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ABSTRACT Click-through rate prediction is crucial in network applications such as recommendation
systems and online networks. Designing feature extraction schemes to obtain features and modeling users’
click behavior are used to estimate the probability of users clicking on recommended items. The Autolnt
model is arecent and effective research finding. It constructs combined features by referencing the multi-head
attention mechanism but does not fully mine meaningful high-order cross-features and ignores user privacy
protection. To address this problem, this study proposes the differential privacy bidirectional long short-term
memory network (DP-Bi-LSTM-AutolInt) model, which is an improved AutoInt model. A bidirectional long
short-term memory network is added after the embedding layer to deeply mine the nonlinear relationship
between user click behaviors and construct high-order features. Further, differential privacy technology is
adopted for user privacy protection, and the Gaussian mechanism is used to randomly perturb the gradient
descent algorithm of the model. Using the Criteo dataset to conduct experiments, the experimental results
show that the accuracy of the Bi-LSTM-AutoInt model proposed herein is improved by 0.65 % compared
to the original AutoInt model. When the privacy budget is greater than 3.0, the accuracies of the DP-Bi-
LSTM-AutoInt and Bi-LSTM-Autolnt models are nearly equivalent. However, the DP-Bi-LSTM-Autolnt
model algorithm is more secure and reliable than the AutoInt model.

INDEX TERMS Click-through rate prediction, differential privacy, gradient descent, long short-term
memory.

I. INTRODUCTION

In the context of the big data environment, the daily Inter-
net browsing data generated by users grows exponentially.
Internet companies can accurately push personalized recom-
mended advertisements and content for users based on these
data, resulting in increased company benefits [1]. However,
some browsing data include users’ personal data such as
hospital medical records, census records, home addresses,
and consumption records. If unprotected, it can pose a threat
to the user’s privacy [2]. Therefore, making better use of
user-available browsing data and ensuring user privacy pro-
tection becomes a concern that needs to be addressed.

The associate editor coordinating the review of this manuscript and

approving it for publication was Mohamad Afendee Mohamed

110960

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

Many companies use a recommendation system as a key
technology. The click-through rate (CTR) prediction model is
an important component of such a recommendation system.
It estimates the probability of a user clicking on a recom-
mended item [3]. In CTR prediction, mining the interaction
between features and extracting user interest features are the
key factors affecting the prediction rate [4]. Currently, CTR
prediction research is mainly divided into two categories—
shallow models based on traditional machine learning and
models based on deep learning neural networks. The first
category includes the logistic regression (LR) [5], factor-
ization machine (FM) [6], gradient boosting tree [7], and
other linear models. The LR model is easy to implement
and features strong interpretability; however, it cannot extract
combined information through feature interaction. With the
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achievements of deep learning in other fields, such as images
and computer vision; the current focus in the field of CTR
prediction models is biased toward finding more diverse
feature crossover methods based on different deep learning
results [8], and applying deep learning neural networks to
CTR prediction. The Wide&Deep model [9] proposes a hier-
archical learning structure that combines LR and deep learn-
ing technology using the memory ability of linear models to
learn shallow features and the generalization ability of deep
neural networks to learn high-level features. To better learn
the ability of shallow network interaction, the DeepFM model
[10] replaces the Wide part in the Wide&Deep model with the
FM structure. The Attentional Factorization Machine(AFM)
model [11] is the first to use a neural attention network to
combine the attention mechanism with FM to learn the impor-
tance of each feature interaction. The Autolnt model [12] uses
the multi-head attention mechanism to construct combined
features and estimates the probability of users clicking on
recommended items by designing a feature extraction scheme
to obtain features and modeling user click behavior.
However, the efficient development of CTR prediction
model technology has data privacy protection issues. The
accuracy of recommendation technology often requires a
huge amount of user data as support. However, the click
record of a user is private information, and attackers can
exploit the overfitting defect of the algorithm to reproduce
the data trained by the model through gradient descent tech-
nology and confidence [13], thus raising a serious privacy
concern [14]. In 2018, Cambridge Analytica, a data analysis
company in the United States, had a privacy breach. The
company secretly leaked the personal information of nearly
50 million Facebook users, triggering strong condemnation
from users [15]. Machine learning services such as Google
Prediction API and Amazon Machine Learning can leak
membership information from purchase records [16]. There-
fore, user data privacy research is a critical concern that can-
not be avoided in the development of CTR prediction models.
At present, in the field of privacy protection, differen-
tial privacy technology [17] is widely used. It provides a
mathematical definition of privacy and a provable privacy
guarantee for each record in a dataset, which is suitable for the
privacy protection requirements of recommendation systems.
Since McSherry et al. [18] first introduced differential privacy
to the recommendation system and proved its effectiveness,
many scholars have proposed their own differential privacy
recommendation algorithms. Ren et al. [19] proposed a rec-
ommendation model based on autoencoders and differential
privacy, and they designed two methods to apply differential
privacy to autoencoders: input perturbation and objective
function perturbation. This protects the privacy of user data
while ensuring the accuracy of recommendations. Zhang
et al. [20] designed an output perturbation method to achieve
matrix factorization; however, this algorithm is prone to bot-
tlenecks in time performance in case of large amounts of data.
Zhu et al. [21] pointed out that adding noise to the dataset
is the most straightforward and effective approach; however,

VOLUME 10, 2022

this approach affects the utility of the learned model because
it heavily relies on attribute values in the training dataset.
While adding noise during training, the model can be cor-
rected considering the noise. By contrast, adding noise to the
loss function or gradient only slightly affects the utility of the
learned model. Adding noise to the loss function or gradient
is resistant to membership inference attacks [22], which can
be guaranteed by the property of differential privacy.

Autolnt model [12] is one of the more effective research
results at present. This model constructs combined features
by citing a multi-head attention mechanism; however, it does
not fully mine meaningful high-order cross-features and only
finds features with similar relationships to combine. The
mining of potential features is insufficient, and the protection
of users’ privacy is ignored. Further, the differential privacy
technology based on deep learning is not yet mature. Since
gradient disturbance adds noise to the gradient during each
iteration of the training process, the noise continues to accu-
mulate, which may affect the final utility of the model.

Based on the improvement in the AutoInt model, this study
proposes a CTR prediction model based on differential pri-
vacy technology to deal with nonlinear associations between
features, capture the dynamic evolution of user interests,
and enhance the privacy protection of the model. First, this
study adds a bidirectional long short-term memory network
(Bi-LSTM) before the interaction layer in the AutoInt model
to deeply mine the nonlinear relationship between user click
behavior and construct high-order features. Second, differen-
tial privacy is applied to the CTR prediction model, and the
user’s sensitive information is prevented from leaking during
the recommendation process by adding Gaussian noise to the
gradient of each step in the model training process.

The contributions of this paper can be summarized as
follows:

e This study improves on the original AutoInt model and
adds a Bi-LSTM network before the multi-head attention
network layer to improve the ability of feature intersection
and explore the nonlinear relationship between features.

e This study applies differential privacy technology to the
CTR prediction model and protects the privacy of the model
by adding Gaussian noise to the gradient of each step.

e A large number of experimental results show that the
algorithm guarantees the user’s privacy on the premise of
ensuring the accuracy of the model.

The following is the structure of this paper: the second part
is related work; the third part is the detailed description of
the algorithm proposed in this study; the fourth part is the
experimental analysis and comparison; and, the last part is
the summary and outlook.

Il. RELATED WORK

A. EQUATIONS

Differential privacy (DP) has a rigorous mathematical
framework for evaluating and protecting data privacy. The
model mainly achieves ensures privacy protection by adding
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appropriate noise to the query or analysis results. The privacy
protection is on data level. Intuitively, DP makes sure that
after introducing noise, true data is protected from attacks.
The basic definitions and properties of DP involved in this
study are as follows:

Definition 1 [17]: Denote the dataset as D, and the model
parameters of deep learning are 6. The training database
consisting of D subset of all a is denoted as D'. The parameter
space is T. A stochastic deep learning training mechanism
takes the training dataset as input and uses a gradient descent
algorithm for training. The parameters after output training
arerecorded as M : D' — T. We call this training mechanism
satisfying (g,8) — DP. If any two adjacent training sets
d,d" € D, and any parameter ranges S C T, the parameter
distribution of its output satisfies (1):

Pr(M(d) € S| < Pr[M(d) e S]+6 (1)

Definition 2 (Gaussian Mechanism) [23]: For function
f:D — T on the dataset D, Sensitivity is represented by (2):

A (f) = (@), @

The Gaussian mechanism adds noise that is sampled from a
zero-mean isotropic Gaussian distribution. Then, for any § €
(0, 1), the given random noise follows a normal distribution
N (0, 02), then random algorithm M (d) = f (d)+N (0, 02)
obey (e,8) — RDP,in ¢ > (./21n (1.25/8)) / (a/Axf).

Where sensitivity determines the noise required for a par-
ticular query in the mechanism. It is only relevant for the
query type. Sensitivity reflects the maximum range of a query
function when queried on two datasets D and D’ that differ
by only one individual. It is independent of the data set and
is determined only by the query function itself. DP has dif-
ferent implementation mechanisms for different algorithms.
The Laplace and Gaussian mechanisms are typically used to
protect numerical results, while the exponential mechanism
is suitable for non-numerical results.

Property I (Sequence Compositionality [24]): set multiple
random algorithms A1, Az, - - -, A,. The privacy budget corre-
sponding to each random algorithm is €1, €2, - -+, &,, and each
satisfies e —DP. Then, the combined algorithm A composed of
these algorithms satisfies e —DP for the same datasets.

Property 2 (Parallel Compositionality [24]): set multiple
random algorithms A1, Az, - - -, A,. The privacy budget corre-
sponding to each random algorithm is €1, €2, - -+, &, and each
satisfies e —DP. Then, the combined algorithm A composed of
these algorithms satisfies e —DP for disjoint datasets.

These two properties play an important role in proving
whether the relevant algorithm satisfies the DP process.

max ||f (d) —

B. LONG SHORT-TERM MEMORY

LSTM is a recurrent neural network (RNN) variant [25].
Although RNNs can theoretically solve long-distance depen-
dencies, problems such as gradient disappearance and explo-
sion make this difficult to achieve. In this regard, LSTM
provides a solution by introducing a gate mechanism and
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memory unit, that is, designing input gates, output gates,
and forget gates inside each neuron. Benefiting from mem-
ory and forgetting mechanisms, LSTMs can automatically
update themselves to determine the amount of information
that must be forgotten and remembered at each time step.
Therefore, LSTM can obtain discriminative information and
learn the dependencies in the features as well as mine latent
features. Khan et al. [26] used a multi-layer Bi-LSTM (Mbi-
LSTM) convolutional neural network (CNN) to optimize the
extraction of learned features through various convolution
and pooling layers and passed the features to MBD-LSTM
for the classification study. Hou et al. [27] adopted the parallel
structure of a CNN and Bi-LSTM with a self-attention mech-
anism for dataset entity mining, which has good cross-domain
learning and recognition capabilities. Du et al. [28] used an
attention-based Bi-LSTM to model the sequential dependen-
cies of entities and relationships in each connection path, ulti-
mately generating recommendation results and explanations.

Recently, scholars have also begun using the LSTM model
[29] in the CTR prediction problem and have obtained better
accuracy. Li et al. [30] proposed a CTR prediction model
based on attention mechanism and LSTM and applied it to
the Weibo service. The R-RNN model [31] not only applies
an attention mechanism to help capture the representation
of the user’s main interests but also incorporates an LSTM
unit for exploring the interest-changing trends behind the
user’s recent click behavior. Wang et al. [32] used a Bi-
LSTM network to model dependencies between actions for
capturing the importance of underlying user interests behind
user behavior data, which can effectively learn functional
interactions. The DSIN model [33] simulates the user behav-
ior that is closely related to the session. First, the user’s
historical click behavior is divided into different sessions.
Then, to better complete the CTR prediction, use Transformer
to learn each session to obtain the interest vector and Bi-
LSTM to learn the user’s interest changes across multiple
sessions.

C. Autoint MODEL

As shown in Fig. 1, the Autolnt model [12] learns the
interaction information between shallow and deep features
by constructing high-order features using a multi-head self-
attention mechanism [34]. It is mainly divided into four parts:
input layer, embedding layer, interaction layer, and output

layer.
(P Output Layer

Multi-head Self-Attention

e e

[=-—=——=-

|® @ @I Input Layer

Interacting Layer

———————-| ———————-| ———————-|

FIGURE 1. Autoint model.
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1) INPUT LAYER

X represents the feature set, X = [x1,...,x,],x; € R*, nis
the total number of feature fields. x; is the feature representa-
tion of the i field. For numeric features, x; is the scalar of the
eigenvalues of the j numeric domain. For categorical features,
one hot encoding is required.

2) EMBEDDING LAYER

For categorical features, the low-dimensional dense vector
is represented as e; = Vix;, where V; is the embedding
matrix corresponding to the feature group i. x; is a one hot
vector, e; = Vix;/q, where g represents the number of the i
feature group values of a sample. For numerical features, the
continuous features are expressed as e, = VX, where vy, is
the embedding matrix corresponding to the feature group m.
X, 1s a scalar value.

3) INTERACTION LAYER

The model employs a multi-head attention network to process
the output of the embedding layer and a key-value attention
mechanism to determine which feature combinations are
meaningful. For example, for features e,,, first define the
correlation k between it and the feature under a specific
attention head 4. The specific equations are (3) and (4).

YO (em ) = (Wit ems Winer) )
exp (¥ (e €1)
ally = U (o 0) @

YW exp (W (h) (ems €1))

¥ (., ) is the attention function that measures the dis-
tance between two vectors. Formula (3) is to calculate the
similarity between e, and other features ej. The model uses

the inner product of vectors to represent distances. WQuery,

ng is the transformation matrix, for transforming the orig-
inal embeddings into the new feature space. Equation 4 is to
calculate the softmax normalized attention distribution.Then,
update the feature m, and weighted summation using o coef-
ficients over the M correlated features. That is, Eq. (5):

a = Za“’)( Wit )

Furthermore, a feature may also involve different combined
features; the model collects the combined features learned in
all subspaces: ¢, = 'Eml) ® 'Eﬁf) DB E"ﬁnH), where @ is
the connection operator, H is the total number of heads. ¢,
is the learned combined feature. To preserve the previously
learned combined features, including the original individual
(that is, first-order) features, the model adds standard residual
connections to the network, which is (6).

Res = ReLut (€ + Wresem) (©6)

Wres is used to map e, to the same size as ¢,,. eReA

is the final output of the multi-head self-attention network,
which represents the higher-order feature corresponding to
feature m.
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4) OUTPUT LAYER

a set of feature vectors { Res } , of the output of the inter-
action layer. It has the orlgmal 1nd1v1dua1 features retained
by the residual block and the combined features learned
through the multi-head attention mechanism. For the final
CTR prediction, concatenate the results for each feature and
compute the final output value:

37: p (WT ( Res o ezRev Q- e[l‘ilev) + b)

The shallow and deep features can be effectively fused
using this model, overcoming the problem of over-reliance
on high-order combined features.

Ill. MODEL DESIGN

The Bi-LSTM-AutolInt model, based on the AutoInt model, is
proposed in this section to improve the accuracy of the model
algorithm. Then, noise is added during the perturbation stage
of model optimization, and the DP-Bi-LSTM-Autolnt model
is proposed to protect the privacy of the recommendation
algorithm. The details are as follows:

A. BI-LSTM-Autoint MODEL

The AutoInt model adopts a multi-head attention mecha-
nism. It estimates the probability of a user clicking on a
recommended item by designing a feature extraction scheme
to obtain features and model user click behavior. However,
since the model cannot fully reduce the high-order signifi-
cant intersection features, it only finds features with similar
relationships to combine. The problem is that mining latent
features is insufficient. The following scheme designs the
Bi-LSTM-AutoInt model by adding the Bi-LSTM network
module. The model learns user click changes in a short period
and can fully mine meaningful high-order cross-features.

I Multi-head Self-Attention

| Interacting Layer

Embedding Layer

Input Layer

FIGURE 2. Bi-LSTM-Autolnt model.

1) MODEL FRAME

As shown in Fig. 2, the Bi-LSTM-AutoInt model proposed
herein can be divided into four parts—the input, embed-
ding, interaction, and output layers. In this study, a Bi-
LSTM network is added to the interaction layer. Higher-order

110963



IEEE Access

L. Tian et al.: Research on Improvement of the CTR Prediction Model Based on DP

interaction patterns can be captured through the stacking of
interaction layers using the Bi-LSTM network to learn the
latent expression form between features.

The improved Autolnt model is mainly divided into four
parts: original feature input, feature embedding, feature inter-
section, and target estimation. The specific implementation
steps are as follows.

Stepl: Embed both numerical and categorical variables
into low-dimensional embeddings to obtain a vector repre-
sentation in a low-dimensional space.

Step2: The encoded vector of the embedding layer is input
into Bi-LSTM for training, and the nonlinear data features are
output.

Step3: Capture high-order feature intersections through
multi-head self-attention. Using multi-head attention, differ-
ent types of feature combinations can be obtained by mapping
features to different spaces, and different levels of modeling
can be achieved by stacking multiple interaction layers.

Step4: Input the vector generated by the interaction layer
to the output layer and use the sigmoid function to estimate
the CTR.

2) BIDIRECTIONAL LSTM NETWORK DESIGN

A Bi-LSTM network is added after the embedding layer
to explore user behaviors and interactions between features
and discover hidden relationships between features. It has
the following advantages: 1) It can learn long-term time-
dependent information; 2) It can solve the long-term depen-
dence problem in the click behavior time series data; 3) It
can capture user hidden features within a specific amount
of time; and 4) It has powerful sequence modeling ability.
Fig. 3 shows Bi-LSTM.

FIGURE 3. Bi-LSTM network diagram.

Ve m 1s the model forward propagation hidden vector,
m 18 the model back-propagation hidden vector. Combine
h ,, with h ,, to generate the final hidden vector. The specific
calculation equations of LSTM are (7)-(12):

1=1

fo = o (Wr [he—1, %1 + by) O
ir =0 (Wilhi—1,x:]1+ b)) ®)
C, = tanh (Wg [hi—1, X1 + bg) €))
C=(®C1+i®C (10)
0y =0 Wy [hi—1, %1+ bo) (11
h = o; ® tanh (C;) (12)
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Wy, Wi, We, W, is the weight parameter, by, b;, bz, b, are
input gate bias, forget gate bias, cell state bias and output gate
bias, x; as the input sequence, combined with the state of the
previous hidden layer ;. Form the forget gate f; through the
activation function. Input gate i, and output gate o, are also
computed by x; and h;_1. The forget gate f; is combined with
the previous cell state C;_1 to determine whether to discard
the information. o represents the sigmoid function, and tanh
is the hyperbolic tangent activation function. The model
parameters are updated using gradient descent iteration.

This study adopts a bidirectional LSTM module to learn
the dependencies between features. In the bidirectional archi-
tecture, there are two layers of hidden nodes from two
independent LSTM encoders. The forward layer considers
historical data in a left-to-right sequence. The backward layer
considers future data. This allows the network to preserve
information from previous and subsequent states to explore
changes in user behavior before and after, processing forward
and reverse hidden layer input sequence data. Two LSTM
encoders are used to capture dependencies in different direc-
tions. The output of the behavior is integrated as shown
in (13):

Fy =[F_ht, F_c;, B_h, B_c] (13)

F represents forward, B represents backward. In this study,
the encoded vectors of the embedding layer are input into Bi-
LSTM for training.

B. DP-BI-LSTM-Autoint MODEL

In the process of deep learning, there is a problem of pri-
vacy data leakage in the training data and prediction stages.
To solve this problem, this study adopts the differential pri-
vacy technology, proposes the DP-Bi-LSTM-AutoInt model
and realizes the privacy protection of the CTR model.

DP techniques based on deep learning can be divided
into three types: input perturbation, gradient perturbation,
and output perturbation. Compared with input perturbation
and output perturbation, the gradient perturbation method is
more suitable for deep learning algorithms. This is because
gradient perturbation does not require strong target assump-
tions, it only needs to limit the sensitivity of each gradient
update, not the entire learning process [25]. Second, since
post-processing does not affect DP, gradient perturbation can
release noisy gradients at each iteration without breaking
privacy guarantees. This study will use gradient perturbation
to achieve privacy protection.

For the CTR estimation field, the loss function usually
chooses the logarithmic loss function, and the final output
expression is (14):

1 n . .
Logloss = —= Y " (vilog; + (1 —yplog (1 =)  (14)
n i=1

y; and y; are the true and predicted values of the sample i,
respectively. n is the total sample size.
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In the training of deep learning, the model parameters are
generally updated by a gradient descent algorithm, which
is (15):

N

6 < 6,1 — %;Vglloss(xi,etl) (15)
6p is a random initialization parameter. Gradient is the
result of direct calculation using input data, and it is the
main operation for updating model parameters to achieve
privacy protection. Based on the ideas of previous studies
[17], this study chooses to add Gaussian noise to the gradient.
In each training step T, compute the gradient of L /n random
sample L; of a with sampling probability and constrain the
gradient by the /,-norm, then add noise to the constrained gra-
dient, and finally update the parameter 6,1, its pseudocode

is Algorithm 1 as follows:

Algorithm 1 Differential Privacy Gradient Descent Algo-
rithm

Input: training samples {xi,...xy}, loss function Logloss.
Parameter: learning rate «;, sample size L, preset gradient
threshold S

Output: 6,

1.Fort € [T]

2. For i € L;,calculate g; (x;) <— Vg, Logloss

g, (xi) < gr (x;) / max (

4. & < 1 (X8 () +N(0,07571))
3. Orp1 < 0 — s 0%,
6
7

et

llgr i)l
1, =55

. End For
. End For

During gradient descent, the sensitivity of the solved gra-
dient in neighboring datasets must be less than some upper
bound. Otherwise, too much sensitivity will introduce too
much noise, resulting in a low signal-to-noise ratio during
training and rendering training meaningless. In this study,
a method for controlling the gradient is adopted to actively
control the gradient sensitivity and keep the gradient change
within a controllable range. In the process of clipping the
gradient, if the second normal form of the gradient is less
than the given gradient threshold S, the gradient is retained;
otherwise, it is adjusted by the ratio of ||g; (x;) ||, / S. Restrict
the two-normal form of the gradient back to S. Through
this operation, the two-normal form of the gradient will
not exceed the given two-normal form threshold. Thus, the
sensitivity of the gradient is limited. According to Defi-
nition 2 given in the original manuscript, the sensitivity
formula is: Ay (f) = max If @) —f (d’)],. We denote

the gradient as g (t), After trimming with parameter S,
this will become ||La_clip (g (1), S) — La_clip (g (¢'))]|,-
In the worst case, the Ly norm of Ly clip(g(¢),S) is
S, Ly_clip (g (r')) is 0. Therefore the L, sensitivity of
the clipping gradient is limited by the clipping parameter
S.The sensitivity of the gradient at this time is A, (f) =
maxy,ep ||L2_clip (g@®),S) — Ly_clip (g (t’)) ”2 <S.
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Theorem 1: The DP-Bi-LSTM-Autolnt model satisfies
differential privacy.
Prove: Since the noise added by the DP-BiLSTM-

S,/2ln1'5£/s, In this case,

the increase or decrease of a sample will only bring no
more than S to the gradient, So sensitivity As (f) =
maxyep |La_clip (g (1), S) — Lao_clip (g ('))|, < S, This
meets the requirements of Definition 2, then the noise addi-
tion process at each iteration satisfies (¢;, §) —RDP. Accord-
ing to the characteristics of DP, the algorithm as a whole
satisfies (g, ) — DP.

AutoInt model is ¢ =

0.

IV. EXPERIMENT ANALYSIS

This section will mainly introduce the experimental evalua-
tion of the DP-LSTM-AutoInt model. The results show that
the algorithm in this study has the best performance and can
obtain better accuracy under privacy protection compared
with three other state-of-the-art models.

A. EXPERIMENTAL SETTINGS

1) DATASET

This study adopts the Criteo dataset, which is a classic dataset
in the CTR field, and contains click records of 45 million
users that are sorted by time. There are 13 continuous features
and 26 categorical features. Owing to the large sparsity of
the samples, first remove low-frequency features and set
low-frequency features to unknown. For the Criteo dataset,
filter the features below 10, 5, and 10 times, respectively.
And regularize the numerical features. If the feature value
is greater than 2, then the log is squared. This processing
method is more common in Criteo. We randomly split the
dataset into two parts: 80% for training and 20% for testing.

2) EVALUATION METRICS

This study uses two metrics to evaluate the model: AUC (area
under the ROC curve) and Logloss (cross-entropy). AUC rep-
resents the probability that positive samples will be ranked in
front of negative samples and can be used to comprehensively
represent the performance of the model. The larger the value
of AUC, the more accurate the classification result. Logloss
measures the distance between the predicted score and the
true label for each sample, where the smaller the loss value,
the better the model.

3) EXPERIMENTAL ENVIRONMENT

This study uses python language to implement all models and
adjusts the parameters to record the training effect of each
model. The experimental environment of this study is shown
in Table 1.

4) PARAMETERS
The main privacy parameters of our model is ¢, it controls
the privacy-utility trade-off. Again, we set § to le-6, which is
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TABLE 1. Experimental environment.

EXPERIMENTAL SPECIFIC PROJECT
ENVIRONMENT
GPU Quadro P4000
Memory 125GB
Deep Learning Framework Tensorflow-gpu+tKeras
Programming language Python3.6

usually a derivative smaller than the size of the training data.
Other parameters related to the model are shown in Table 2.

TABLE 2. Experimental environment.

PARAMETERS
Learning_rate

DESCRIBE VALUE
Learning rate for gradient descent 0.001
algorithm
The batch size into which the input 256
data for each step of the original
training algorithm is divided

Num_microbatcher

L2 norm_clip 1.5

The maximum value S of the L2

norm when the cumulative
gradients of all network parameters
for each micro-batch are clipped

Noise_multiplier The amount of noise O added 0.3~1.5
during model training
batchsize batchsize 1024

5) COMPARISON

The algorithm proposed in this study is compared with the
work similar to the algorithm in this study to better verify the
performance and effect of the algorithm in this study. This
study will perform gradient perturbation for the three models
and compare the algorithm AUC and Logloss after gradient
perturbation.

e DCN model [36]: The full name is Deep & Cross-
Network, which can automatically learn the network struc-
ture of the cross-network with cross-features, and explicitly
perform feature cross.

e FM model [6]: Second-order interaction is achieved
through the inner product of hidden vectors.

e DeepFM model [10]: A FM is imposed as a “Wide”
module in Wide&Deep to save feature engineering work.
DeepFM requires neither pre-training nor feature engineering
and can capture both low- and high-order feature interactions.

e EDIF model [8]: Explicit higher-order interactions are
performed after the embedding operation, giving different
weights to different feature interactions with the SENet atten-
tion module and dynamically learning the importance of
feature interactions.

B. ANALYSIS OF RESULTS

This section mainly conducts experiments from four aspects:
the prediction results of several control models and optimiza-
tion models, model prediction results under the same privacy
protection level, performance comparison of improved mod-
els under different privacy budgets, and impact of privacy
budgets on CTR prediction. The experimental results are
analyzed to verify the superiority and effectiveness of the
optimization model proposed in this study from different
aspects.
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Based on experience, we first set the Autolnt model and
Bi-LSTM-AutolInt model embedding dimension d to 16. The
number of hidden units d’ is 32. There are three Interacting
Layers at the same time, and the head of Attention is set to 2.

The error caused by the chance of a single model training
in the experimental results was avoided while ensuring the
accuracy and stability of the experimental conclusions. 3 and
4 are the optimal values after multiple parameter adjustments,
and the other two sections are for 100 experiments to obtain
the average value.

1) BI-LSTM-AUTOINT MODEL PERFORMANCE COMPARISON
This section will mainly examine the performance compar-
ison between the Bi-LSTM-AutoInt model and the classic
CTR prediction model, to verify that the optimization method
proposed in this study is superior to other classic CTR predic-
tion models. Table 3 shows the performance of the Bi-AutoInt
model and original AutoIlnt model [12], EDIF model [8],
DeepFM model [10], and FM model [6] under the Criteo
dataset, where the epoch is 20.

TABLE 3. Performance comparison between Bi-LSTM-AutoInt model and
THE classic CTR model.

METHOD AUC LOGLOSS
Autolnt 0.8061 0.4455
FM 0.7892 0.4607
DeepFM 0.8007 0.4508
EDIF 0.8002 0.4513
Bi-LSTM-Autolnt 0.8126 0.4393

Compared with the original Autolnt model, the Bi-LSTM-
Autolnt model proposed in this study has an AUC improve-
ment of 0.65% and a Logloss reduction of 0.62% in the Criteo
dataset. This is because the Bi-LSTM-Autolnt model adds a
bidirectional LSTM network, which improves the high-order
interactive learning ability of features.

Secondly, the accuracy of the DeepFM model is increased
by 1.15% compared to the FM model. This is because the FM
model is mainly used to process sparse features but cannot
interact with high-order features: layer feature interaction
representation and deep feature interaction representation.
Overall, the Bi-LSTM-AutolInt model proposed in this study
has the best performance, which confirms the effectiveness of
the algorithm in this study.

2) DP-BI-LSTM-AUTOINT MODEL PERFORMANCE
COMPARISON

This section will mainly examine the recommendation per-
formance of different methods under the same gradient
disturbance to verify that the proposed method can still
guarantee recommendation accuracy after privacy protection.
Table 4 shows the performance of different models under the
Criteo dataset after gradient perturbation. The privacy budget
is set to 1, and the batch size is 1024.

Table 4 shows that when the same model parameters and
degree of privacy protection are used, the algorithm proposed
in this study outperforms the other three algorithms when
performing CTR estimation. Compared with the DeepFM
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TABLE 4. Performance comparison of different models after gradient
perturbation.

METHOD AUC LOGLOSS
DP-DCN 0.7761 0.4751
DP-FM 0.7458 0.4775
DP-DeepFM 0.7721 0.4628
DP-Bi-LSTM-Autolnt 0.7898 0.4602

model, its AUC index is improved by 1.77%. The AUC
index and Logloss index of the DeepFM model are sig-
nificantly better than the FM model without learning high-
order features because high-order and low-order features are
extracted simultaneously. Compared with the FM model, the
DeepFM model was improved by 2.63% in the optimal AUC
index. The results show that the model proposed in this study
can effectively learn the interests of users and improve the
accuracy of CTR prediction.

3) PERFORMANCE COMPARISON BETWEEN
DP-BI-LSTM-AUTOINT MODEL AND

BI-LSTM-AUTOINT MODEL

Table 4 compares the DP-Bi-LSTM-AutoIlnt model under
different privacy budgets with the Bi-LSTM-AutoInt model
without differential privacy. In this experiment, the privacy
budgets in the DP-Bi-LSTM-Autolnt model are respectively
setas {0, 1, 2, 3,4, 5}

As can be seen from Table 4, the accuracy of the Bi-
LSTM-AutoInt model is higher, which is due to the data loss
caused by the noise added to our method. When the privacy
budget is 1, the model adds the most noise, and the model
accuracy drops by 2.28 %. However, when the privacy budget
is 3, which indicates that moderate noise is added to the
model, the accuracy is only 1.45 % worse compared to the
Bi-LSTM-AutoInt model. When the privacy budget is 5,
the DP-Bi-LSTM-AutolInt model at this time is comparable
to the Bi-LSTM-AutoInt model without privacy protection.
Although the perturbation of data by our method causes
information loss, when the privacy budget is greater than 3.0,
that is, when less noise is added, the DP-Bi-LSTM-Autolnt
model is nearly equal to the Bi-LSTM-Autolnt model. This
shows that the proposed method can effectively guarantee
the prediction performance of the model while protecting
privacy.

4) IMPACT OF PARAMETERS

This section will mainly examine the performance anal-
ysis of the DP-BiLSTM-AutoIlnt model under differ-
ent batches. In this experiment, the batchsize is set to
{64, 128, 256, 512, 1024} and the privacy budget is set to 1.
Tabel 5 reflect the effects on prediction accuracy and loss
values under different batches, respectively.

As shown in table 6, the accuracy of the DP-BiLSTM-
Autolnt model proposed in this study also differs under
different batches. When batchsize = 1024, the model has
the best accuracy, which is 0.7% higher than batchsize =
512. When batchsize = 64, the accuracy of the model is

VOLUME 10, 2022

TABLE 5. Performance comparison between DP-Bi-LSTM-Autolnt model
and Bi-LSTM-Autolnt model.

METHOD AUC LOGLOSS
Bi-LSTM-AutoInt 0.8126 0.4393
DP-Bi-LSTM-Autolnt( £ = 1) 0.7898 0.4602
DP-Bi-LSTM-Autolnt( £ =2) 0.7923 0.4564
DP-Bi-LSTM-Autolnt( £ = 3) 0.7981 0.4472
DP-Bi-LSTM-Autolnt( € = 4) 0.8003 0.4457
DP-Bi-LSTM-Autolnt( € = 5) 0.8015 0.4439
TABLE 6. Impact of parameters.

DP-BiLSTM-Autolnt AUC LOGLOSS
Batchsize=64 0.7535 0.4865
Batchsize=128 0.7628 0.4862
Batchsize=256 0.7646 0.4764
Batchsize=512 0.7726 0.4728
Batchsize=1024 0.7791 0.4677

poor. The training loss of the DP-BiLSTM-AutoInt model
gradually decreases as the number of iterations increases, and
the recommendation performance improves. Among the four
batches, batchsize = 1024 has the lowest training loss, and
the recommendation performance also shows the same trend.

5) IMPACT OF DIFFERENT PRIVACY BUDGETS
This section mainly considers the impact of different privacy

budgets on the accuracy of the algorithm. In this experiment,
we set the privacy budget as {1, 2, 3,4, 5, 6}.

—e— DP-BiLSTM-Autolnt
§:8a DP-DCN
—i— DP-DeepFM
0.82 1 —&— [PFM
0.80 1
o 0.78
E
0.76 1
0.74 1 f———.,_.—.——.—__.
0.72
0.7

T T T T T T
1. 0000 2.0000 3.0000 40000 50000 60000
privacy budget

FIGURE 4. Comparison of the model accuracy under different privacy
budgets.

Figures 4 and 5 show that, as the privacy budget is
increased, the noise injected during the gradient perturba-
tion process decreases, level of privacy protection gradually
decreases, accuracy rate gradually increases, and loss rate
gradually decreases. When the privacy budget is greater than
2.0, the prediction accuracy of the model stays the same, and
the accuracy of this model is slightly higher than that of the
other three model data. This shows that the method herein
can effectively guarantee the performance of the model while
protecting the privacy of users.

The purpose of introducing DP technology into the predic-
tion model, based on the experimental results in the previous
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FIGURE 5. Comparison of the model loss values under different privacy
budgets.

section, is to sacrifice part of the accuracy in exchange for
data security. Although the method used in this study causes
information loss due to the disturbance of the data, the results
show that it is ineffective. The DP-Bi-LSTM-Autolnt model
still outperforms the privacy-preserving FM model.

In summary, the prediction results of the CTR prediction
model proposed herein are more secure and reliable than
those of the DeepFM, FM, and DCN models. This is because
adding the latent representation of the bidirectional LSTM
network learning feature improves recommendation accu-
racy. This study adopts the gradient disturbance method and
sets the gradient threshold to prevent the gradient from being
too large or too small to affect the model convergence.

V. CONCLUSION

User historical behavior data often contain a large amount of
sensitive information. Once such information is obtained by
attackers, it will cause unpredictable consequences to users.
The Autolnt model, as one of the more effective research out-
comes, constructs combined features by citing a multi-head
attention mechanism, but this model has the problems of
insufficient mining of potential features and privacy concerns.
Therefore, this study first improves the Autolnt model and
adds a layer of the Bi-LSTM network to explore the changes
in user behavior before and after;

Aiming at the problem of privacy concern, it is proposed
to apply DP to the CTR prediction model, use the Gaus-
sian mechanism to perturb the gradient, and set the gradient
threshold to prevent the model from being unusable due to
excessive noise. Through a large number of experiments, it is
proved that the algorithm proposed herein can ensure the
utility of the recommendation results while protecting data
privacy. The next step is to further optimize the CTR pre-
diction model and improve the accuracy of the algorithm on
the premise of improving privacy protection, thereby achiev-
ing a balance between recommendation accuracy, algorithm
performance, and privacy protection.
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