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ABSTRACT

The ubiquity of implicit feedback makes them the default choice
to build online recommender systems. While the large volume of
implicit feedback alleviates the data sparsity issue, the downside
is that they are not as clean in reflecting the actual satisfaction of
users. For example, in E-commerce, a large portion of clicks do not
translate to purchases, and many purchases end up with negative
reviews. As such, it is of critical importance to account for the
inevitable noises in implicit feedback for recommender training.
However, little work on recommendation has taken the noisy nature
of implicit feedback into consideration.

In this work, we explore the central theme of denoising implicit
feedback for recommender training. We find serious negative
impacts of noisy implicit feedback, i.e., fitting the noisy data
hinders the recommender from learning the actual user preference.
Our target is to identify and prune the noisy interactions, so as
to improve the efficacy of recommender training. By observing
the process of normal recommender training, we find that noisy
feedback typically has large loss values in the early stages. Inspired
by this observation, we propose a new training strategy named
Adaptive Denoising Training (ADT), which adaptively prunes noisy
interactions during training. Specifically, we devise two paradigms
for adaptive loss formulation: Truncated Loss that discards the
large-loss samples with a dynamic threshold in each iteration; and
Reweighted Loss that adaptively lowers the weights of large-loss
samples. We instantiate the two paradigms on the widely used
binary cross-entropy loss and test the proposed ADT strategies
on three representative recommenders. Extensive experiments on
three benchmarks demonstrate that ADT significantly improves
the quality of recommendation over normal training.
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1 INTRODUCTION

Recommender systems have been a promising solution for mining
user preference over items in various online services such as E-
commerce [29], news portals [32] and social media [3]. As the clue to
user choices, implicit feedback (e.g., click and purchase) are typically
the default choice to train a recommender due to their large volume.
However, prior work [18, 32, 39] points out the gap between implicit
feedback and the actual user satisfaction due to the prevailing
presence of noisy interactions (a.k.a. false-positive interactions)
where the users dislike the interacted item. For instance, in E-
commerce, a large portion of purchases end up with negative
reviews or being returned. This is because implicit interactions
are easily affected by the first impression of users and other factors
such as caption bias [4, 17, 33] and position bias [19]. Moreover,
existing studies [33, 39] have demonstrated the detrimental effect
of such false-positive interactions on user experience of online
services. Nevertheless, little work on recommendation has taken
the noisy nature of implicit feedback into consideration.

In this work, we argue that such false-positive interactions would
hinder a recommender from learning the actual user preference,
leading to low-quality recommendations. Table 1 provides empirical
evidence on the negative effects of false-positive interactions when
we train a competitive recommender, Neural Matrix Factorization
(NeuMF) [16], on two real-world datasets. In particular, we construct
a “clean” testing set by removing the false-positive interactions
for recommender evaluation!. As can be seen, training NeuMF
with false-positive interactions (i.e., normal training) results in
an average performance drop of 16.65% and 10.29% over the two
datasets w.r.t. Recall@20 and NDCG@20, as compared to the NeuMF
trained without false-positive interactions (i.e., clean training). As
such, it is of critical importance to account for the inevitable noises
in implicit feedback and eliminate the impact of false-positive
interactions for recommender training.

Indeed, some efforts [7, 21, 41] have been dedicated to
eliminating the effects of false-positive interactions by: 1) negative
experience identification [21, 33] (illustrated in Figure 1(b)); and 2)
the incorporation of various feedback [41, 43] (shown in Figure 1(c)).
The former processes the implicit feedback in advance by predicting
!Each false-positive interaction is identified by auxiliary information of post-

interaction behaviors, e.g., rating score ([1, 5]) < 3, indicating that the interacted
item dissatisfies the user. Refer to Section 2 for more details.


https://doi.org/10.1145/nnnnnnn.nnnnnnn

Conference’17, July 2017, Washington, DC, USA

the false-positive ones with additional user behaviors (e.g., dwell
time and gaze pattern) and auxiliary item features (e.g., length of the
item description) [33]. The latter incorporates extra feedback (e.g.,
favorite and skip) into recommender training to prune the effects of
false-positive interactions [43]. A key limitation with these methods
is that they require additional data to perform denoising, which
may not be easy to collect. Moreover, extra feedback (e.g., rating
and favorite) is often of a smaller scale, which may suffer from the
sparsity issue. For instance, many users do not give any feedback
after watching a movie or purchasing a product [18].
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Figure 1: The comparison between normal training (a);
two prior solutions to eliminate false-positive interactions
through extra data (b) and (c); and denoising training
without extra data (d). Note that the red lines in the user-
item graph denote false-positive interactions.

This work explores denoising implicit feedback for recommender
training, which automatically reduces the influence of false-positive
interactions without using any additional data (Figure 1(d)). That is,
we only count on the implicit interactions and distill signals of false-
positive interactions across different users and items. Prior study on
robust learning [13, 20] and curriculum learning [2] demonstrate
that noisy samples are relatively harder to fit into models, indicating
distinct patterns of noisy samples’ loss values in the training
procedure. Primary experiments across different recommenders
and datasets (e.g., Figure 3) reveals similar phenomenon: the loss
values of false-positive interactions are larger than those of the
true-positive ones in the early stages of training, while their loss
values decrease to the same range at the end. Consequently, due
to the larger loss, false-positive interactions can largely mislead
the recommender training in the early stages. Worse still, the
recommender ultimately fits the false-positive interactions due
to its high representation capacity, which could be overfitting and
hurt the generalization. As such, a potential idea of denoising is to
reduce the impact of false-positive interactions, e.g., pruning the
interactions with large loss values, where the key challenge is to
simultaneously decrease the sacrifice of true-positive interactions.

To this end, we propose Adaptive Denoising Training (ADT)
strategies for recommenders, which dynamically prunes the large-
loss interactions along the training process. To avoid the lost of
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Table 1: Performance comparison between the clean train-
ing and normal training of NeuMF on Adressa and Amazon-
book. #Drop denotes the relative performance drop of
normal training as compared to clean training.

Dataset Adressa Amazon-book
Metric Recall@20 NDCG@20 | Recall@20 NDCG@20
Clean training 0.4040 0.1963 0.0293 0.0159
Normal training 0.3081 0.1732 0.0265 0.0145
#Drop 23.74% 11.77% 9.56% 8.81%

generality, we focus only on formulating the training loss, which
can be applied to any differentiable models. In detail, we devise
two paradigms to formulate the training loss: 1) Truncated Loss,
which discards the large-loss interactions dynamically, and 2)
Reweighted Loss, which adaptively reweighs the interactions. For
each training iteration, the Truncated Loss removes the large-loss
samples (i.e., hard samples) with a dynamic threshold which is
automatically updated during training. Besides, the Reweighted
Loss dynamically assigns “harder” interactions with smaller weights
to weaken their effects on the optimization. We instantiate the two
loss functions on the basis of the widely used binary cross-entropy
loss. On three benchmarks, we test ADT trained with the Truncated
Loss or Reweighted Loss over three representative recommenders:
Generalized Matrix Factorization (GMF) [16], NeuMF [16], and
Collaborative Denoising Auto-Encoder (CDAE) [40]. The results
show significant performance improvements of ADT over normal
training.
Our main contributions are summarized as:

We formulate the task of denoising implicit feedback for
recommender training. We find the negative effect of false-
positive interactions and identify their characteristics (i.e., hard
samples) during training.

We propose Adaptive Denoising Training to prune the large-loss
interactions dynamically, which introduces two paradigms to
formulate the training loss: Truncated Loss and Reweighted Loss.
We instantiate two paradigms on the binary cross-entropy loss
and apply ADT to three representative recommenders. Extensive
experiments on three benchmarks validate the effectiveness of
ADT in improving the recommendation quality.

2 STUDY ON FALSE-POSITIVE FEEDBACK

The effect of noisy training samples has been studied in conven-
tional machine learning tasks such as image classification [13,
20]. However, little attention has been paid to such effect on
recommendation, which is inherently different from conventional
tasks with training samples highly related to each other, e.g.,
interactions on the same item. We investigate the effects of false-
positive interactions on recommender training by comparing the
performance of recommenders trained with and without false-
positive interactions. An interaction is identified as false-positive
or true-positive one according to the explicit feedback. For instance,
a purchase is false-positive if the following rating score ([1, 5]) < 3.
Although the size of such explicit feedback is typically insufficient
for building robust recommenders in real-world scenarios, the scale
is sufficient for a pilot experiment. In detail, we train a competitive
recommender model NeuMF under two different settings: 1) “clean
training” which trains NeuMF on the true-positive interactions only;
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and 2) normal training which trains NeuMF on all observed user-
item interactions. We evaluate the recommendation performance
on the holdout clean testing set with only true-positive interactions
kept,i.e.,the evaluation focuses on recommending more satisfying
items to users. More details can be seen in Section 5.

ResultsTable 1 summarizes the performance of NeuMF under
normal training and clean trainingv.r.t. Recall@20 and NDCG @20
on the two representative datasets, Adressa and Amazon-book.
From Table 1, we can observe that, as compared to the ideal setting,
i.e.,clean training, the performance of normal training drops by
11.77% and 8.8f.t. NDCG @20 on Adressa and Amazon-book,
respectively. This result shows theegative e ectsf false-positive
interactions on recommending satisfying items to users. Worse still,
recommendations from normal training have higher risk on leading
to further false-positive interactions, which would hurt the user
experience 33. Despite the success of clean training in the pilot
study, it is not a reasonable choice in practical applications because
of the sparsity issues of reliable feedback such as rating scores. As
such, it is worth exploring denoising implicit feedback such as click,
view, or buy for recommender training.

3 METHOD

In this section, we detail the proposed Adaptive Denoising Training
strategy for recommenders. Prior to that, task formulation and
observations that inspire the strategy design are introduced.

3.1 Task Formulation

Generally, the target of recommender training is to learn user
preference from user feedbacke.,learning a scoring function
“g= 51D+ ° to assess the preference of ug@over item8with
parameters . |deally, the setting of recommender training is to
learn from a set of reliable feedback betweénusers U ) and"
items ( ). Thatis, giverD = fiD+8¢52jD2 U+82 g, we learn
the parameters by minimizing a recommendation loss ovér
e.g.the binary Crogs-Entropy (CE) loss:

~pglogtpg®, 1
1D85°2D

L D

~pg 10911 “pgle

where~pg2 fO-1g represents whether the us@really prefers the
item 8 The recommender with  would be reliable to generate
high-quality recommendations. In practice, due to the lack of
large-scale reliable feedback, recommender training is typically
formalized as: = minL 1D°,whereD = fiDe8p@jD2 U+82
Ig is a set of implicit interactions:pgdenotes whether the usdd
has interacted with the iten8implicitly, such as click and purchase.
However, due to the existence of noisy interactions which
would mislead the learning of user preference, the typical
recommender training might result in a poor modeld., ) that
lacks generalization ability on the clean testing set. As such, we
formulate adenoising recommender trainitagk as:

=minL  34=>8BD° «

(€]
aiming to learn a reliable recommender with parameters
by denoising implicit feedbackj.e., pruning the impact of
noisy interactions. Formally, by assuming the existence of
inconsistency betweerpgand-pg we de ne noisy interactions
as 'De8~pg= 0" ~pg=1 . According to the value ofzand—ps
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we can separate implicit feedback into four categories similar to a
confusion matrix as shown in Figure 2.

Figure 2: Four types of implicit interactions.

In this work, we focus on denoising false-positive interactions
and omit the false-negative ones since positive interactions are
much fewer in recommendation and thus false-positive interactions
would induce worse e ects on recommender training. Note that we
do not incorporate any additional data such as explicit feedback or
reliable implicit feedback into the task of denoising, despite their
success in a few application83 39. This is because such feedback
is of a smaller scale in most cases, su ering more severely from the
sparsity issue.

(a) Whole training process (b) Early training stages
Figure 3: The training loss of true- and false-positive
interactions on Adressa in the normal training of NeuMF.

3.2 Observations

False-positive interactions are harder to tin the early stages.
robust learning [L3 20 and curriculum learning P], one theory is
that easy samples are more likely to be the clean ones and tting
the hard samples may hurt the generalization. To explore whether it
also exists in recommendation, we conduct experiments by training
NeuMF with all observed implicit interactions.€.,normal training)
on Adressa and Amazon-book. The loss of true- and false-positive
interactions in Adressa is visualized in Figure 3. Note that similar
trends are also found over other recommenders and datasets (see
more details in Section 5.2.1). From Figure 3, we observe that:

Ultimately, the loss of both of true- and false-positive interactions
converges to a stable state with close values, which implies
that NeuMF ts both of them well. It re ects that deep models
with substantial capacity would memorize all the training data,
including the noisy samples. As such, if the data is noisy, the
memorization will lead to poor generalization performance.

In the early stages of training, the loss values of true- and false-
positive interactions decrease di erently. Furthermore, we zoom
into visualize the changes of the lowsr.t.iterations ranging from
0to 1,000 in Figure 3(b). From the gure, we can see that the loss
of false-positive interactions is clearly larger than that of the true-
positive ones, which indicates that false-positive interactions are
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Figure 4: lllustration of T-CE loss for the observed interac-
tions (i.e.,~pg= 1).) gis the iteration number and g?) & refers
to the threshold. Dash area indicates the e ective loss and
the loss values larger than g?) & are truncated.

harder to memorize than the true-positive ones in the early stages.
The reason might be that false-positive ones represent the items
that the user dislikes, and they are more similar to the items
that the user didn't interact with {.e.,the negative samples). The
ndings also support the prior theory in robust learning and
curriculum learning [2, 13].

Overall, the results are consistent with the memorization e edi ]
deep models will rstlearn the easy and clean patterns in the early
stage, and eventually memorize all training samples [13].

3.3 Adaptive Denoising Training

Based on the observations, we propose ADT strategies for
recommenders, which estimaté~y ;= 0j~pg= 1»D+8according to

the training loss. To reduce the impact of false-positive interactions,
ADT dynamically prunes the large-loss interactions during training.
In particular, ADT eitherdiscardsor reweighsthe interactions
with large loss values to reduce their in uences on the training
objective. Towards this end, we devise two paradigms to formulate
loss functions for denoising training:

Truncated Los3his is to truncate the loss values of large-loss
interactions to 0 with a dynamic threshold function.
Reweighted Lodsadaptively assigns hard samplds( the large-
loss ones) with smaller weights during training.

Note that the two paradigms formulate various recommendation
loss functionse.g.CE loss, square los8%, and BPR loss34. In
the work, we take CE loss as an example to elaborate them.

3.3.1 Truncated Cross-Entropy Loss. Functionally speaking,
the Truncated Cross-Entropy (shorted as T-CE) loss discards
positive interactions with large values of CE loss. Formally, we
can de neitas: (
L -8 g"-ps=1
L 1.cE&D*8 =
T-CE L De8 otherwise,

@

whereg is a pre-de ned threshold. The T-CE loss removes any
positive interactions with CE loss larger thanfrom the training.
While this simple T-CE loss is easy to interpret and implement, the
xed threshold may not work properly. This is because the loss
value is decreasing with the increase of training iterations. Inspired
by the dynamic gradient descent method&, we replace the xed
threshold with a dynamic threshold functiog?) ° w.r.t.the training
iteration) , which changes the threshold value along the training
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Algorithm 1 Adaptive Denoising Training with T-CE loss

Input: the set of all trainable parameters, the training set of
observed implicit interaction® , the maximum number of
iterations) <o, learning ratd , n<og, U, L

1: for) =1! )<og do « shu e samples every epoch
2 Fetch mini-batch dataD 7>>gfrom D
3 Sample unobserved interaction® =46 randomly for users
in D>>gwith the proportion of 1:1
4: De ne D) =Do>g[ D=46
5. Obtain [ = arg max
02 Do>pejBj=n?) °jDrj

6: Update 1= 1.1 [r ﬁ D-2r L DB 1.1°
7. Update n?) © = <8=U)*nG°
8: end for

Output: the optimized parameters)

1D«820% L DB 11°

«c Of the recommender

datasets, it would be more exible to devigg) © as a function of
the drop raten?) °. Note that there is a bijection between the drop
rate and the threshold,e.,for any training iteration, if the drop
rate is given, we can calculate the threshold to lter out samples.
Based on prior observations, a proper drop rate function should
have the following properties: I)* ° should have an upper bound
to limit the proportion of discarded samples so as to prevent data
missing; 2)nt® = 0, i.e.,it should allow all the samples to be
fed into the models in the beginning; and B) ° should increase
smoothly from zero to its upper bound, so that the model can learn
and distinguish the true- and false-positive interactions gradually.
Towards this end, we formulate the drop rate function as:

(©)

wherencog is an upper bound andlis a hyper-parameter to adjust
the pace to reach the maximum drop rate. Note that we increase the
drop rate in a linear fashion rather than a more complex function
such as a polynomial function or a logarithm function. Despite
the expressiveness of these functions, they will inevitably increase
the number of hyper-parameters, resulting in the increasing cost
of tuning a recommender. The whole algorithm is explained in
Algorithm 1. Note that T-CE loss discards the hard samples which
are more likely to be the noisy ones. It is symmetrically contrary
to the Hinge loss, and T-CE loss limits the model to be over tting.

nt) ©=<8=1U)*n«g *

3.3.2 Reweighted Cross-Entropy Loss . Functionally speaking,
the Reweighted Cross-Entropy (shorted as R-CE) loss down-weights
the positive interactions with large loss values, which is de ned as:

4)

wherel D«8is a weight function that adjusts the contribution
of an observed interaction to the training objective. To achieve
the target of properly down-weighting the large-loss samples, the
weight functionl 1De8is expected to have the following properties:
1) it dynamically adjusts the weights of samples during training; 2)
the function will reduce the in uence of a hard sample to be weaker
than an easy sample; and 3) the degree of weight reduction can be
easily adjusted so that it can t di erent models and datasets.
Inspired by the success of Focal Lo8§][ we estimatd 1D+8

LRr.céD*8 =1 1D*8L cg!De 8¢

process (Figure 4). Besides, since the loss values vary across di erentwith a function of 54 that takes the prediction score as the
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input. Note that the prediction score and CE loss are equivalent
to identify hard samplesi.,the large-loss ones). We use the
prediction score as the input of the weight function since its value
is within »0»1¥rather than»0 1%, which is more accountable to
further computation. Towards this end, we formulate it as:

51pg = A 5)
whereV 2 »0 1% is a hyper-parameter to control the range of
weights. From Figure 5(a), we can see that R-CE loss equipped

with the proposed weight function can signi cantly reduce the
loss of hard samples.¢..%bg  0'5) as compared to the original ()
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R-CE loss for the observed positivgb) The weight function with di erent parame-

CE loss. Furthermore, the proposed weight function satis es thenteractions. The contributions of large- ters V, whereV controls the weight di erence

aforementioned requirements:

514 = -“\Dlgis sensitive to®gwhich is closely related to the loss
value. As such, it generates dynamic weights during training.
The interactions with extremely large CE loss.¢.the outlier in
Figure 5(b)) will be assigned with very small weights becatisg

is close to 0. Therefore, the in uence of such large-loss samples

is largely reduced. In addition, as shown in Figure 5(b), harder

samples always have smaller weights because the funciighyg
monotonically increases whefpg2 »01vVandV 2 >0 1%. As
such, it can avoid that false-positive interactions with large loss
values dominate the optimization during training [42].

The hyper-paramete¥ dynamically controls the gap between
the weights of hard and easy samples. By observing the examples
in Figure 5(b), we can nd that: 1) i¥ increases, for the same
pair of easy and hard samples, the gap between their weights
becomes largee(g. 304 Y 310 in Figure 5(b)); and 2) if we sat

as 0, the R-CE loss will degrade to the standard CE loss.

In practice, to ensure the loss values of all samples are within the
same range, preventing negative samples with large loss values from
dominating the optimization, negative samples are also weighted
in this paradigm. Formally, we revise the weight function as:

| 1Dege 8 0g=1

11 4gVe otherwise,

Indeed, it may provide a possible solution to alleviate the impact of
false-negative interactions, which is left for future exploration.

(6)

3.3.3 In-depth Analysis . Since ADT depends totally on recom-
menders to identify false-positive interactions, one question might
be whether it is reliable. Actually, many existing workLB 20

has pointed out the connection between the large loss and noisy
samples, and explained the underlying causality: the memorization
e ect of deep models. That is, deep models will rst learn easy

loss samples are greatly reduced.

between hard and easy samples.

Figure 5: Illustration and analysis of R-CE loss.

between denoising and learning. In ADT, tim ° of T-CE loss and
Vof R-CE loss are to control the balance. And the sensitivity to the
hyper-parameters is studied in Section 5.2.3.

4 RELATED WORK

This work aims to denoise implicit feedback for recommenders,
which is highly related to the negative experience identi cation, in-
corporating various feedback, and the robustness of recommenders.

Negative Experience Identi cation. To reduce the gap
between implicit feedback and the actual user preference, many
researchers have paid attention to identify negative experiences
in implicit signals [7, 21]. Prior work usually collects the various
users' feedbacke(g, dwell time [21], gaze patterns4€, and skip
[7]) and the item characteristics32, 33 to predict the user's
satisfaction. Lwet al.[37 predicted users' actual preference in news
recommendation based on various user behaviors, news quality, and
the interaction context. However, these methods need additional
feedback and extensive manual label woekg. users have to tell if
they are satis ed for each interaction. Besides, the quanti cation
of item quality and characteristics is non-triviaBg], which largely
relies on the manually feature design and the labeling of domain
experts B2 33. The una ordable labor cost hinders the practical
usage of these methods, especially in the scenarios with constantly
changing items.

Incorporating Various Feedback. To alleviate the impact of
false-positive interactions, previous approach&s46, 31, 41, 44
also consider incorporating more feedbaakd, dwell time 43,
skip [27, 45, and adding to favorites) into training directly. For
instance, Weret al.[39 proposed to train the recommender using
three kinds of items: click-complete, click-skip, and non-click

and clean patterns in the initial training phase, and then gradually ~ones. The last two kinds of items are both treated as negative
memorize all samples, including noisy ones. As such, the loss of deep Samples but with di erent weights. However, additional feedback
models in the early stage can help to Iter out noisy interactions. We ~ might be unavailable in complex scenarios. For example, we cannot
discuss the memorization e ect of recommenders by experiments acquire dwell time and skip patterns after users buy products
in Section 3.2 and 5.2.1. And the performance of T-CE loss also OF watch movies in a cinema. Most users even don't give any
shows that it can is explored in Section 5.2.2. informative feedback after clicks. In an orthogonal direction, this
Another concern is that some hard Samp|es may be more work eXp'OreS denoising ImpIICIt feedback without additional

informative than easy samples and discarding hard samples would information during training.

limit the model's learning ability. Indeed, as indicated in the prior
studies P], hard samples in the noisy data probably confuse the
model rather than help it to establish the right decision surface. As
such, they may induce poor generalization. It's actually a trade-o

Robustness of Recommender System&unawardanaet al.
[12 de ned the robustness of recommender systems as the
stability of the recommendation in the presence of fake
information. Prior work [25 3€ has tried to evaluate the
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