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In the current enthusiasm around Data Science and Big Data Analytics, it is

important to mention that only theory-guided approaches will truly enable us to

fully understand why an algorithm works and how specific results can be explained.

It was the goal of this dissertation research to follow this path by demonstrating that

a recommender system inspired by human memory theory can have a true impact

in the field.

Problem & Motivation

Social tagging systems enable users to collaboratively assign freely chosen key-

words (i.e., tags) to resources (e.g., Web links, scientific publications, music, images,

movies, etc.). These tags can then be used for not only searching, navigating, orga-

1http://www.dominikkowald.info
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nizing and finding content but also serendipitous browsing. Therefore, social tags

have become an essential instrument of Web 2.0 (i.e., the social Web) to assist users

during these activities. Another advantage of social tags is that users can freely

choose them for annotating their bookmarked resources. However, this also means

that these users have to create a set of descriptive tags on their own, which can be

a very demanding task.

As a solution, tag recommendation algorithms have been proposed, which suggest

a set of tags for a given user and a given resource. These tag suggestions are typically

calculated based on previously used tags and/or the content of resources. Thus, tag

recommendation algorithms aim to help not only the individual to find appropriate

tags but also the collective to consolidate the shared tag vocabulary with the aim

to reach semantic stability and implicit consensus. Furthermore, it was shown that

personalized tag recommendations can increase the indexing quality of resources,

which makes it easier for users to understand the information content of an indexed

resource solely based on its assigned tags.

Another strand of research on the underlying cognitive mechanisms of social tag-

ging has shown that the way users choose tags for annotating resources corresponds

to processes and structures in human memory. In this respect, a prominent example

is the activation equation of the cognitive architecture ACT-R, which formalizes

activation processes in human memory. Specifically, the activation equation deter-

mines the activation level (i.e., probability) that a specific memory unit (e.g., a word

or tag) will be needed (i.e., activated) in a specific context.

However, while current state-of-the-art tag recommendation approaches perform

reasonably well in terms of recommendation accuracy, most of them are designed in

a purely data-driven way. Consequently, they are based on either simply counting

tag frequencies or computationally expensive calculation steps (e.g., calculating user

similarities, modeling topics or factorizing the features of resources). Hence, these

approaches typically ignore the above mentioned insights originating from cognitive

research on how humans access information, such as words or tags, in their memory.

This is contrary to the assumption that tag recommendation algorithms should

attempt to mimic the user’s tagging behavior.

Thus, the main problem this thesis aims to tackle is to show that a cognitive-

inspired approach, which is build upon activation processes in human memory, can

improve the state-of-the-art of tag recommendations. Furthermore, such an ap-
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proach should help to better understand the underlying cognitive processes of social

tagging and tag recommendations. The main idea of this thesis was presented at

WWW’2015 [Kowald, 2015].

Approach & Methods

Consider a user retrieving a unit from her memory, such as a tag that she has used

previously. To derive its usefulness in the current context, the activation level Ai

of this memory unit i has to be determined. According to the following activation

equation, which is part of the declarative module of the cognitive architecture ACT-

R, the usefulness of i is given by:

Ai = Bi +
∑
j

Wj · Sj,i (1)

The Bi component represents the base-level activation and quantifies the general

usefulness of a unit i by considering how frequently and recently it has been used

in the past. It is given by the base-level learning (BLL) equation:

Bi = ln(
n∑

j=1

t−d
j ) (2)

where n is the frequency of the unit’s occurrences and tj is the recency (i.e., the time

in seconds since the jth occurrence of i). For example, if a user has applied the two

tags “recognition” and “recommender” with equal frequency but “recommender” has

dominated the user’s recent bookmarks, the equation predicts a higher activation

level for “recommender”. The exponent d accounts for the power-law of forgetting,

which means that each unit’s activation level caused by the jth occurrence decreases

in time according to a power function. d is typically set to 0.5. [Anderson et al.,

2004].

The second component of Equation 1 represents the associative component (i.e.,

the contextualized priming) that tunes the base-level activation of the unit i to

the current semantic context. The context is given by any contextual element j

important in the current situation (e.g., the tags “memory” and “recollection”).

Through learned associations, the contextual elements are connected with tag i
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and can increase i’s activation depending on the weight Wj and the strength of

association Sj,i. To simplify matters, the tags associated with a given resource r (due

to previous tag assignments of other users) are used as the contextual elements. The

weight Wj is derived from the number of times tag j has been assigned to resource

r, and Sj,i is derived from the number of co-occurrences between the tags i and j.

The theoretical fundamentals behind this approach were presented at WWW’2014

[Kowald et al., 2014b] and in [Kowald et al., 2015a, Trattner et al., 2016].

To evaluate this approach, common practice in research on recommender systems

was followed to build on an offline evaluation study design. This means that pub-

licly available social tagging datasets (i.e., Flickr, CiteULike, BibSonomy, Delicious,

MovieLens, LastFM) were used in order to study the relation between activation

processes in human memory and tagging behavior of users on a large scale. Ad-

ditionally, these data collections were split into training and test sets in order to

conduct an offline tag recommender study. For demonstrating the generalizability

of the proposed approach, additionally, data collections from Twitter were used. To

foster principles of Open Science, especially with respect to the reproducibility of

the results, the complete evaluation pipeline was developed as open-source software

in form of the TagRec framework and put on GitHub2. The TagRec framework was

presented at Hypertext’2014 [Kowald et al., 2014a] and UMAP’2017 [Kowald et al.,

2017a].

Results & Findings

Result 1 : The Influence of Activation Processes in Human

Memory on Tag Reuse

The first main result of this thesis deals with the relation between activation pro-

cesses in human memory and the tag reuse behavior of users in social tagging sys-

tems. According to [Anderson et al., 2004], the activation of a memory unit (e.g.,

a tag) should depend on at least two variables: (i) the general usefulness of this

memory unit given by past usage frequency and recency, and (ii) its usefulness in

the current semantic context. Therefore, it is the aim of Result 1 to test if this is

also applicable for social tagging settings.

2https://github.com/learning-layers/TagRec
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In order to quantify the influence of usage frequency, recency and semantic con-

text on the reuse of tags, the tag assignments of the first n − 1 bookmarks (i.e.,

reflecting the past) of a user u were compared with the tag assignments of u’s nth

bookmark (i.e., reflecting the future). Within this evaluation, it is also validated if

the factor of recency can be better modeled via a power or an exponential function.

In this respect, the results presented in Figure 1 lead to the following four find-

ings: (i) the more frequently a tag was used in the past, the higher its probability of

being reused, (ii) the more recently a tag was used in the past, the higher its proba-

bility of being reused, (iii) the more similar a tag is to tags in the current semantic

context, the higher its probability of being reused, and (iv) the effect of recency on

the reuse probability of tags is more likely to follow a power-law distribution than

an exponential one. These findings were presented at Hypertext’2016 [Kowald and

Lex, 2016].

(a) Tag frequency (b) Tag recency (c) Semantic Context

Figure 1: The influence of activation processes in human memory (i.e., usage fre-
quency, recency and semantic context) on tag reuse in CiteULike (Result 1 ).

Result 2 : Evaluating a Cognitive-Inspired Algorithm for Tag

Recommendations

Based on the outcomes of Result 1, a novel cognitive-inspired approach for pre-

dicting the reuse of tags (i.e., BLLAC) was implemented and evaluated. There-

fore, the prediction accuracy performance of BLLAC was measured by means of the

F1@5 and nDCG@10 metrics, and compared to current state-of-the-art algorithms,

namely MostPopular (MPu,r), Collaborative Filtering (CF), Latent Dirichlet Al-

location (LDA), Temporal Tag Patterns (GIRPTM), Pairwise Interaction Tensor

Factorization (PITF) and FolkRank (FR). This comparison is given in Table 1 and

shows that BLLAC outperforms these approaches in four of the six datasets (i.e.,
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Flickr, CiteULike, BibSonomy and Delicious). These four datasets represent narrow

folksonomies, in which typically only one or a few users annotate the same resource.

In LastFM and MovieLens, however, PITF and FR provide the best results, which

shows the importance of incorporating also social influences for tag recommenda-

tions by means of imitating popular tags of other users. The main reason for this

is that LastFM and MovieLens represent broad folksonomies, in which typically a

lot of users annotate the same resource and thus, tag imitation becomes much more

important.

Dataset Metric MPu,r CF LDA GIRPTM PITF FR BLLAC BLLAC+MPr

Flickr
F1@5 .371 .453 .178 .455 .350 .365 .470 .470
nDCG@10 .569 .666 .280 .686 .535 .561 .711 .711

CiteULike
F1@5 .249 .231 .089 .262 .178 .250 .259 .273
nDCG@10 .392 .359 .138 .420 .294 .392 .422 .438

BibSonomy
F1@5 .281 .260 .145 .291 .215 .279 .279 .298
nDCG@10 .407 .369 .219 .425 .327 .408 .409 .434

Delicious
F1@5 .238 .243 .182 .261 .199 .196 .243 .283
nDCG@10 .358 .356 .271 .393 .302 .292 .374 .431

LastFM
F1@5 .258 .226 .258 .263 .276 .270 .251 .283
nDCG@10 .386 .317 .388 .397 .414 .399 .375 .425

MovieLens
F1@5 .153 .124 .141 .159 .156 .153 .086 .160
nDCG@10 .328 .254 .296 .326 .324 .319 .203 .338

Table 1: Recommendation accuracy evaluation results by means of the F1@5 and
nDCG@10 metrics. The cognitive-inspired approach BLLAC+MPr provides the best
results in all evaluation settings (Result 2 ).

To address this, a hybrid recommendation algorithm was implemented and eval-

uated. In this respect, the contributions are twofold. Firstly, it was shown that

BLLAC can be expanded with tag imitation processes by means of popular tags of

other users in order to realize BLLAC+MPr. Secondly, according to the evaluation

results presented in Table 1, BLLAC+MPr now also outperforms PITF and FR in

all six datasets (i.e., narrow and broad folksonomies). These findings were presented

at RecSys’2015 [Kowald and Lex, 2015].
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Result 3 : Utilizing the Approach for Hashtag Recommenda-

tions in Twitter

In order to demonstrate the generalizability of this approach, the third main re-

sult of this thesis was the design, implementation and evaluation procedure of a

cognitive-inspired approach for hashtag recommendations in Twitter. Based on the

findings of Result 1 and Result 2, this algorithm utilizes activation processes in

human memory to account for temporal effects on individual hashtag reuse (i.e.,

reusing own hashtags) and social hashtag reuse (i.e., reusing hashtags, which has

been previously used by a followee). Therefore, an analysis of hashtag usage types in

two empirical networks (i.e., CompSci and Random datasets) crawled from Twitter

was conducted, which revealed that between 66% and 81% of hashtag assignments

can be explained by past individual and social hashtag usage. By analyzing the

timestamps of these hashtag assignments, it was further shown that temporal ef-

fects play an important role for both individual and social reuse of hashtags and

that a power function provides a better fit to model this time-dependent decay than

an exponential function.
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Figure 2: Recommendation accuracy results by means of Precision / Recall plots
for hashtag recommendations. BLLI,S and BLLI,S,C outperform the current state-
of-the-art in both evaluation settings and in both datasets (Result 3 ).

Based on this, the activation equation of ACT-R was utilized to develop BLLI,S

and BLLI,S,C , two algorithms for recommending hashtags. Whereas BLLI,S aims

to recommend hashtags without incorporating the current tweet (i.e., Scenario 1 ),

BLLI,S,C also utilizes the content of the current tweet using the TF-IDF statis-
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tic (i.e., Scenario 2 ). Both algorithms were compared to state-of-the-art hashtag

recommendation algorithms, namely BLLindividiual (BLLI), BLLsocial (BLLS), Col-

laborative Filtering (CF), SimilarityRank (SR) and TemporalCombInt (TCI). This

evaluation is shown in Figure 2, which leads two four main findings: (i) a substan-

tial amount of hashtag assignments in Twitter can be explained by past individual

and social hashtag usage, (ii) temporal effects have an important influence on both

individual as well as social hashtag reuse, (iii) a power function is better suited to

model this time-dependent decay than an exponential one, and (iv) BLLI,S outper-

forms related algorithms in the first evaluation scenario (i.e., without the current

tweet) and BLLI,S,C in the second one (i.e., with the current tweet).

These findings were presented at WWW’2017 [Kowald et al., 2017b] and show

that activation processes in human memory can be utilized for the recommendation

of hashtags in Twitter. This further demonstrates that the cognitive-inspired tag

recommendation approach proposed in this thesis can be generalized for related use

cases in the area of tag-based recommender systems.

Impact & Future Work

This thesis has modeled activation processes in human memory in order to improve

tag recommendations. Therefore, the relation between activation processes in hu-

man memory and the reuse of tags in social tagging system has been investigated

and a novel tag recommendation algorithm termed BLLAC+MPr has been proposed

based on the activation equation of the cognitive architecture ACT-R. This algo-

rithm has been evaluated in six real-work folksonomy datasets to demonstrate that a

cognitive-inspired approach is able to outperform state-of-the-art tag recommenda-

tion methods that ignore these insights from cognitive science. Finally, the algorithm

was adapted and extended for recommending hashtags in Twitter, which shows that

activation processes in human memory can be utilized for related use cases in the

area of tag-based recommender systems.

The impact of this dissertation research can be found in the areas of (i) rec-

ommender systems, (ii) social tagging, and (iii) tag recommendation evaluation.

With respect to the research area of recommender systems, this thesis showed that

principles of human cognition can be utilized to improve tag recommendations. By

taking into account how humans access information in their memory, cognitive-
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inspired recommendation strategies were developed as an alternative to data-driven

methods such as Collaborative Filtering or Matrix Factorization. These findings

had an impact on the research area of recommender systems by motivating the de-

velopment of related cognitive-inspired recommendation algorithms (e.g., [Kowald,

2015, Kowald et al., 2014b]).

Furthermore, this thesis contributed to the large body of research that analyzes

interactions in social tagging systems. Specifically, the relation between activation

processes in human memory and the reuse of tags was investigated, which resulted

in a set of factors that influence the reuse of tags. Thus, three of these factors are (i)

past usage frequency, (ii) past usage recency, and (iii) the current semantic context

cues. Especially, the second factor (i.e., time / recency) has led to further interesting

investigations such as the study of temporal effects on hashtag reuse in Twitter (e.g,

[Kowald and Lex, 2016, Kowald et al., 2017b]). Finally, this thesis provided the

to-date most extensive evaluation of tag recommendation algorithms. This included

the evaluation of twenty tag recommendation algorithms on six datasets by using ten

evaluation metrics. This large-scale study provided the research community with a

performance overview of state-of-the-art tag recommendation algorithms in various

evaluation settings. Apart from that, all algorithms and evaluation procedures used

in this thesis were provided as open-source software, which greatly enhanced the

reproducibility of the presented results (e.g., [Kowald et al., 2017a, Kowald and

Lex, 2015, Kopeinik et al., 2016]).

This thesis showed that activation processes in human memory can be utilized for

both tag recommendations in social tagging systems and hashtag recommendations

in Twitter. These findings open up possible research strands for future work, such as

the design of cognitive-inspired recommender systems [Lacic et al., 2014b, Seitlinger

et al., 2013, Kowald et al., 2015b, Lacic et al., 2014a, Lacic et al., 2014c, Lacic et al.,

2015]. One example of such cognitive-inspired resource recommendation algorithm

was presented at WWW’2015 [Seitlinger et al., 2015] and in [Kopeinik et al., 2017].

Taken together, the author of this thesis believes, that general future research

of recommender systems should focus on a hybrid combination of (i) cognitive-

inspired, and (ii) data-driven (e.g., machine learning-based) approaches. This way,

the strengths of both types of algorithms can be combined in order to adapt to the

given data (i.e., large-scale versus small-scale settings). This thesis already provided

a first step into this research direction.
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