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ABSTRACT

Recommender systems are widely used to help people find items that are tailored
to their interests. These interests are often influenced by social networks, making
it important to use social network information effectively in recommender sys-
tems, especially for demographic groups with interests that differ from the major-
ity. This paper introduces STUDY, a Socially-aware Temporally caUsal Decoder
recommender sYstem. The STUDY architecture is significantly more efficient to
learn and train than existing methods and performs joint inference over socially-
connected groups in a single forward pass of a modified transformer decoder net-
work. We demonstrate the benefits of STUDY in the recommendation of books for
students who have dyslexia or are struggling readers. Students with dyslexia often
have difficulty engaging with reading material, making it critical to recommend
books that are tailored to their interests. We worked with our non-profit partner
Learning Ally to evaluate STUDY on a dataset of struggling readers. STUDY was
able to generate recommendations that more accurately predicted student engage-
ment, when compared with existing methods.

1 INTRODUCTION

Recommender systems are one of the major applications of Al systems and are an essential driver
of many of our online experiences today. With applications ranging from e-commerce () and ad-
vertising platforms () to video platforms (B), we are relying on recommender systems to surface
relevant and interesting content to individual users. In this work, we focus on recommender systems
deployed in the educational setting (#) to suggest relevant literature for students in grades 1 through
12, specifically audiobook content on a platform designed to assist students with reading difficulties
such as dyslexia. Prompting content that is more likely to engage the student is theorized to lead to
more successful learning outcomes.

In the applied educational setting, systems can be targeted towards either teachers (8) or students (B)
to suggest content, and in both cases the goal of these systems is to surface relevant and engaging
educational material that is beneficial to the students’ learning. Student-facing educational recom-
mender system is built from data relevant to students interaction. with the platform, which falls into
the following categories (17):

e Data about the students, or "user data"
e Data about the content to be recommended, or "item data"

e Data about the context of the current session (e.g. time of day, session device, etc.), or
"context data".

Two widely used types of recommender systems are "Batch" and "Sequential". Batch recommender
systems operate on representations of previous interactions, and don’t model time or relative order.
They include collaborative filtering based methods (8) and Embarrassingly Shallow Autoencoders
(EASE) (9). Sequential recommender (I1]) systems operate on representations of historical user
interaction as sequences (I1).

The classroom setting enables socially-structured recommendation because of the availability of
a clearly-defined hierarchical network, which groups students into classrooms, year cohorts, and
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Figure 1: (a) a sequential autoregressive transformer with causal attention that processes each user
individually, (b) an equivalent joint forward pass that results in the same computation as (a), ¢) shows
that introducing new nonzero values (shown in purple) to the attention mask allows information to
flow across users. Predictions condition on all interactions with an earlier timestamp, irrespective of
whether the interaction came from the same user or not.

schools. This makes the utilization of social recommendation systems (I2) particularly attractive
where the relationships between users are leveraged to make recommendations.

In this work we present Socially-aware Temporally caUsal Decoder recommender sYstems
(STUDY), a sequence-based recommender system for educational content that makes use of known
student hierarchies to improve recommendations. Our method does joint inference over groups of
students who are adjacent in the social network. Our method utilizes a single transformer decoder
network to model both within-user and cross-user interactions. This paper is organized as follows:
we provide a review of the related work in Section B, we review related previous recommender sys-
tems in Section B, we introduce our new socially-aware recommender system in Section B, and we
present our experimental results in Section B3 before concluding in section B.

In summary, the contributions of this paper are:

e Proposing a novel architecture and data pipeline for performing socially-aware sequential
recommendation.

e Comparing the new method to modern and classical recommendation baselines.

e Performing ablations and performance breakdowns to better understand the new model.

2 RELATED WORK

2.1 EDUCATION

Recommender systems for educational content have been studied in the context of online learn-
ing programs/massive open online courses (MOOCs) (I[3) but are not as common for primary and
secondary school student applications. Experiments with recommender systems in education have
generally been limited by the lack of publicly-available large data sources - one review found only
5 experimental studies with sample sizes of over 1000 participants (I4). However, versions of rec-
ommender systems have been applied in educational measurement and assessment for over four
decades through computerized adaptive testing (I3), where the test items presented to the test-takers
depend on the current estimate of the student’s ability.
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In more recent literature, expansions on methods for computerized adaptive testing have been pro-
posed for recommending new content in an adaptive learning framework (If) where content can be
automatically presented to students given their particular stage of learning. These adaptive learning
systems require access to some measures of student subject-matter performance and do not account
for the student’s interest in the material nor the social dynamics that may lead to greater engagement.
Alternative approaches are needed in content recommendation contexts where a student’s reading
level cannot be measured or measures are not included in the available data for recommendations.
In the case of our applied scenario, we do not assume that student or "user data" includes measures
of student performance.

Previous studies have shown that higher levels of student motivation predicts growth in reading
comprehension (I'7); thus promoting content that is most likely to align with a student’s interests is
hypothesized to produce better reading and literacy outcomes, particularly for students with reading
difficulties. In the United States, often the reading content assigned in by teachers aligns to a state or
district-level curriculum for a particular grade level, but for assigning reading materials outside the
required texts, other strategies are needed, and we hypothesize that incorporating social connections
can be an effective strategy for recommending content successfully.

In one study of a book recommendation system, using an app function that allowed users to view the
reading histories of peers had a beneficial long-term effect on reading choices (IX), indicating that
incorporating social dynamics into recommendations may lead to more effective recommendations.
In another social network analysis of second and third graders in the US (I9), the researchers found
that on average students were able to effectively identify peers with higher reading skills to ask these
peers for help, thus even for younger learners, peer relationships may be relevant for content selected.
In rural areas which sometimes lack resources to help with struggling students, a study (2{I) found
that adolescent reading choices were often motivated by conversations and materials borrowed from
friends and family, suggesting that a recommender system that includes peer preferences could also
be effective for reaching the rural student population.

2.2 CLICK-THROUGH RATE PREDICTION

One of the popular approaches for recommender systems is click-through rate prediction (21), where
the probability of a user clicking on a specific presented item is predicted. These probabilities are
then used as a proxy for user preferences. Click-through Rate (CTR) models typically make predic-
tions for a suggested next item for a user based on the user’s sequence of previous interactions, user
data and context data. Model architectures used in this problem range from standard models like
Transformers used in Behavior Sequence Transformers (BST) (22) and Convolutional Neural Net-
works used in (23) to more task specific architectures such as Wide & Deep models (?4) and Field-
Leveraged Embedding Networks (FLEN) (25). This approach contrasts with other approaches such
as neural collaborative filtering (26) and K-Nearest Neighbors (KNN) recommenders (27) where
there is no attempt to explicitly model the likelihood of the user interacting with a specific item.

2.3 SOCIALLY-AWARE RECOMMENDATION SYSTEMS

When social connectivity information exists for users, there are many modeling approaches that
leverage this information. Methods such as TrustMF (28) and Sorec (?9) project user preference
vectors into a latent space using matrix factorization approaches. The underlying assumption of
these systems is homophily i.e. that users who are more socially connected are more likely to have
similar preferences.

Deep-learning based methods have leveraged graph neural networks to learn using social connec-
tivity structure. Methods such as DiffNet (BU) and KCGN (B1) utilize graph convolutional neu-
ral networks whereas methods such as GraphRec (32) and Social Attentional Memory Networks
(SAMN) (B3) employ graph attention mechanisms. Other notable work includes Disentangled Graph
Neural Networks (DGNN) which have the capability to model non-heterogeneous relationships and
utilize a memory augmented graph network (I77).

In this work we take a different approach to that of previous work, which has used graph neural net-
works or other custom architectures with separate components to handle cross-user interactions. We
utilize a single transformer decoder with a specifically-designed attention mask to do joint inference
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over groups of users. With this approach we have developed a single consistent way to handle both
within-user and cross-user interactions in a computationally efficient manner.

3 REVIEW OF BASELINE WORK

We review related work, used as baselines for comparison in the experiments section B3

3.1 ITEM-BASED KNN RECOMMENDER

KNN recommender systems (34) compute the cosine similarity between the user’s current feature
vector and each entry in the training dataset. They then recommend to the user the k distinct items
with highest cosine similarity to the user’s current feature vector. When feature vectors are sparse
most entries in the training dataset will have a cosine similarity of exactly zero with the user’s current
feature vector. In this KNN implementation, we iterate over every sequence in the training dataset
and featurize each item by computing a feature vector from the h interactions preceding it.

3.2 INDIVIDUAL

Following the click-through rate prediction (35) method of recommendation this methodology takes
the next-click prediction approach to recommendation, and hence treats making recommendations
as a causal sequence-modeling problem. In particular, this modeling framework borrows from the
language modeling literature (36) due to a similar problem setup. Concretely, given a set of students
s; € S, and a set of historical item interactions {zf 1 Vjls; € S,Vk < ||sj|l,k € N} we learn
a propensity function P(zf) =f (i?|z'§f/<k; ), where the propensity of an item at a point in time
the likelihood the student will interact with that item at that time. To this end we modeled f as a

causal decoder-only transformer with a next-token prediction objective to maximize the following
likelihood of our data D, L(D) = > __i . 1, log f(s}s’ ;;0). This is the formulation we used for the
J

model referred to as Individual, since inference is carried out for each individual student separately.

3.3 SAMN

Social Attentional Memory Networks (SAMN) (B3) are a class of batch recommenders that take
social network information into account. Given a a set of users, a set items and a social connectivity
graph, we learn fixed embeddings for each item and each user. To score the likelihood of the user
interacting a with a specific item we compute a score using the user’s embedding, the item’s embed-
ding and the embeddings of known 1st degree social contacts (friends). As it is a batch recommender
and does not take the sequence of interactions into account at training or test time. Given that we
need to make recommendations for new users at test time we utilize the Heater framework (B7) to
learn default user embeddings computed from user features (in this case grade level).

3.4 SR-GNN

Session-based Recommendation with Graph Neural Networks (SR-GNN) (38) are a class of sequen-
tial recommenders that utilise graph neural networks. Concretely they take the sequence of items
interacted with in the current session and construct an item graph, with two items A and B being
connected if the user interacted with item B directly after interacting with item B. A gated graph
neural network is then used to compute a session embedding from the input graph of items. This
session embedding is used to rank items to produce recommendations.

4 METHOD

We present our new Socially-aware Temporally Causal Decoder Recommender System (STUDY),
enabling the efficient use of the unique social structure inherent to students in schools.
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4.1 STUDY

We motivate our model by observing that for students with few previous interactions, we can rely
on data from other students with similar preferences to seed the model to improve predictive perfor-
mance. Concretely, we concatenate the interaction sequences of multiple students within the same
classroom. This precludes using a causal sequence modeling approach to model this problem, since
some item-interactions for students presented earlier in the sequence could have occurred at a later
point in time relative to item-interactions for the students presented later in the sequence. Modeling
data represented in this format using causal sequence modeling would lead to anti-causal data leak-
age and the model would learn to make recommendations conditioned on information not available
at inference time.

Hence we introduce temporally causal masking into our model: a change to our model’s forward
pass using a training process similar to causal sequence modeling that respects the causal relation-
ships in our data as shown in Figure [. Conceptually we concatenate the user vectors of students in
the same classroom and allow predictions for a particular item to condition on all interactions that
happened in the past, both within-user and cross-user. In more detail, if there is a subset of users
ub, u?, -+, u™ who are all in the same classroom, with interaction sequences S*, §2,---, 8™, and
with timestamp vectors T, T2, - - - T? where ¢’ is the timestamp of the interaction described at s, -
and each user vector S™ and timestamp vector T™ is terminated with a separator token - we define

the concatenated classroom vectors generated by the procedure described in Section B2 as
S=(s182%...87)
T=(T'T?--T™)

We define the matrix M
mij =1z o,
as the temporally causal mask matrix. This matrix is used as the mask in our attention operator

instead of the usual causal mask used in decoder-only transformers. Hence our we redefine the
attention operator in the decoder-only transformer as follows.

A= Softmax(Q—\/Ig) oM

Attention(Q,K,V) = AV

where @ is the query matrix, K is the key matrix and V' is the value matrix. With this modifi-
cation we can use next-item prediction sequence modeling to train the model without anti-causal
information leakage, utilizing a multihead generalization of this attention mechanism (39). We call
the model defined by this procedure STUDY.

5 EXPERIMENTS

5.1 DATA

We test STUDY on a dataset of historical interactions with an educational platform collected by
our nonprofit partner, Learning Ally. This platform recommends and provides access to audiobooks
with the goal of promoting reading in students with dyslexia. The data offered was anonymized,
with each student, school and district identified only by a unique randomly generated identification
number. Furthermore, all descriptive student data was only available as highly aggregated sum-
maries. There are historical records of interactions between students and audiobooks in the dataset.
For each interaction recorded we have a timestamp, an item ID and an anonymized student ID, an
anonymized school ID and a grade level. This data was collected over two consecutive school years
containing over 5 million interactions per each school year totalling over 10 million interactions.
These interactions come from a cohort of over 390,000 students. We use the data from the first
school year as our training dataset and split the data from our second school year into a validation
dataset and a test dataset. This split was done according to the temporal global splitting strategy (20).
This was done to model the scenario of deployment as realistically as possible. To partition the data
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Evaluation Subset | n

KNN(%) | SAMN(%) | SRGNN (%) | Individual (%) | STUDY(%)

16.10 £0.11 | 0.32£0.02 | 31.46+0.15 | 31.78 +0.15 | 32.21 +0.15
3 ]2395+£0.15 | 2.01+0.05 | 37.41+0.16 | 37.73+0.16 | 38.09 £+ 0.15
All 5 | 27.38+0.15 | 3.64+0.09 | 39.38+0.17 | 39.89+£0.15 | 40.26 £ 0.16
10 | 31.70£0.15 | 6.87+£0.10 | 42.68 £0.19 | 43.42+0.19 | 43.79 4+ 0.22
20 | 35.15+£0.15 | 11.56 £ 0.15 | 46.24 £0.19 | 46.71+0.18 | 47.86 +0.16

1 2.80+£0.04 | 0.33£0.02 | 3.55£0.04 4.01£0.04 4.05 £ 0.05
3 | 531+£0.07 | 1.954+0.04 | 11.494+0.10 | 12.27+0.10 | 12.58 £+ 0.10
Non-continuation 5 | 6.55£0.06 | 3.56+0.07 | 14.31+0.09 | 1544 +0.10 | 15.86 £ 0.10
10 | 9.26+0.09 | 6.68+0.09 | 19.174+0.14 | 20.71£0.15 | 21.08 +0.12
20 | 12.22+£0.11 | 11.29+0.15 | 2491 +£0.15 | 25.76+£0.14 | 27.60 +0.18
1 0.32£0.02 | 0.324+0.02 | 0.47+0.03 0.55 £+ 0.03 0.73 £0.03
3 1.724+0.04 | 1.87+£0.05 | 4.23+£0.07 4.05£0.06 4.90 + 0.09
Novel 5 | 256+£0.07 | 3.45+0.06 | 6.44+£0.07 6.65 4+ 0.07 7.75+0.10
10 | 5.03+£0.05 | 6.47+0.12 | 11.224+0.13 | 12.00+£0.12 | 12.96 +0.11
20 | 7.85+£0.09 | 10.99+0.11 | 1741 +£0.14 | 17.65+0.12 | 20.03 +0.15

Table 1: Hits@n percentage metrics for the different recommendation models evaluated on the his-
torical data in the test split, across three subsets: all, non-continuation and novel.

from the second school year into a test set and a validation set we split by student, following the user
split strategy (&0). If a data split does not contain at least a full academic year then the distributions
would not match due to seasonal trends in the data.

Overall this dataset is well suited to studying social recommendation algorithms due to the exis-
tence of implied social connections through known proximity and also due to the large amount of
interaction data on record. The existing book selections were made through either student choice
or teacher recommendation, where often the teacher-assigned content aligned to materials assigned
to the whole class or required curriculum. Interactions with the assigned content, however, were
still up to the learner, and thus we believe the existing data is a good fit for modeling preferences
and likely engagement with content. Further details on the data including summary statistics can be
found in Appendix &l

5.2 PREPROCESSING

In order to get the training data representation, we express the items as tokens. The top v most
popular items get a unique and sequential integer as their token, while the rest of the items get
assigned to an out-of-vocabulary token. The student interaction history will therefore become a list
of such tokens associated with a time point.

Additional processing steps are then taken based on the model type used downstream. For trans-
former models: we split the student history into slices based on a context window of length c. For
models that process students jointly: we split the sequence associated with each student into seg-
ments of length s, s < ¢, then compose sequences of length ¢ by joining segments from multiple
students in the same classroom, taking care to use a separator token.

Additional information, including a diagram of our preprocessing steps, are in Appendix Bl.

5.3 EVALUATING MODELS

We implement KNN, SR-GNN(3%) and SAMN? (22) as baseline models, a transformer-based model
that does inference for each student separately, which we will call Individual, as well as a trans-
former that operates over groups of students called STUDY.

We compare results from the Individual model, STUDY model, the item-based KNN baseline, SR-
GNN (38) as a recent baseline and SAMN (B3) as a social baseline . We tuned the hyperparameters
learning rate on the validation set and report final results on the test set. We took the both the context
length c and the segment size s for our transformer models to be 65, enough to the full history of
most students in our dataset. Details about further hyperparameters and compute can be found in

"We used the author’s repository ht tps://github.com/chenchongthu/SAMN as a guideline. We
found a discrepancy between this code and the method described in the paper, but it didn’t affect final perfor-
mance.
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Figure 2: Models broken down by student engagement, accompanied by a histogram of student en-
gagement in the lower chart. (left) Hits@1 across five models KNN, SAMN, SRGNN, Individual
and STUDY. SRGNN matches STUDY and Individual until sequences of length 50, and underper-
forms on longer sequences (right) A comparison of the Individual against the Force Mix ablation.

Appendix O. Hits@n scores was used as our evaluation metric, where hits@n is the percentage of
interactions when the actual item interacted with falls within the top n recommendations from the
model under evaluation. Since we observe that students tend to repeatedly interact with an item
multiple times before completing it, we additionally evaluate our models on the subset of the dataset
where the student is interacting with a different item to the item previously interacted with, referred
to as non-continuation evaluation. We also evaluate on the subset of the dataset where the students
are interacting with an item for the first time, referred to as novel evaluation. This motivated by
the fact that we are interested in the power of our recommendation systems to engage students
with new items in order to maximize time spent on the educational platform. Aggregate statistics
are computed per student then averaged over students to prevent students with large numbers of
interactions from dominating the reported statistics. We also examine the relevant performance of
these models on different slices of data, looking at co-factors such as demographic characteristics
and school performance. We present the results of this experiment in section B3

5.3.1 RESULTS AND ANALYSIS

Table M shows the performance of the models STUDY, Individual, KNN, SR-GNN and SAMN on
the test split of audiobook usage data. Uncertainties shown are always 95% confidence intervals
computed over 50 bootstraps. We observe that both transformer models, Individual and STUDY, as
well as the GNN model SR-GNN, largely outperform KNN and SAMN, with the STUDY model
outperforming the Individual model. We see that the social model SAMN, derived from the collab-
orative filtering family of models, fails to pick up on the sequential patterns in the dataset, such as
users revisiting the exact same item or similar items. This is exhibited by SAMN having similar
performance in the evaluation subsets all, non-continuation and novel. The performance differences
are most pronounced when evaluated on the entire test set as seen in the all section of the table,
but also holds up when evaluated across the more difficult non-continuation and novel test subsets.
Crucially, with the STUDY model outperforming the individual model, we can see that leveraging
the social hierarchy of our users to do joint predictions leads to improved recommendations.

In Table B we see the relative performance of the models under examination to be constant, with
STUDY outperforming Individual. Individual slightly outperformed SR-GNN, which in turn out-
performs KNN. SAMN trailed behind with almost 0 hits@1, we attribute this to SAMN’s non-
sequential nature. This ordering is the same when slicing by demographic variables such as metro-
code (which describes schools as being in urban, suburban, rural or town areas), school socio-
economic indicators which indicate the level of wealth of the area the in the vicinity of a school.
We also observe the same ordering of models by performance when slicing by academic variables
such as classroom reading scores. In Figure @ we slice model performance by student engagement,
which we measure by the number of interactions the student has on record. Here we see similar rela-
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Figure 3: a) the size of train, validation and test data splits given by the number of student-title
interactions recorded. Y-axis is millions of interactions. b), c¢) and d), hits@1 and histograms of
number of students across slices (b) socio-economic indicator, (c) classroom reading score and (d)
Metro code which describes schools as being Urban, Suburban, Rural or Town.

tive performance between STUDY, Individual and SR-GNN for students with up to 50 interactions,
but for students with more engagement, we see SR-GNN starting to underperfrom its transformer
counterparts, with KNN and SAMN lagging behind across all values of engagement.

5.4 ABLATION EXPERIMENTS

Force Mix: In our model because we set segment size s equal to context size ¢ we only do joint
inference over groups of students when processing a student who does not have enough previous
interactions to fill the transformer’s context. We experiment with shorter segment size s = 20 < ¢
as per the definitions in Section B2. Practically, this leads to the model always sharing its context
between students in a classroom when possible, even for students have enough history to fill the
transformer context. In Figure @ The model from the Force Mix ablation only matches Individual
on students who have up to about 17 interactions on the platform, and starts to underperform on
students with more interactions. Given that the segment length for the Force Mix model is 20, it is at
students with 20 previous interactions where Force Mix starts to forgo the available history for the
student at hand in favor of conditioning on data from other peer students. From here we can conclude
that conditioning on peer student history is beneficial if it is done in addition to conditioning on all
available history for a student, but not if it comes at the cost of conditioning on less history than
available for the particular student.

Classroom Grouping: In STUDY we do joint inference over students in the same classroom. We
ablate the importance of using this particular grouping. Concretely, we experiment with grouping
students who are in the same district and school year as being in a single group. We also experiment
with grouping all students in the dataset into a single group, which results in completely random
groups of students being jointly processed together. In Figure 4(left) we compare the performance
of our model that uses classrooms to group students for joint inference compared to a model that uses
intersection of district and school year to group students, to a model that uses a single group as well
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Figure 4: Figure (left): grouping the students for STUDY by classroom, grouping by the intersec-
tion of district and school year, grouping randomly, and doing individual inference. Figure (right):
training with subsets of the training data of various sizes on Individual and STUDY.

as to a model that does inference for each student individually. We can see that using classrooms for
grouping results in the best performance, that using the intersection of district and school year for
grouping performs slightly worse, and that putting all students in the same group performs similarly
to individual processing. From here we can conclude that using groups of users whom we expect to
have correlated interests is necessary for the performance of our model and using poorly designed
groups can harm model performance.

Data Tapering:We compare the effect of using only a subset of the available data and compare the
performance of STUDY and Individual. We compare the use of 25%, 50%, 75% and the entire
dataset, with the aim of discerning the effect of using social information on the data efficiency of
the system. In Figure 4(right) we see that STUDY outperforms the Individual recommender across
all data subsets used to train the models, confirming the benefit of adopting social recommender
systems such as STUDY even when in a data-constrained environment. We also note that both
models witness a performance drop when the amount of data used increases from 50% to 75%,
suggesting that not all additional data is beneficial.

6 CONCLUSION

In this paper we present STUDY, a socially aware recommendation system that leverages cross-user
information at inference time and we demonstrate its applicability to the practical problem of book
recommendation for children inside a classroom. This is an important problem, as engagement with
reading materials from an early age can positively impact language acquisition, communication
skills, social skills and literacy skills.

Our novel STUDY method uses attention masks that are causal with respect to interaction times-
tamps and is able to process both within-user and across-user interactions using a single forward
pass through a modified transformer decoder network. It avoids complex architectures and circum-
vents the need for graph neural networks which are notoriously difficult to train; thus, STUDY is an
efficient system that can be deployed by partners with limited computational bandwidth that doesn’t
sacrifice model performance. We also compare STUDY to a number of baselines, both sequen-
tial and non-sequential, and social and non-social. We show that STUDY outperforms alternative
sequential and social methods, in a variety of scenarios, as demonstrated in ablation studies.

Limitations: Evaluations were limited to offline evaluations on historical data, inline with much of
the literature. However, these evaluations cannot account for the utility of recommended items that
the user has never interacted with in the past, but would have enjoyed. Furthermore, our method
is limited to structures where all the known relationships between users are homogeneous - each
student in the classroom is assumed to have the same relationship with each other. Given that social
dynamics in reality are more complicated, in future work we wish to explore extending this method
to social networks with richer heterogeneous relationships between users where proximity between
users can vary within a classroom.



Under review as a conference paper at ICLR 2024

REFERENCES

[1] Zhao Li, Shen Xin, Yuhang Jiao, Xuming Pan, Pengcheng Zou, Xianling Meng, Chengwei Yao,
and Jiajun Bu. Hierarchical bipartite graph neural networks: Towards large-scale e-commerce
applications. 2020 IEEE 36th International Conference on Data Engineering (ICDE), pages
1677-1688, 2020.

[2] Xiangyu Liu, Chuan Yu, Zhilin Zhang, Zhenzhe Zheng, Yu Rong, Hongtao Lv, Da Huo, Yiqing
Wang, Dagui Chen, Jian Xu, Fan Wu, Guihai Chen, and Xiaoqgiang Zhu. Neural auction: End-
to-end learning of auction mechanisms for e-commerce advertising, 2021.

[3] Yashar Deldjoo, Markus Schedl, Paolo Cremonesi, and Gabriella Pasi. Recommender systems
leveraging multimedia content. ACM Comput. Surv., 53(5), sep 2020.

[4] Solmaz Abdi, Hassan Khosravi, Shazia Sadiq, and Dragan Gasevic. Complementing educa-
tional recommender systems with open learner models. In Proceedings of the tenth interna-
tional conference on learning analytics & knowledge, pages 360-365, 2020.

[5] Mbarek Dhahri and Mohamed Koutheair Khribi. A review of educational recommender sys-
tems for teachers. International Association for Development of the Information Society, 2021.

[6] Robert Bodily and Katrien Verbert. Review of research on student-facing learning analytics
dashboards and educational recommender systems. I[EEE Transactions on Learning Technolo-
gies, 10(4):405-418, 2017.

[7] Hui Fang, Danning Zhang, Yiheng Shu, and Guibing Guo. Deep learning for sequential recom-
mendation: Algorithms, influential factors, and evaluations. ACM Transactions on Information
Systems (TOIS), 39(1):1-42, 2020.

[8] Xiaoyuan Su and Taghi M Khoshgoftaar. A survey of collaborative filtering techniques. Ad-
vances in artificial intelligence, 2009, 2009.

[9] Harald Steck. Embarrassingly shallow autoencoders for sparse data. In The World Wide Web
Conference, pages 3251-3257, 2019.

[10] Massimo Quadrana, Paolo Cremonesi, and Dietmar Jannach. Sequence-aware recommender
systems. ACM Computing Surveys (CSUR), 51(4):1-36, 2018.

[11] Shoujin Wang, Longbing Cao, Yan Wang, Quan Z Sheng, Mehmet A Orgun, and Defu Lian. A
survey on session-based recommender systems. ACM Computing Surveys (CSUR), 54(7):1-38,
2021.

[12] Lianghao Xia, Yizhen Shao, Chao Huang, Yong Xu, Huance Xu, and Jian Pei. Disentangled
graph social recommendation. arXiv preprint arXiv:2303.07810, 2023.

[13] Katrien Verbert, Nikos Manouselis, Xavier Ochoa, Martin Wolpers, Hendrik Drachsler, Ivana
Bosnic, and Erik Duval. Context-aware recommender systems for learning: a survey and future
challenges. IEEFE transactions on learning technologies, 5(4):318-335, 2012.

[14] Felipe Leite da Silva, Bruna Kin Slodkowski, Ketia Kellen Aradjo da Silva, and Silvio César
Cazella. A systematic literature review on educational recommender systems for teaching and
learning: research trends, limitations and opportunities. Education and Information Technolo-
gies, 28(3):3289-3328, 2023.

[15] David J Weiss and G Gage Kingsbury. Application of computerized adaptive testing to educa-
tional problems. Journal of educational measurement, 21(4):361-375, 1984.

[16] Yunxiao Chen, Xiaoou Li, Jingchen Liu, and Zhiliang Ying. Recommendation system for
adaptive learning. Applied psychological measurement, 42(1):24-41, 2018.

[17] John T Guthrie, A Laurel W Hoa, Allan Wigfield, Stephen M Tonks, Nicole M Humenick, and
Erin Littles. Reading motivation and reading comprehension growth in the later elementary
years. Contemporary Educational Psychology, 32(3):282-313, 2007.

10



Under review as a conference paper at ICLR 2024

[18] Tzu-Chao Chien, Zhi-Hong Chen, and Tak-Wai Chan. Exploring long-term behavior patterns
in a book recommendation system for reading. Journal of Educational Technology & Society,
20(2):27-36, 2017.

[19] North Cooc and James S Kim. Peer influence on childrens reading skills: A social network
analysis of elementary school classrooms. Journal of Educational Psychology, 109(5):727,
2017.

[20] Kim Becnel and Robin A Moeller. What, why, and how they read: Reading preferences and
patterns of rural young adults. Journal of Adolescent & Adult Literacy, 59(3):299-307, 2015.

[21] Weinan Zhang, Jiarui Qin, Wei Guo, Ruiming Tang, and Xiuqiang He. Deep learning for
click-through rate estimation. arXiv preprint arXiv:2104.10584, 2021.

[22] Qiwei Chen, Huan Zhao, Wei Li, Pipei Huang, and Wenwu Ou. Behavior sequence transformer
for e-commerce recommendation in alibaba. In Proceedings of the 1st International Workshop
on Deep Learning Practice for High-Dimensional Sparse Data, pages 1-4, 2019.

[23] Qiang Liu, Feng Yu, Shu Wu, and Liang Wang. A convolutional click prediction model. In
Proceedings of the 24th ACM international on conference on information and knowledge man-
agement, pages 1743—-1746, 2015.

[24] Heng-Tze Cheng, Levent Koc, Jeremiah Harmsen, Tal Shaked, Tushar Chandra, Hrishi Arad-
hye, Glen Anderson, Greg Corrado, Wei Chai, Mustafa Ispir, et al. Wide & deep learning for
recommender systems. In Proceedings of the 1st workshop on deep learning for recommender
systems, pages 7-10, 2016.

[25] Wengiang Chen, Lizhang Zhan, Yuanlong Ci, Minghua Yang, Chen Lin, and Dugang Liu. Flen:
leveraging field for scalable ctr prediction. arXiv preprint arXiv:1911.04690, 2019.

[26] Ting Bai, Ji-Rong Wen, Jun Zhang, and Wayne Xin Zhao. A neural collaborative filtering
model with interaction-based neighborhood. In Proceedings of the 2017 ACM on Conference
on Information and Knowledge Management, pages 1979-1982, 2017.

[27] V Subramaniyaswamy and R Logesh. Adaptive knn based recommender system through min-
ing of user preferences. Wireless Personal Communications, 97:2229-2247, 2017.

[28] Bo Yang, Yu Lei, Jiming Liu, and Wenjie Li. Social collaborative filtering by trust. IEEE
transactions on pattern analysis and machine intelligence, 39(8):1633-1647, 2016.

[29] Hao Ma, Haixuan Yang, Michael R Lyu, and Irwin King. Sorec: social recommendation using
probabilistic matrix factorization. In Proceedings of the 17th ACM conference on Information
and knowledge management, pages 931-940, 2008.

[30] Le Wu, Peijie Sun, Yanjie Fu, Richang Hong, Xiting Wang, and Meng Wang. A neural in-
fluence diffusion model for social recommendation. In Proceedings of the 42nd international
ACM SIGIR conference on research and development in information retrieval, pages 235-244,
2019.

[31] Chao Huang, Huance Xu, Yong Xu, Peng Dai, Lianghao Xia, Mengyin Lu, Liefeng Bo, Hao
Xing, Xiaoping Lai, and Yanfang Ye. Knowledge-aware coupled graph neural network for
social recommendation. In Proceedings of the AAAI conference on artificial intelligence, vol-
ume 35, pages 4115-4122, 2021.

[32] Wengqi Fan, Yao Ma, Qing Li, Yuan He, Eric Zhao, Jiliang Tang, and Dawei Yin. Graph neural
networks for social recommendation. In The world wide web conference, pages 417-426, 2019.

[33] Chong Chen, Min Zhang, Yiqun Liu, and Shaoping Ma. Social attentional memory network:
Modeling aspect-and friend-level differences in recommendation. In Proceedings of the twelfth
ACM international conference on web search and data mining, pages 177-185, 2019.

[34] Mojdeh Bahadorpour, Behzad Soleimani Neysiani, and Mohammad Nadimi Shahraki. Deter-
mining optimal number of neighbors in item-based knn collaborative filtering algorithm for

learning preferences of new users. Journal of Telecommunication, Electronic and Computer
Engineering (JTEC), 9(3):163—-167, 2017.

11



Under review as a conference paper at ICLR 2024

[35]

[36]

[37]

[38]

[39]

[40]

Xinfei Wang. A survey of online advertising click-through rate prediction models. In 2020
IEEE International Conference on Information Technology, Big Data and Artificial Intelli-
gence (ICIBA), volume 1, pages 516-521. IEEE, 2020.

Alec Radford, Karthik Narasimhan, Tim Salimans, Ilya Sutskever, et al. Improving language
understanding by generative pre-training. 2018.

Ziwei Zhu, Shahin Sefati, Parsa Saadatpanah, and James Caverlee. Recommendation for new
users and new items via randomized training and mixture-of-experts transformation. In Pro-
ceedings of the 43rd International ACM SIGIR Conference on Research and Development in
Information Retrieval, pages 1121-1130, 2020.

Shu Wu, Yuyuan Tang, Yanqiao Zhu, Liang Wang, Xing Xie, and Tieniu Tan. Session-based
recommendation with graph neural networks. In Proceedings of the AAAI conference on artifi-
cial intelligence, volume 33, pages 346-353, 2019.

Ashish Vaswani, Noam Shazeer, Niki Parmar, Jakob Uszkoreit, Llion Jones, Aidan N Gomez,
Lukasz Kaiser, and Illia Polosukhin. Attention is all you need. Advances in neural information
processing systems, 30, 2017.

Zaiqiao Meng, Richard McCreadie, Craig Macdonald, and Iadh Ounis. Exploring data splitting
strategies for the evaluation of recommendation models. In Proceedings of the 14th ACM
Conference on Recommender Systems, RecSys *20, page 681686, New York, NY, USA, 2020.
Association for Computing Machinery.

12



