019b]

and investigated the impact of the display context (i.e., where the utilized approach

was in the end shown). In [Lacic et al., 2019a] we further investigated how mea-

suring the semantic similarity between the list of recommended and expected items

can help to better understand if a �hit� (i.e., a relevant item) has been generated.

Finally, in [Lacic et al., 2020] we focused on a special case in the domain of real-time

recommender systems, namely, recommending for anonymous session users. As re-

search on session-based recommenders with respect to beyond accuracy measures

is rather scarce, we investigated the performance of state-of-the-art session-based

approaches as well as proposed how to extract and utilize latent embeddings of a

particular session.

Findings and Contributions. We �rst explored how item embeddings impact

recommendation accuracy in addition to diversity and novelty. For this, we investi-

gated di�erent strategies on how to combine embeddings that are derived from the

user's history. We showed that the trade-o� between accuracy and diversity can be

balanced by using human memory theory and proposed an approach that models
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the frequency and recency of user's past interactions. [Lacic et al., 2018b]

Using these insights, we further conducted a variety of A/B experiments and con-

tributed to the sparse line of research on evaluating the impact of latent embeddings

under real-time constraints. Here we focused on two popular recommendation sce-

narios: (i) to provide recommendations when a user is currently at the details page

of a particular item and (ii) to personalize the items which are shown on the home-

page. In the �rst scenario, we found that using embeddings that are based on more

recent interactions tends to improve the online performance. In contrast, for the

scenario of personalizing the homepage, we found that the combination of embed-

dings which is based on the frequency and recency of past user interactions exhibits

the best online performance. [Lacic et al., 2019b]

We then focused on showing how measuring only accuracy may not be enough

when evaluating the quality of recommender algorithms. We contributed with an

alternative measure that measures the semantic relationship of recommended items

and showed that even if the expected item was not found, the underlying algorithm

may still have recommended an item that is relevant to the user. [Lacic et al., 2019a]

Finally, we addressed the problem of anonymous user sessions and evaluated state-of-

the-art approaches with respect to beyond-accuracy metrics (i.e., novelty, serendip-

ity, and coverage). Here, we additionally contributed with a novel approach that

utilizes autoencoders in order to extract latent embeddings of a particular session.

When compared to state-of-the-art baselines, we discovered that when we learn

session embeddings based on interaction and content data and use them in a k-

nearest neighbor manner, we can achieve the best results with respect to the beyond-

accuracy measures, as well as competitive results in terms of accuracy. [Lacic et al.,

2020]

1.3 Scienti�c Contributions

This section outlines the scienti�c contributions of this dissertation's research. With

respect to the research questions of this thesis, the �ve main contributions are as

follows:

1. It is shown that utilizing additional information sources can lead to more
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robust recommenders with respect to accuracy, diversity, and user coverage

(Research Question 1). Speci�cally, by combining several recommender ap-

proaches that rely on heterogeneous data sources, it is possible to increase the

recommendation accuracy. Also, the use of additional data helps mitigate the

cold-start problem, i.e., when a new user comes to the system.

2. As the amount and heterogeneity of available data sources heavily di�er be-

tween application domains, a scalable and customizable architecture is pro-

posed. Such an architecture is shown to be easily adapted for di�erent rec-

ommendation scenarios and to be suited for providing recommendations in

an environment where multiple domains need to supported at the same time

(Research Question 2).

3. It is demonstrated how recommendations in a multi-domain setting can be

provided in real-time (Research Question 3). Furthermore, it is shown that

the trade-o� between recommendation accuracy and runtime needs to be taken

into account when considering to apply a speci�c recommendation strategy.

4. By applying novel methods based on neural autoencoders, it is shown that

real-time recommendation approaches can be improved beyond the most com-

monly measured recommendation accuracy (Research Question 4). It is further

shown that this can also be applied to a special scenario of recommending for

anonymized user-sessions in real-time, where the recommendation problem is

even harder because the available data is much sparser than when the user is

known to the system.

5. Finally, two open-source Java-based frameworks are presented. With SocRecM,

this thesis �rst shows how real-time recommendations can be provided by uti-

lizing heterogeneous data sources in the e-commerce domain. With ScaR, this

thesis improves on the real-time performance achieved with SocRecM with

respect to an increasing number of incoming recommendation requests and

extends the framework with the proposed notations of a multi-domain recom-

mender system.

These contributions are presented in the 18 publications, which are listed in more

detail in the following Chapter 3.



Chapter 2

Related Work

This chapter presents the state-of-the-art research related to the four research ques-

tions presented in the previous Chapter 1 of this thesis. This is done by �rst pre-

senting an overview over algorithms that are usually utilized for solving the recom-

mendation problem. Following that is a discussion on recent trends with respect

to neural recommendation approaches. The inclusion of auxiliary data is addressed

afterwards, as user-item interactions are not the only source of information that

can be used to generate recommendations. With respect to running a recommender

system in an online setting, work that is related to topics of scalability and real-

time performance are then presented. Finally, this chapter ends with an overview

of recent trends and ongoing problems the research community has in regard to

evaluating recommender systems.

2.1 Recommender Algorithms

Recommender systems typically learn a model to predict the preference for each

user-item pair. Most commonly, this is done in a nearest-neighbor fashion (i.e.,

user-based [Resnick et al., 1994] or item-based [Sarwar et al., 2001]) or by �nding

similar items in a content-based manner [Balabanovi¢ and Shoham, 1997]. In this

respect, personalized recommendations using Matrix Factorization [Koren et al.,

2009, Ma et al., 2011] dominate the literature. The most popular use case here

was to formulate the problem as a rating prediction task, where the model would

attempt to minimize the di�erence between the predicted and the original rating

22
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value. One popular approach in this setting is, for example, Probabilistic Matrix

Factorization (PMF) by Mnih and Salakhutdinov [Mnih and Salakhutdinov, 2008].

The research community has, however, recognized that rating prediction does not

adequately depict a real-world recommendation scenario [Steck, 2013]. Thus, the

problem is rather formulated as a ranking task where, out of all possible items, only

a small number should be picked. In this scenario, approaches like Weighted Matrix

Factorization (WMF) [Hu et al., 2008], Bayesian Personalized Ranking (BPR) [Ren-

dle et al., 2009] or Sparse Linear Methods (SLIM) [Ning and Karypis, 2011], which

are based on implicit feedback (e.g., a binary signal in the form of1 or 0 if a user

has clicked an item) are a popular choice. One caveat when adapting Matrix Fac-

torization for a real-world scenario however, is that they need to be retrained when

the data changes. Namely, this can happen to be a time-consuming task, especially

in case of frequent data updates. Furthermore, empirical studies showed that the

computational cost should not be neglected, as a large number of latent factors are

needed so that Matrix Factorization can deal with sparse data. [Salakhutdinov and

Mnih, 2008]

2.2 Neural Recommenders

Research on algorithmic advances in the recommender systems' community has

changed in the last few years where the trend has moved more towards utilizing

deep learning techniques [Dacrema et al., 2019]. The focus of earlier work was on

explicit feedback and solving the rating prediction problem with neural networks.

For that, Restricted Boltzmann Machines were a popular choice to serve as a basis

for Collaborative Filtering [Georgiev and Nakov, 2013, Zheng et al., 2016]. With

respect to formulating the problem as a ranking task, two early methods are Collab-

orative Denoising Autoencoder (CDAE) [Wu et al., 2016] and Collaborative Deep

Learning (CDL) [Wang et al., 2015]. Both use denoising autoencoders where the for-

mer learns a latent user representation by leveraging only the user history while the

latter jointly represents the collaborative data with content information. Another

related approach is Neural Collaborative Filtering (NCF) [He et al., 2017] where the

authors explore applying non-linear interactions between the latent factors of a user

and item instead of using the dot product. One problem that such methods su�er
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from is that the amount of model parameters grows linearly with the number of

users and items. As this can make the model much more prone to over�tting, Liang

et al. [Liang et al., 2018] proposed to use the generative variational autoencoder

with multinomial likelihood for collaborative �ltering (Multi-VAE). Other recent

work like the one from Hidasi et al. [Hidasi et al., 2015, Hidasi and Karatzoglou,

2018] propose a recurrent neural network (RNN) based approach to model variable-

length sequential data. They showed that RNNs (e.g., Gated Recurrent Units) can

be adapted for this task. Others build on this idea and extend it by capturing

additional information like context [Twardowski, 2016] or attention [Li et al., 2017].

In summary, recent advances in neural recommenders have been heavily in�uenced

and inspired by natural language processing (NLP) research over the last8 years

[de Souza Pereira Moreira et al., 2021]. A good example for this is the introduction of

transformer architectures in2017[Vaswani et al., 2017] which are the basis for recent

transformer-based recommender systems like SASRec [Kang and McAuley, 2018],

AttRec [Zhang et al., 2019], BERT4Rec [Sun et al., 2019] and Transformers4Rec

[de Souza Pereira Moreira et al., 2021].

2.3 Information Sources

Traditional recommender systems often consider only user-item interactions and do

not consider any additional contextual information like social connections, visited

locations, the user's age, etc. In most cases, the available interaction data is sparse in

nature, with having, for example, less than5% of all possible user-item interactions

[Truong et al., 2021]. In this respect, Adomavicius et al. [Adomavicius and Tuzhilin,

2008] extended the traditional user-item paradigm by representing the recommen-

dation context using information that is obtained (1) explicitly, by direct user input,

(2) implicitly, using methods to capture the information from the environment, or

(3) inferred, by analyzing interactions and building implicit connections. For exam-

ple, Jamali et al. [Jamali and Ester, 2010] tackle the rating prediction problem by

utilizing a Matrix Factorization model that includes existing social relations. In [Ma

et al., 2011], the authors introduce two social regularization methods to be applied

for Matrix Factorization in order to improve both the Mean Absolute Error (MAE)

and Root-Mean-Square Error (RMSE) when social information is available. The
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authors of [Diaz-Aviles et al., 2012] improve Matrix Factorization for recommending

topics in real-time by using Twitter streams. On the other hand, in [Yao et al.,

2015] the authors rely on inferred data by adapting BPR to integrate topics that

are generated using the popular LDA approach [Blei et al., 2003].

Overall, the community has acknowledged the importance of other types of infor-

mation sources, ranging from social and location data to even measuring physi-

ological signals or personality traits, in a variety of recommendation tasks [Guo

et al., 2011, Bischo�, 2012, Elahi et al., 2013, Feng and Wang, 2012, Patro et al.,

2020, Berndsen et al., 2020]. In recent years for example, simultaneously with the

advances in deep learning, even visual features extracted from images have been

shown as a strong signal in learning the fashion preference [Kang et al., 2017] and

style [Liu et al., 2017b] of a user.

2.4 Scalable Recommender Systems

Modern recommendation systems tackle a multitude of operating challenges on a

daily basis. Especially with a large user and item base, it becomes challenging to

handle the increasing complexity of models (e.g., deep neural networks) within an

easily scalable system [Saberian and Basilico, 2021]. Most of the existing work adapt

their infrastructure and use o�ine batch processing (e.g., with frameworks such as

Spark [Zaharia et al., 2010] or GraphLab [Low et al., 2012]) with which they gen-

erate and cache candidate recommendations before they need to be served to the

user. This is the case for many stakeholders from industry like Net�ix [Amatri-

ain, 2013], Microsoft [Ronen et al., 2013], Nike [Essinger et al., 2021], among many

others [Chan et al., 2013, Walunj and Sadafale, 2013, Dai et al., 2014]. Another

recommender infrastructure is RecDB [Sarwat et al., 2013] where the authors have

taken a database-driven approach. In this case, the system is integrated in a Post-

greSQL DBMS which stores the generated recommendation scores within a set of

views which can be queried using SQL statements.

In summary, to overcome the challenges of scalability like YouTube [Davidson et al.,

2010], Twitter [Gupta et al., 2013] or Pinterest [Liu et al., 2017a], most systems com-

bine infrastructure improvements with e�cient machine learning algorithms [Garcin

et al., 2014, Freno, 2017, Eksombatchai et al., 2018].
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2.5 Real-time Recommendations

When applied in an online setting, one important aspect of recommender systems

is that they need to provide recommendations in real-time while processing new

streams of data incrementally. This is for instance the case when modeling a user's

sequence of performed actions, in order to catch the shift in interest that can happen

at any point in time [Shani et al., 2005, Smirnova and Vasile, 2017]. To capture the

change in user feedback, frameworks for processing interactive data like Apache

Tez [Saha et al., 2015] can be used to build high-performance batch processing

applications.

In this regard, the authors of [Huang et al., 2015] present TencentRec, a system

to provide real-time recommendations based on Item-Based Collaborative Filtering

that tackles the con�ict that exists when supporting "real-time, accurate and big

(data) challenges". Similarly, Chandramouli et al. [Chandramouli et al., 2011]

base their Collaborative Filtering approach on a stream processing system that

utilizes explicit rating data. Gupta et al. [Gupta et al., 2014] propose a real-

time twitter recommendation system using the temporally-correlated actions of each

user's followers. They report a measured median latency of 7 seconds from the edge

creation event to the delivery of the recommendation due to event propagation

delays. Other related work [Das et al., 2007, Rendle and Schmidt-Thieme, 2008,

Diaz-Aviles et al., 2012, Chen et al., 2013] work neglect the temporal ordering of

information and propose a fast procedure to generate recommendations by focusing

on scalability and easy parallelization. For example, to incorporate incremental

updates, [Agarwal et al., 2010] propose to learn item-speci�c factors through online

regression, which leads to a fast online bi-linear factor model.

2.6 Evaluating Recommendations

An o�ine experimental setup is to date the most popular approach to quantify the

performance of a recommender system [Jannach et al., 2012]. Even though there

is not one exact way how to measure the performance of a recommender approach,

much work in the research community has based their algorithmic comparisons on

accuracy related methods like Root Mean Squared Error or normalized Discounted

Cumulative Gain [Herlocker et al., 2004, Gunawardana and Shani, 2009, Parra and
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Sahebi, 2013]. Recent work, which focused on setting up online user studies, indicate

that an improvement in the o�ine accuracy performance does not directly translate

to the online setting with real users under real-time constraints [Gomez-Uribe and

Hunt, 2015b, Maksai et al., 2015]. For example, there are even large di�erences in

how the same recommender algorithm performs in only slightly di�erent application

scenarios [Beel et al., 2016]. Nevertheless, reports on online studies like from [Lu

et al., 2020] are rather less common as they are hard to set up. Thus, since the

argumentation from [McNee et al., 2006] that�being accurate is not enough�, the

research direction is nowadays driven toward an evaluation of recommender systems

that extends well beyond providing accurate predictions. For instance, this has led

to investigating di�erent trade-o�s and measures like diversity, coverage or bias, just

to name a few [Ge et al., 2010, Nilashi et al., 2016, Han and Yamana, 2017, Ludewig

and Jannach, 2018].

Finally, related work has shown that reproducibility of research results is a challeng-

ing issue [Dacrema et al., 2019]. Hence, toolkits such as, e.g., LensKit [Ekstrand

et al., 2011] or Rival [Said and Bellogín, 2014] have been introduced that drive the

research community into that direction.



Chapter 3

Publications

This chapter presents the18 publications and the corresponding contributions for

this cumulative thesis. More speci�cally, the contributions of this thesis are divided

into two parts. Firstly, the 6 main publications for each of the research questions

are listed as well as included in this chapter. Secondly, this thesis also lists the12

additional publications which are referenced in order to additionally strengthen the

outcomes and �ndings of this thesis. A short overview of these publications, as well

as their contribution to the respective research questions can be seen in Table 3.

3.1 Main Publications

This section describes the6 main contributions of this thesis which have already

been published. In addition to being listed in Table 3, each main publication is

accompanied by a short description as well as a statement of the respective contri-

bution. The printed versions of the listed work is in addition added at the end of

this chapter.

Lacic, E. , Kowald, D., Eberhard, L., Trattner, C., Parra, D., and Marinho,

L. B. (2015). Utilizing online social network and location-based data to recom-

mend products and categories in online marketplaces.In Mining, Modeling, and

Recommending'Things' in Social Media (pp. 96-115). Springer.

MP1

28
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Notation Reference Research Questions

Main Publications

MP1 [Lacic et al., 2015a] RQ1

MP2 [Lacic et al., 2017] RQ2

MP3 [Lacic et al., 2014a] RQ3

MP4 [Lacic, 2016] RQ2, RQ3

MP5 [Lacic et al., 2019b] RQ3, RQ4

MP6 [Lacic et al., 2020] RQ4

Additional Publications

AP1 [Lacic et al., 2015b] RQ1

AP2 [Duricic et al., 2018] RQ1

AP3 [Lacic et al., 2014a] RQ1

AP4 [Reiter-Haas et al., 2017] RQ1

AP5 [Lacic et al., 2014c] RQ1, RQ2

AP6 [Traub et al., 2015] RQ2, RQ3

AP7 [Kowald et al., 2018] RQ2, RQ3

AP8 [Lacic et al., 2016] RQ2

AP9 [Lacic et al., 2015c] RQ2, RQ3

AP10 [Lacic et al., 2018a] RQ3

AP11 [Lacic et al., 2018b] RQ4

AP12 [Lacic et al., 2019a] RQ4

Table 3.1: Overview of the 6 main publications as well as the 12 additional publi-
cations made for answering all four research questions of this thesis.

About MP1. This work presents the impact of features that are obtained from

marketplace, social and location-based data, when applied to the task of producing

product and category recommendations in online marketplaces [Lacic et al., 2015a].

With respect to Research Questions 1, not only is a detailed evaluation presented

on the impact of di�erent data sources, but also their combination with respect to

creating a hybrid recommender approach that improves the robustness of recom-

mendations in terms of accuracy, diversity and user coverage.

This work further lays the foundation for Research Question 2 and 3 as it becomes

eminent to support the utilization of additional data sources in application domains
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with di�erent types of data as well as to answer the question on how to do that in

real-time.

Contribution. The author of this thesis designed and performed the experiments,

implemented all the source code (i.e., algorithms, evaluation measures, experimental

pipeline, etc.) and analyzed the data. Lukas Eberhard crawled the Second Life

dataset that is used in this work. Dominik Kowald and Christoph Trattner assisted

in interpreting and presenting the experimental results. The author of this thesis

took the lead in writing the manuscript. All authors discussed the results and

contributed with writing the �nal manuscript.

Lacic, E. , Kowald, D. and Lex, E. (2017). Tailoring Recommendations for a

Multi-Domain Environment. In Workshop on Intelligent Recommender Systems

by Knowledge Transfer and Learning (RecSysKTL'17) co-located with the 11th

ACM Conference on Recommender Systems (RecSys'17)

MP2

About MP2. Most recommender systems adapt their algorithms for items that

belong to one speci�c domain (e.g., movies, music, news, etc.). However, how to

simultaneously adapt a recommender system to a diverse set of domains, each having

their own requirements and data models, still continues to be an open challenge (i.e.,

Research Question 2).

The contribution of this paper is a uni�ed design of a customizable and scalable rec-

ommendation system which accounts for multiple domains with diverse information

sources [Lacic et al., 2017]. To do that, it addresses the design decisions that should

be taken into account when building a multi-domain recommender system, as well

as demonstrates how the contributed ScaR framework can be adapted for di�erent

domain experiments in an isolated manner.

Contribution. The author of this thesis implemented the ScaR recommender

framework that is presented in this work as well as conducted the reported ex-

periments. The author of this thesis also took the lead in writing the manuscript.

All authors provided critical feedback and helped in writing the �nal manuscript.
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Lacic, E. , Kowald, D., Parra, D., Kahr, M., and Trattner, C. (2014). Towards a

scalable social recommender engine for online marketplaces: The case of apache

solr. In Proceedings of the 23rd ACM International Conference on World Wide

Web (WWW'14), pp. 817-822

MP3

About MP3. This work presents how search engines can be utilized to build a real-

time recommender system for a social marketplace. In order to address Research

Question 3, [Lacic et al., 2014a] �rst compares the runtime performance of di�erent

recommendation approaches, and second, compares their mean response time in form

of a performance load test with an increasing amount of recommendation requests

with and without data updates happening simultaneously.

Thus, this work tackles the problem of providing recommendations in real-time

with the Apache Solr search engine. This forms the basis for the two open-source

frameworks (i.e., SocRecM and ScaR) which are a technical contribution of this

thesis.

Contribution. The author of this thesis designed, implemented and performed

all experiments reported in this work. Dominik Kowald, Christoph Trattner and

Denis Parra assisted in interpreting the experimental results. The author of this

thesis took the lead in writing the manuscript. All authors discussed the results and

contributed with writing the �nal manuscript.

Lacic, E. (2016). Real-Time Recommendations in a Multi-Domain Environment.

In Extended Proceedings at Doctoral Consortium of the 27th ACM Conference on

Hypertext and Social Media (HT'16)

MP4

About MP4. This work presents how the ScaR recommender framework can

provide a scalable and customizable architecture, which is needed when providing
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recommendations in real-times for multiple domains, In order to address both, Re-

search Question 2 and 3, [Lacic, 2016] investigates how an increasing request load

(i.e., number of incoming recommendation requests) will impact the system. It be-

comes apparent that an exponential growth in the runtime happens as the request

load increases. But, with scaling the recommender system horizontally, a signi�cant

increase in the runtime performance can be seen. This shows that having scalability

is an important aspect when supporting multiple domains, as not every domain will

have the same request load.

Contribution. The author of this thesis implemented, con�gured and conducted

all the experiments which are reported in this work. This also includes setting up

the necessary server infrastructure to run the experiments. The author of this thesis

wrote the manuscript.

Lacic, E. , Reiter-Haas, M., Duricic, T., Slawicek, V. and Lex, E. (2019). Should

we Embed? A Study on the Online Performance of Utilizing Embeddings for

Real-Time Job Recommendations.In Proceedings of the 13th ACM Conference

on Recommender Systems (RecSys'2019). ACM

MP5

About MP5. Learning latent item embeddings has recently become a popular

technique for recommender systems, even though many works report on state-of-

the-art performance in an o�ine setting, experiments on the user acceptance and

utility of embeddings under real-time constraints are scarce. As this ties to both, the

Research Question 3 and 4, [Lacic et al., 2019b] performs a multitude of A/B tests

which are evaluated with respect to the Click-Through-Rate (i.e., user acceptance)

and runtime performance. This online study is further conducted in the job domain

on two di�erent recommendation scenarios, i.e., to recommend similar jobs and

personalizing the homepage.

This work shows that with respect to Research Question 3, certain scenarios exist

where the runtime performance can be improved alongside the �nal user acceptance.

Moreover, this work opens up the topic of Research Question 4 as it becomes clear

that, there exist other factors that drive the user on what kind of recommendation
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is expected in a certain scenario. This shows that only measuring accuracy in an

o�ine setting is not enough.

Contribution. The author of this thesis implemented the algorithms which were

used for the online study, investigated the necessary requirements for conducting it

as well as de�ned the scope of the experiments. Markus Reiter-Haas and Tomis-

lav Ðuri£i¢ assisted in deploying the software. Markus Reiter-Haas assisted with

preparing the graphical interpretations of the experimental results. The author of

this thesis took the lead in writing the manuscript. All authors discussed the results

and contributed with writing the �nal manuscript.

Lacic, E. , Reiter-Haas, M., Kowald, D., Dareddy, M. R., Cho, J. and Lex, E.

(2020). Using Autoencoders for Session-based Job Recommendations. In the

Journal of User Modeling and User-Adapted Interaction (UMUAI). Springer

MP6

About MP6. This works tackles a special case of real-time recommender systems,

namely, providing recommendations to short-lived anonymous session users. Specif-

ically, [Lacic et al., 2020] presents di�erent autoencoder architectures to encode

sessions which can be used to generate a recommendation in a k-nearest neigh-

bor manner. With respect to Research Question 4, the autoencoder architectures

together with state-of-the-art session-based approaches are evaluated on measures

which go beyond the usually utilized accuracy metric. That is, this works looks

into the impact of session-based approaches on the system-based and session-based

novelty as well as coverage. The outcome of this work shows that the proposed

autoencoder-based methods can achieve a comparable accuracy while outperform-

ing the state-of-the-art approaches with respect to beyond accuracy measures.

Contribution. The author of this thesis conceived the main idea, implemented

all the proposed algorithms, as well as prepared and run the experiments that are

reported in this work. Manoj Reddy Dareddy and Junghoo Cho assisted in framing

the scope of this work. Elisabeth Lex and Dominik Kowald aided in interpreting the

experimental results. Markus Reiter-Haas provided the proprietary dataset. The
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author of this thesis took the lead in writing the manuscript. All authors discussed

the results and contributed with writing the �nal manuscript.

3.2 Additional Publications

In addition to the main publications, the following 12 published papers have also

contributed to the four research questions, but their printed versions are not in the

main focus of this thesis. As such, each publication in this section is accompanied

by a short overview of its general idea whereas the contribution to the respective

research question can be seen in Table 3.

Lacic, E. , Kowald, D., Traub, M., Luzhnica, G., Simon, J., and Lex, E. (2015).

Tackling Cold-Start Users in Recommender Systems with Indoor Positioning Sys-

tems. In Proceedings of the 9th ACM Conference on Recommender Systems (Rec-

Sys'15)

AP1

About AP1. This paper looks at utilizing additional data sources to tackle the

cold-start user problem (i.e., provide recommendations for new users in the system).

As such, [Lacic et al., 2015b] showed that creating a user-location network out of the

raw location data can produce even better recommendation accuracy for "extreme"

cold-start users. This demonstrates that location-based data can be a rich source of

useful for recommendations and thus, opens up potential future work on applying

it at indoor locations (see Section 4.3).

Contribution. The author of this thesis designed and conducted all the experi-

ments in this work. The author of this thesis took the lead in writing the manuscript.

All authors discussed the results and contributed with writing the �nal manuscript.
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Duricic, T., Lacic, E. , Kowald, D., and Lex, E. (2018). Trust-Based Collabora-

tive Filtering: Tackling the Cold Start Problem Using Regular Equivalence.In

Proceedings of the 12th ACM Conference on Recommender Systems (RecSys'18)

AP2

About AP2. This work continues the research on cold-start users and investigates

the usage of explicit trust relationships as an additional data source to mitigate

this problem. But as trust relationships between users are usually a sparse data

source, this paper explored the use of regular equivalence for trust propagation in a

cold-start user setting. The evaluation results suggest that trust propagation is an

important feature when using trust networks as an additional data source. Moreover,

regular equivalence was demonstrated as an e�ective technique for propagating trust

in a network. [Duricic et al., 2018]

Contribution. Tomislav Duricic conceived the original idea as well as conducted

all the experiments that are reported in this work. The author of this thesis assisted

in the design of the experiments, preparing the source code for the algorithmic

baselines, interpreting and reporting the results. Tomislav Duricic took the lead

in writing the manuscript. All authors discussed the results and contributed with

writing the �nal manuscript.

Lacic, E. , Kowald, D., Seitlinger, P., Trattner, C., and Parra, D. (2014). Recom-

mending items in social tagging systems using tag and time information.In Pro-

ceedings of the 1st International Workshop on Social Personalisation co-located

with the 25th ACM Conference on Hypertext and Social Media (HT'2014)

AP3

About AP3. This publication dives further into the research on the utilization

of additional data for the recommendation task. Speci�cally, [Lacic et al., 2014b]

demonstrated that when social tags are additionally available in an online system,

the recommendation performance can be improved by utilizing the temporal patterns

of their usage.
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Contribution. The author of this thesis designed and conducted all the experi-

ments in this work. Dominik Kowald assisted in adapting the algorithms to utilize

temporal patterns. The author of this thesis took the lead in writing the manuscript.

All authors discussed the results and contributed with writing the �nal manuscript.

Reiter-Haas, M., Slawicek, V. andLacic, E. (2017). Studo Jobs: Enriching Data

With Predicted Job Labels. In Workshop on Recommender Systems and Social

Network Analysis (RS-SNA'17) co-located with the 17th International Conference

on Knowledge Technologies and Data-driven Business (i-KNOW'17)

AP4

About AP4. This work introduces the recommendation problem within the job

domain. For this it was �rst needed to tackle the problem of missing job labels which

would be needed for a better navigability of job recommendations. As such, [Reiter-

Haas et al., 2017] shows that it is not necessarily needed to only rely on additional

data sources when wanting to generate recommendations. Rather, it is possible with

a high accuracy to enrich the current data with, for example, labels that in turn can

be used as an input for the recommender approach or as a navigation component

for the user when exploring at the provided recommendations.

Contribution. Markus Reiter-Haas conducted all the experiments that are re-

ported in this work. The author of this thesis supervised and guided the design of

the experiments and helped interpret the results. Markus Reiter-Haas took the lead

in writing the manuscript. All authors discussed the results and contributed with

writing the �nal manuscript.

Lacic, E. , Kowald, D., and Trattner, C. (2014). Socrecm: A scalable social

recommender engine for online marketplaces.In Proceedings of the 25th ACM

Conference on Hypertext and Social Media (HT'14), pp. 308-310.

AP5
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About AP5. The contributions of this work are two-fold. Firstly, it is shown that

recommendation quality can be improved for cold-start users by utilizing social data

as well as the e�ect of sequentially increasing the amount of social data. Secondly,

this work presents the SocRecM framework which, which is one of the open-source

frameworks that is contributed with this thesis. Thus, [Lacic et al., 2014c] has

laid the foundation by providing a recommendation framework for online social

marketplaces which is then used to extend it for a multi-domain environment.

Contribution. The author of this thesis designed and conducted all the experi-

ments in this work, as well as implemented the presented SocRecM recommendation

framework. The author of this thesis also took the lead in writing the manuscript.

All authors discussed the results and contributed with writing the �nal manuscript.

Traub, M., Kowald, D., Lacic, E. , Schoen, P., Supp, G., and Lex, E.

(2015). Smart booking without looking: providing hotel recommendations in the

TripRebel portal. ,p. 50. ACM. (best demo honourable mention)In Proceedings

of the 15th International Conference on Knowledge Technologies and Data-driven

Business (i-KNOW'15)

AP6

About AP6. This work presents a recommender framework for the hotel (i.e.,

tourism) domain where data updates and new user-hotel interactions should be

immediately taken into account for the calculation of recommendations. This is

realized by starting to work on implementing the ScaR recommender framework

out of the previously mentioned SocRecM framework in order to support the hotel

domain. That is, [Traub et al., 2015] presented an adaptation of various state-of-the-

art recommender algorithms with respect to scalability and real-time performance.

Additionally, the work explored how to apply the use-cases and requirements which

are speci�c for a system that recommends hotels.

Contribution. The author of this thesis implemented the recommendation algo-

rithms used in this work and assisted in setting the research experiments. Matthias

Traub took the lead in writing the manuscript. All authors discussed the results

and contributed with writing the �nal manuscript.
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Kowald, D., Lacic, E. , Theiler, D., and Lex, E. (2018). AFEL-REC: A Rec-

ommender System for Providing Learning Resource Recommendations in Social

Learning Environments. In the Social Interaction-Based Recommender Systems

(SIR'18) Workshop co-located with the 27th International Conference on Infor-

mation and Knowledge Management (CIKM'18)

AP7

About AP7. This paper presents further adaptations of the ScaR framework

within the social learning environment. The presented AFEL-REC system shows

how to leverage the proposed software architecture in order to provide real-time

recommendations of learning resources. In addition, the AFEL-REC system is built

to handle any kind of data that is available in social learning environments like

metadata of learning resources, user interactions or social tags. As such, [Kowald

et al., 2018] provides the experimental results of three recommendation use-cases

implemented in AFEL-REC and shows that recommendation accuracy and coverage

can be improved by utilizing social data in form of tags.

Contribution. Dominik Kowald designed the experiments reported in this work.

The author of this thesis assisted with adapting the ScaR recommender framework

for the setting up the experiments as well as interpreting the results. Dominik

Kowald took the lead in writing the manuscript. All authors discussed the results

and contributed with writing the �nal manuscript.

Lacic, E. , Traub, M., Kowald, D., Kahr, M., and Lex, E. (2016). Need Help?

Recommending Social Care Institutions.In Workshop on Recommender Systems

and Big Data Analytics (RSBDA'16) co-located with the 16th International Con-

ference on Knowledge Technologies and Data-driven Business (i-KNOW'16)

AP8

About AP8. This works demonstrates how to further adapt the ScaR framework

for the domain of Social Care Institutions. Moreover, a hybrid algorithm is proposed
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which utilizes multiple data sources. That is, it is proposed to dynamically incorpo-

rate the time context of historical search results and the gathered negative feedback

from previous recommendations [Lacic et al., 2016]. These two factors are espe-

cially important to consider in the domain of social care institutions as over time,

the locations, availability and, responsibilities of individual institutions change.

Contribution. The author of this thesis designed and implemented the recommen-

dation algorithms used in this work. Matthias Traub took the lead in writing the

manuscript. All authors discussed the results and contributed with writing the �nal

manuscript.

Lacic, E. , Traub, M., Kowald, D., and Lex, E. (2015). ScaR: Towards a Real-

Time Recommender Framework Following the Microservices Architecture.In

Workshop on Large Scale Recommender Systems (LSRS'15) co-located with the

9th ACM Conference on Recommender Systems (RecSys'15)

AP9

About AP9. This work presents ScaR, a �exible Java-based recommender frame-

work that was developed in this thesis. ScaR adopts an architecture that is based

on microservices and utilizes the Apache Solr search engine in order to (1) gener-

ate recommendations in real-time, (2) provide scalability of di�erent recommender

algorithms, (3) support o�ine and online evaluations and, (4) incorporate frequent

data updates without the necessity of time-expensive model retrainings.

Contribution. The author of this thesis designed and implemented the ScaR rec-

ommender framework that is presented in this work. The author of this thesis also

conducted all the reported experiments and took the lead in writing the manuscript.

All authors provided critical feedback and helped in writing the �nal manuscript.
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Lacic, E. , Kowald, D., and Lex, E. (2018). Neighborhood Troubles: On the Value

of User Pre-Filtering To Speed Up and Enhance Recommendations.In the Inter-

national Workshop on Entity Retrieval (EYRE'18) co-located with the 27th In-

ternational Conference on Information and Knowledge Management (CIKM'18)

AP10

About AP10. The focus of this work is on one of the most popular recommender

algorithms that is used to date, namely, Collaborative Filtering. The paper tackles

the problem of increasing the runtime performance as such can play a crucial role

in settings with a high load of recommendation requests and where scaling up the

system is not feasible. The paper thus proposes a user pre-�ltering step that can

be done in a greedy fashion. This leads in a speed up with respect to the runtime

performance and in some cases can even increase the recommendation accuracy.

Contribution. The author of this thesis designed and implemented the recommen-

dation algorithms used in this work. The author of this thesis also conducted all

the reported experiments and took the lead in writing the manuscript. All authors

provided critical feedback and helped in writing the �nal manuscript.

Lacic, E. , Kowald, D., Reiter-Haas, M., Slawicek, V. and Lex, E. (2018). Be-

yond Accuracy Optimization: On the Value of Item Embeddings for Student

Job Recommendation.In the International Workshop on Multi-dimensional In-

formation Fusion for User Modeling and Personalization (IFUP'2018) co-located

with the 11th ACM International Conference on Web Search and Data Mining

(WSDM'2018)

AP11

About AP11. This work explores how the recent popularization of learning item

embeddings can be used to improve content-based recommendation performance

beyond accuracy. For that, a model from the human memory theory was proposed

to combine item embeddings and was applied in the job domain. This led to the
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�nding that modelling the frequency and recency of user-job interactions can result

in more robust recommendations with respect to not only accuracy, but also diversity

and novelty.

Contribution. The author of this thesis designed and conducted all the reported

experiments in this work. Markus Reiter-Haas and Valentin Slawicek provided the

dataset used in this work. The author of this thesis took the lead in writing the

manuscript. All authors provided critical feedback and helped in writing the �nal

manuscript.

Lacic, E. , Kowald, D., Theiler, D., Traub, M., Ku�er, L., Lindstaedt, S., and

Lex, E. (2019). Evaluating Tag Recommendations for E-Book Annotation Us-

ing a Semantic Similarity Metric. In REVEAL Workshop co-located with ACM

Conference on Recommender Systems (RecSys'2019)

AP12

About AP12. This paper presents a hybrid tag recommender system for e-books

and proposes to evaluate the system on a novel semantic similarity metric. The

paper thus shows how to validate a tag recommender on semantic matches instead of

focusing on direct "hits", where the recommendation needs to be an exact syntactical

match. Interpreting a recommender in this way can still lead to a correct accuracy

assessment but is in addition bene�cial in better interpreting the recommendation

quality.

Contribution. The author of this thesis designed the evaluation measures and

algorithms, as well as conducted all the reported experiments in this work. Dominik

Kowald assisted in the design of the experiments and interpreting the results. Lucky

Ku�er provided the dataset used in this work. The author of this thesis and Dominik

Kowald took a joint lead and contributed equally in writing the manuscript. All

authors provided critical feedback and helped in writing the �nal manuscript.
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