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Abstract

Recommender systems, which play a critical role in e-business services, are closely

linked to our daily life. For example, companies such as Youtube and Amazon are

always trying to secure their profit by estimating personalized user preferences and

recommending the most relevant items (e.g., products, news, etc.) to each user

from a large number of candidates. State-of-the-art recommender systems are of-

ten built on-top of collaborative filtering techniques, of which the accuracy perfor-

mance relies on precisely modeling user-item interactions by analyzing massive

user historical data, such as browsing history, purchasing records, locations and so

on. Generally,more data can lead tomore accurate estimations andmore commer-

cial strategies, as such, service providers have incentives to collect and use more

user data. On the one hand, recommender systems bring more income to service

providers and more convenience to users; on the other hand, the user data can be

abused, arising immediate privacy risks to the public. Therefore, how to preserve

privacy while enjoying recommendation services becomes an increasingly impor-

tant topic to both the research community and commercial practitioners.

The privacy concerns can be disparate when constructing recommender sys-

tems or providing recommendation services under different scenarios. One sce-

nario is that, a service provider wishes to protect its data privacy from the infer-

ence attack, a technique aims to infer more information (e.g., whether a record is
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in or not) about a database, by analyzing statistical outputs; the other scenario is

that, multiple users agree to jointly perform a recommendation task, but none of

them is willing to share their private data with any other users. Security primitives,

such as homomorphic encryption, secure multiparty computation, and differen-

tial privacy, are immediate candidates to address the privacy concerns. A typical

approach to build efficient and accurate privacy-preserving solutions is to improve

the security primitives, and then apply them to existing recommendation algo-

rithms. However, this approach often yields a solution far from the satisfactory-

of-practice, as most users have a low tolerance to the latency-increase or accuracy-

drop, regarding recommendation services.

The PhD program explores machine learning aided approaches to build effi-

cient privacy-preserving solutions for recommender systems. The results of each

proposed solution demonstrate that machine learning can be a strong assistant for

privacy-preserving, rather than only a troublemaker.
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1
Introduction

Recommender system is one of the most frequently used machine learning appli-
cations, which is closely linked to our daily life. For example, a user can always
receive personalized item recommendations (e.g., products, videos, etc.) when
visiting websites like Amazon and Youtube. This is because their recommender
systemshave estimated theuser preferences. Collaborative filtering, such asmatrix
factorization [64] and neighborhood-based method [25], is the dominant tech-
nique to construct personalized recommender systems [25, 114]. Massive user
historical data, such as browsing records and locations, is indispensable to accu-
rately model user-item interactions, e.g., user-product interactions, user-location
interactions, etc. Generally, the data from a large number of users allows recom-
mender systems to precisely extract the commonality of all the users and items,
thus to estimate user preferences on non-observed items; more data of every sin-
gle user enables the system more precisely capturing each user’s difference from
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others, thus to provide more accurate personalized recommendation services. In
addition to this, the user preference is often influenced by social information such
as advertisements and friends’ opinion, and also canbe shiftedwith time [64, 114].
In order to maintain the recommendation accuracy, the recommender systems
have to keep collecting new user activities. All of the facts make the systems ag-
gressive on all kinds of user data.

With recommender systems, users can get preferred products from a vast num-
ber of candidates efficiently. At the same time, the user data is also exposed to the
service provider or a third party. This may result in immediate privacy risks to the
users, especially, when the data contains sensitive information such as locations
and purchase records. How to protect the data privacy while still enjoying accu-
rate recommendation services, it has been an important topic to both the research
community and practitioners.

1.1 Privacy Issues in Recommender Systems

Let’s go back to 1987, the year of Robert Bork’s confirmation hearings for the U.S.
Supreme Court. A video store leaked Bork’s movie rental records to a reporter
for the Washington City Paper. Then the paper published the records likely in an
attempt to embarrass Bork [127]. This event directly led to the enactment of the
1988 Video Privacy Protection Act, which was created to prevent what it refers to
as “wrongful disclosure of video tape rental or sale records (or similar audio visual
materials, to cover items such as video games and the future DVD format)” [35].

Removing identifying information, such as social security number, name, and
address, does not guarantee privacy, since exploiting the remaining information,
e.g., zip code, gender, etc., can still identify a person uniquely [115]. Anonymity
techniques, such as k-anonymization [7, 115] and t-closeness [70] have been pro-
posed to prevent de-anonymization from quasi-identifiers. However, these tech-
niques suffer from inference attackswhenauxiliary information is available. In fact,
releasingdatawith these techniques is susceptible to attackswhich carry someaux-
iliary information. Machanavajjhala et al. [74] showed that leveraging the associa-
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tion between one or more quasi-identifier attributes with a sensitive attribute can
reduce the set of possible values for this sensitive attribute. As an instance, they use
the knowledge of heart attacks occurred at a reduced rate in Japanese patients to
narrow the range of values for a sensitive attribute of a patient’s disease. Narayanan
et al. [82] presented a class of robust statistical de-anonymization attacks against
high-dimensional micro-data, such as individual preferences, recommendations,
transaction records and so on, under an assumption that attackers have someback-
ground knowledge.

Leading e-commercial companies sell products covering not only movies and
books, but also various categories of products such as adult toys, health devices,
costume, daily supplies, and also on. In order to construct more accurate and per-
sonalized recommender systems, e-commercial companies have to collect various
kinds of user data, such as demographic information (e.g., age, gender, occupa-
tion, etc.) and user historical information (e.g., purchasing, browsing, location,
etc.) [3]. With these data, they can portray users precisely, inferring their personal
information such as gender, age, consumption habits, health status. For example,
the retail companyTarget showed that they could accurately predict the pregnancy
of their female customers, recommending personalized coupons to them [31].
Apparently, these kind of techniques can be easily extended to infer the health sta-
tus or financial status of a user. On the one hand, users may be unwilling to dis-
close such kind of information; on the other hand, user data may be abused such
as selling the data to a third party whichmay lead a loss to users. Therefore, recom-
mender systems can bring immediate risks to the users, due to a privacy breach.

Providing recommendation services without considering privacy-preserving, it
as well brings risks to these e-commercial companies. Since user data can bemon-
etized, and competitors can also analyze user preferences and behaviors to adjust
their business tactics. Deploying a physical security layer, such as firewall, can pre-
vent direct data leakage. However, attackers can still infer user privacy via recom-
mendation results released by a service provider [82]. Users may also give up this
service provider when they realize that their privacy is in risks.
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1.2 RelatedWork andChallenges

Privacy-preserving machine learning (including recommender systems) can be
generally described as a problem that data owners wish to obtain machine learn-
ing services without directly or indirectly revealing their private data. With this
fact, this dissertation classifies the privacy-preserving solutions for recommender
systems into the following two categories:

• Centralized case. In this case, a trusted server, which can fully access the
user data, wishes toprovide recommendations tousers in its database, while
protecting user (data) privacy from the inference attack. The inference at-
tack refers to anattack techniquewhich illegitimately gains knowledgeabout
a record or database by analyzing statistical outputs.

• Distributed case. In this case, multiple data owners collaboratively perform
a recommendation task, but none of them is willing to disclose their private
data. Normally, the privacy-preserving solutions are constructed without
assuming a (fully) trusted server.

1.2.1 Centralized Case

[CaseDescription]A trusted server provides recommendation services to users whose
data that it can fully access. The users obtain the recommendation results, and their
capability of inferring others’ data privacy is strictly quantified (i.e., the privacy loss of
a user is quantifiable and controllable).

Accurately answering queries and privacy-protection are always two compet-
ing goals at stake, there is no free lunch in terms of accuracy and privacy [26, 59].
Shokri et al. [110] have demonstrated that more information, such as whether a
record is in in a database or not, can be inferred by exploiting prediction or classi-
fication outputs (i.e., via inference attack). Differential privacy [33] is the preva-
lent approach to address such kind of risks. It strictly quantifies and controls the
privacy loss when responding to a query with an asymptotically true answer. In-
tuitively, differential privacy provides a participant a possibility to deny that it par-
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ticipated in a computation, by introducing uncertainties. According to the places
where existing differentially private solutions introduced the uncertainties, we can
classify these solutions into five categories: input perturbation, output perturba-
tion, objective function perturbation, gradient perturbation and sampling.

• Input perturbation. The server first adds calibrated noise into training data
directly; and then it can perform any machine learning tasks without com-
promising theprivacyguaranteedby thenoise, according to thepost-processing
theorem [76]. Arnaud et al. [9] stated that this simplemethod can preserve
the accuracy of matrix factorization with a modest privacy budget.

• Output perturbation. The server adds noise into the outputs of a machine
learning model or components decomposed from a model. McSherry et
al. [76] applied differential privacy to recommendation algorithms which
don’t require adynamic trainingprocess, suchasneighborhood-basedmeth-
ods and global effects. They first factor the algorithms into different compo-
nents, of which the sensitivity [32] can be easily estimated; then they add
noise to the output of each component, based on their sensitivity. Chaud-
huri et al. [21] and Arnaud et al. [9] examined the privacy-accuracy trade-
off of output perturbation regarding logistic regression and matrix factor-
ization, respectively. The two algorithms need a dynamic training process
such as stochastic gradient descent.

• Objective function perturbation. The server bounds the privacy loss by
customizing a noise term into the objective function of a machine learning
model. Chaudhuri et al. [21] andZhang et al. [131] analyzedhow todeploy
this approach to logistic regression. Arnaud et al. [52] and Phan et al. [95]
extended their solutions to build differentially private matrix factorization
and deep autor-encoder [85], respectively.

• Gradient perturbation. The server often guarantees the privacy by adding
noise into the error informationused tocalculate gradients. Songet al. [112]
presented a general approach to differential-privately update gradients in
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each training iteration. Arnaud et al. [9] andMartin et al. [2] analyzed how
to use the gradient perturbation method to build differential privacy into
matrix factorization and deep learning models, respectively. In their solu-
tions, somecommon tricks, suchas clippingerror informationand reducing
the number of training iterations, are adopted to achieve a better trade-off
between privacy and accuracy.

• Sampling. There are two sub-branches, one is randomly discarding or par-
titioning data points used to learn responses, thus to reduce privacy leak-
age [20, 39, 87]. With this kind of methods, Zhu et al [134] suggested ran-
domly selecting neighbors to preserve neighborhood information; Martin
et al. [2] naturally reduced the privacy leakage by a mini-batch stochastic
optimizationmethod [69]. Theother is sampling from scaled posterior dis-
tribution [124]. Liu et al. [73] applied thismethod tobuildingdifferentially
private matrix factorization.

1.2.1.1 Challenges

Variousmethods for applying differential privacy intomachine learning tasks have
been practiced in the past years. However, they are still far from reaching the point
that both the privacy and accuracy are sufficiently preserved. The input perturba-
tion method was stated that it was superior than the gradient perturbation and
output perturbation approaches, when building differential privacy into matrix
factorization [9]. But it requires a further evaluation when applying to different
machine learning tasks or training matrix factorization on a larger database, since
themethod presented in [9] did not take into consideration (at least) the fact that
gradient perturbation methods allow incorporating sampling methods to amplify
privacy. Moreover, poisoned training data may also bias the ground truth, squeez-
ing the space of accuracy improvements. The output perturbation method is of-
ten applied to building differential privacy into models which do not need a iter-
ative training process, such as neighborhood-based methods using Cosine sim-
ilarity. However, using this method to differential-privately learn models, such
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as matrix factorization and deep learning, it often leads to a significant accuracy
loss since the sensitivity bound could be multiplicative-ly amplified by the itera-
tive training process. The gradient perturbation method is a commonly adopted
approach for models learned iteratively. According to the composition theory of
differential privacy [33], sequentially applying differential privacy to a database
leads to a linear increase of privacy loss. Usually, these iterative training meth-
ods require dozens to thousands of iterations for convergences (i.e., to get opti-
mal model parameters). The objective function perturbation method can learn
a model differential-privately, where the privacy loss is independent of the num-
ber of training iterations. However, when a model contains multiple parameter
spaces, it is challenging to analyze the privacy guarantee as the parameter spaces
can impact mutually. As to the sampling method, a recent observation shows that
releasing a sample from the scaled posterior distribution of a Bayesian model can
be sufficiently differential privacy [124]. It allows differential-privately sampling a
model withmultiple parameter spaces, of which the privacy guarantee is also inde-
pendent of the number of training iterations. This approach has two assumptions,
the first is that there must be a Bayesian model and the log-likelihood of which
is bounded; the second is that the difference (δ) between the distribution where
the sample is from and the true distribution is asymptotically close to zero (i.e.,
δ → 0). The difference δ can compromise the privacy at a speed ofO(eδ), which
is non-trivial. Though Teh et al. [121] proved that the convergence (i.e., δ → 0)
can be guaranteed in a large (but finite) number of sampling iterations, there are
two issues cannot be simply ignored, one is that any flaws of engineering imple-
mentation would lead to an un-controllable privacy loss; the other is that Markov
Chain Monte Carlo (MCMC) sampling process is extremely inefficient.

1.2.2 Distributed Case

[Case Description]There are multiple users (data owners), each of them has a piece
of data Di. They jointly perform a recommendation task on the data set {Di}ni . Ide-
ally, each user learns only the output (i.e., recommendation results or a recommendation
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model) without leaking any of their private data, as if there is a trusted server. In the
real word, we often assume a semi-honest threat model, where the users always follow
the secure protocol that they agreed on but curious with others’ data. The users are also
allowed to obtain what can be inferred from the outputs.

Cryptographic primitives, such as homomorphic encryption [40], secure mul-
tiparty computation [71] and secret sharing [94], are commonly adopted tools to
prevent private data from being accessed by attackers. Specific privacy-preserving
scenarios/solutions often depend on the data and computational resource distri-
bution. Based on this fact, we can divide existing solutions into two categories:
Each party jointly and equally participates into amachine learning task, when they
have a similar amount of data and sufficient computational resource; data owners
outsource computations to a thirdparty, such as a cloud serviceproviderwhichhas
a powerful computation infrastructure and broad machine learning knowledge.

For the first category, a machine learning task is often decomposed into a se-
quence of vector-additive operations, turning the privacy-preserving demand to
a problem of secure private aggregations. Canny et al. [17, 18] focused on pri-
vately performing SVD (Singular-value decomposition), where they compute ag-
gregations with resort to homomorphic encryption [40] and secret sharing [94]
techniques. In their solution, they don’t require a central server but assume that
at least half of the computation participants are not corrupted. Duan et al. [30]
assumed that there are a few of servers, where at least one server is uncorrupted.
The data owners (where at least half of them are uncorrupted) secretly share their
data on some of these servers (at least two), where each server learns only random
numbers if without having all the other shares. One of the servers is selected to
perform aggregations (the results of which are often assumed to be public) and
returns the global computation results. Bonawitz et al. [12] proposed a solution
in which each user secretly shares their data to all the other users, a semi-trusted
global server is put to aggregate the users’ intermediate data. A primary contribu-
tionof theirwork is to efficiently and securely address the problemof user dropout.
Shokri et al. [108] proposed a solution for multiple data owners to jointly train a
deep learning model, where they assumed a semi-trusted server allowed to access
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intermediate values (gradients). Though they stressed that the private data is not
directly exposed to any others, the gradients carry the error information (i.e., the
difference between the predictions and the ground-truth) computed from the data
of each party, providing rich information to a potential attack. Note that in their
assumption, the semi-trusted server learns not only the aggregations, but also the
exact inputs of each party.

For the second category, users send their encrypted data to the cloud, where
the privacy-preserving task becomes a problem of how to efficiently perform ma-
chine learning tasks on encrypted data. Nikolaenko et al. [86] presented a privacy-
preserving solution formatrix factorizationwith anassumptionof twonon-colluding
servers, where one server serves as the cryptography service provider (CSP), the
other (RecSys) evaluates recommendation algorithms (e.g., matrix factorization).
Each user submits encrypted item-rating pairs to the RecSys. The RecSys masks
these pairs and forwards them to the CSP.TheCSP decrypts and embeds them in
a garbled circuitwhich is then sent to theRecSys for evaluation. Thegarbled values
of themasks areobtainedby theRecSys throughoblivious transfer [100]. Nayak et
al. [83] aim to build a secure computation framework (based on garbled circuits)
that can easily use parallelization programmingparadigms, where they assume two
non-colluding cloud providers and both of themhave parallel computing architec-
tures. Mohassel et al. [80] further improved the efficiency performance of the se-
cure framework of two non-colluding servers, by using secret sharing. Ohrimenko
et al. [89], Hunt et al. [54] and Hynes et al. [56] built general privacy-preserving
solutions based on trusted processors (e.g., Intel SGX-processors [75]), where
they assume attackers cannot manipulate the content in the trusted processors.

Privacy-preservingMachine Learning as a Service (MLaaS) emerges asMLaaS
has recently become a popular commercial paradigm. Privacy-preserving MLaaS
is in fact a special case of the second category. It is often a two-party computation
scenario where one party (client) holds data and wishes to get machine learning
services, while the other party (cloud) provides the required service. Usually, they
assume that the cloud has already trained a machine learning model, and obliv-
iously execute the machine learning task by taking as input the the client’s data.
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Raphael et al. [14] designed a generic MLaaS privacy-preserving framework for a
family of classifiers such as Naive Bayes and decision trees, based on a set of ho-
momorphic encryption schemes. The primary contribution is a bunch of inter-
active protocols for securely computing non-linearities (e.g., comparison) which
are not compatible with homomorphic encryption schemes. Gilad-Bachrach et
al. [43] proposed a privacy-preserving solution for evaluating neural networks on
encrypted data, based on a leveled homomorphic encryption scheme [15]. To
be compatible with the homomorphic encryption scheme, they substitute state-
of-the-art non-linear activation function (e.g., ReLu(x) = max(0, x)) with poly-
nomials. Liu et al. [72] combined homomorphic encryption and garbled circuits
to evaluate neural networks, that non-linearities can be correctly computed. Re-
cently, Hunt et al. [55] introduced using trusted processors to construct privacy-
preserving solutions for MLaaS, which also allows securely performing a model
training phase on the cloud.

1.2.2.1 Challenges

State-of-the-art machine learning algorithms often rely on complex model struc-
tures (e.g., a multiple-layer structure with non-linear transformations) and mas-
sive training data (leading to a large volume of computations). Unfortunately,
mapping messages from a plain-text space into a cipher space often results in a
significant increase of the spatial and computational complexity and a confine-
ment on the types and number of algebraic operations. For example, homomor-
phic encryption schemes support only additions and multiplications. In partic-
ular, partial homomorphic encryption schemes only allow either addition oper-
ations (e.g., Paillier cryptosystem [91]) or multiplication operations (e.g., ElGa-
mal encryption scheme [34]), while cannot satisfy both. Somewhat (fully) ho-
momorphic encryption schemes, such as[15, 37, 41], allow performing a limited
number of addition and multiplication operations but pay the cost of efficiency.
Secure multiparty computation [71] and garble circuits [130] support various al-
gebraic operation in a cipher space. However, this kind of methods require com-
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putation participants to be online constantly, introducing an additional communi-
cation cost. Privacy-preserving solutions based on these cryptographic primitives
often struggle in the trade-off of utility and privacy, where utility can be accuracy,
efficiency and user experience. Using trusted hardware, such as Intel SGX [75],
to build efficient privacy-preserving solutions recently has attracted a lot of atten-
tions [55, 89]. This approach also suffers from a number of security limitations,
such as SGX page faults, cache timing, processor monitoring and so on [54].

1.3 OurContributions

The research work during the course of PhD program falls into both of the two
categories, centralized case and distributed case, which are summarized as follows,

1. (Centralized case.) Weapply thedifferential privacy concept toneighborhood-
based recommendationmethods (NBMs)under aprobabilistic framework.
We first present a solution, by directly calibrating Laplace noise into the
training process, to differential-privately find the maximum a posteriori pa-
rameters similarity. Then we connect differential privacy to NBMs by ex-
ploiting a recent observation that sampling from the scaled posterior distri-
bution of a Bayesianmodel results in provably differentially private systems.
Our experiments show that both solutions allow promising accuracy with a
modest privacy budget, and the second solution yields better accuracy if the
sampling asymptotically converges. We also compare our solutions to the
recent differentially private matrix factorization (MF) recommender sys-
tems, and show that our solutions achieve better accuracy when the privacy
budget is reasonably small. This is an interesting result becauseMF systems
often offer better accuracy when differential privacy is not applied.

2. (Distributed case –A collaborative task.) Recommender systemsprovide rec-
ommendations by exploiting the association between individual and popu-
larity. Therefore, it requires massive training data, which in turn demands a
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large number of computations. This fact always leads to a efficiency bottle-
neck when using cryptographic primitives to overcome security concerns.
We use social-context to reduce computational cost while preserving the
accuracy performance. Consider the following illustrative example, a user
would like to knowmore about a product (e.g., amovie or amobile phone),
she ismore likely to ask opinions fromher friends who consumed the prod-
uct. Therefore, a small number of influential friends may play a critical role
in a person’s decision. On the one hand, exploiting friends information
we can significantly reduce the computational complexity. On the other
hand, the privacy protection among friend is even more serious, as friends
know more background information and have more impact to each other.
We first demonstrate that friends have more common interests than ordi-
nary. Then we show that using the data from only the friends and a few of
strangers can result in promising accuracy performance. Lastly, based on
our observations, we build secure recommendation protocols with resort
to homomorphic encryption schemes. Thanks to the significant reduction
of computational complexity, our solution allows efficiently computing rec-
ommendations on encrypted data.

3. (Distributed case – Machine Learning as a Service.)State-of-the-art recom-
mender systems often rely on non-linear operations, or require training the
recommendation model with the Client’s data. While improving crypto-
graphic tools (e.g., HE or SMC) is one typical way to improve the efficiency
of privacy-preserving solutions, unfortunately, the improvement is usually
far from satisfactory to make these solutions practical enough. We tackle
this problem from thedirectionof designing crypto-friendlymachine learn-
ing algorithms, so that we can achieve efficient solutions by directly using
existing cryptographic tools. In particular, we propose CryptoRec, a new
non-interactive secure 2PC protocol for RaaS, the key technical innovation
of which is an HE-friendly recommender system. This recommendation
model possesses two important properties: (1) It uses only addition and
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multiplication operations, so that it is straightforwardly compatible with
HE schemes. With this property, CryptoRec is able to complete recom-
mendation computations without requiring the Server and the Client to
be online continuously. Simply put, the Client sends her encrypted rat-
ing vector to the Server, then the Server computes recommendations with
the Client’s input and returns the results in an encrypted form. In addi-
tion to this, there is no other interaction between the two parties; (2) It
can automatically extract personalized user representations by aggregating
pre-learned item features, that we say themodel has an item-only latent fea-
ture space. This property allows the Server with a pre-trainedmodel to pro-
vide recommendation services without a tedious re-training process, which
significantly improves the efficiency performance. Note that the Client’s
data is not in the Server’s database which is used for model training. We
demonstrate the efficiency and accuracy of CryptoRec on three real-world
datasets. CryptoRec allows a serverwith thousands of items to privately an-
swer a prediction query within a few seconds on a single PC, while its pre-
diction accuracy still competitive with state-of-the-art recommender sys-
tems computing over clear data.

The research work we have performed during the course of the PhD program
has lead to the following publications:

• Jun Wang, Afonso Arriaga, Qiang Tang, and Peter YA Ryan. ”CryptoRec:
Privacy-preservingRecommendations as aService.” arXivpreprint arXiv:1802.02432
(2018)

• Jun Wang, and Qiang Tang. ”Differentially Private Neighborhood-based
Recommender Systems.” IFIP International Conference on ICT Systems
Security and Privacy Protection. Springer, Cham, 2017.

• Jun Wang, and Qiang Tang. ”A probabilistic view of neighborhood-based
recommendationmethods.”DataMiningWorkshops (ICDMW),2016 IEEE
16th International Conference on. IEEE, 2016.

13



• Qiang Tang, and Jun Wang. ”Privacy-preserving friendship-based recom-
mender systems.” IEEE Transactions on Dependable and Secure Comput-
ing (2016).

• QiangTang, and JunWang. ”Privacy-preserving context-aware recommender
systems: Analysis and new solutions.” European Symposium on Research
in Computer Security. Springer, Cham, 2015.

1.4 Organization

The structure of this dissertation is organized as follows. We lay down state-of-
the-art recommendation methods (e.g., neighborhood-based methods and ma-
trix factorization, etc.) and security primitives (e.g., homomorphic encryption
and differential privacy), in Chapter 2. Next, we design and construct privacy-
preserving solutions for recommender systems, under different scenarios (i.e., se-
curitymodels). InChapter 3, we introduce a new solution to build differential pri-
vacy intoneighborhood-based recommender systems. InChapter 4, we exploit so-
cial context and a homomorphic encryption scheme to build an efficient privacy-
preserving solution for accurately computing recommendations. In Chapter 5, we
present a privacy-preserving framework for recommendation as a service, inwhich
the key technical innovation is our proposed crypto-friendly recommender sys-
tem. In chapter 6, we summarize this dissertation and introduce directions for the
future work. For the sake of readability, each chapter in this dissertation is written
to be as independent as possible, so that readers can dive into the chapters which
interest them most without having to consult other chapters.
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2
Background

In this chapter, we first introduce notations and frequently used abbreviations.
Then we describe state-of-the-art recommendation algorithms. Lastly, we present
the security primitives used to build privacy-preserving solutions.

2.1 Notations and Abbreviations

The notations and commonly used variables of this dissertation are summarized
in Table 2.0.1. Scalars are denoted in lower-case characters, vectors are denoted in
lower-case bold characters, matrices are denoted in Upper-case bold characters.
We write a← b to denote the algorithmic action of assigning the value of b to the
variable a. If there is no specific explanation, we will follow this rule. Frequently
used terms and their corresponding abbreviations are summarized in Table 2.0.2.
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n/m number of users / items
R ∈ Nn×m rating matrix
rui rating given by user u for item i
r̂ui estimation of rui
ru ∈ N1×m rating vector of user u : {rui}mi=1
ri ∈ Nn×1 rating vector of item i : {rui}nu=1
r̄u/̄ri mean rating of user u / item i
φui φui = 1 if rui exists, otherwise φui = 0.
Θ general form of model parametersJxK encryption of xJxK {Jx1K, Jx2K, Jx3K, · · · }
pk/sk public key / secret key
⊕ addition between two ciphertexts

or a plaintext and a ciphertex
⊙ multiplication between

a plaintext and a ciphertex
⊗ multiplication between two ciphertexts

Table 2.0.1: Variables and notations

2.2 State-of-the-art Recommender Systems

Recommender systems have experienced a rapid development in the past decade.
State-of-the-art recommender systems are often built upon collaborative filtering
techniqueswhich directlymodel user-item interactions. A number of reviews have
comprehensively investigated this area [3, 25, 114, 132]. In order to introduce
recommender systems clearly and briefly, as show in Figure 2.2.1, we classify ex-
isting recommendation algorithms into two branches, conventional approach and
deep approach, according to the evolution of algorithms. In the conventional ap-
proach, neighborhood-basedmethods (NBMs) andmatrix factorizaiton (MF) are
two representative algorithms; With the success of deep learning in multiple ar-
eas such as computation version [116, 117] and speech recognition [51], applying
deep learning to build recommender systems have been emerging, refer to as deep
approach. Generally, there are two directions in the deep approach, one is using a
single neural network such as autoencoder [106], convolutinal neural network to
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CF Collaborative Filtering
NBM Neighborhood-based Method
MF Matrix Factorization
SGD Stochastic Gradient Descent
MCMC Monto Carlo Markov Chain
SGLD Stochastic Gradient Langevin Dynamics
GC Garbled Circuits
HE Homomorphic Encryption

Table 2.0.2: Abbreviations

build recommender systems; the other is a hybrid method which combines either
different deep models or deep models and conventional recommendation mod-
els. In this section, we introduce typical recommendation models under the con-
ventional approach and deep approach. It is worthy stressing that both the two
approaches are important to recommender systems. We refer interested readers
to investigations [25, 114, 132] for more details.

Recommender System / Collaborative Filtering

Conventional Approach

Neighborhood
based

Matrix factorization
based

Deep Approach

Neural network
based

Hybrid methods

Figure 2.2.1: Recommender System

2.2.1 Neighborhood-based Methods

Neighborhood-basedmethods (NBMs) estimate a user’s rating on a targeted item
by taking the weighted average of a certain number of ratings of the user or of the
item. The similarity between items or users often serve as the weights. Formally,
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we can describe an item-based NBM as follows,

r̂ui = r̄i +

∑
j∈Nu(i) sij(ruj − r̄j)∑

j∈Nu(i) |sij|
, (2.1)

where r̄i is the mean rating of item i, sij ∈ Sm×m represents the similarity between
item i and j, andNu(i)denotes a set of items ratedbyuseru that are themost similar
to item i according to the similarity matrix S ∈ Rm×m. It is clear that the similarity
plays a critical role in the recommendation computation. Pearson correlation is
one of the most widely used similarity metrics [114]:

sij =

∑
u∈Uij(rui − r̄i)(ruj − r̄j)√∑

u∈Uij(rui − r̄i)2
√∑

u∈Uij(ruj − r̄j)2
, (2.2)

where Uij denotes the set of users that rated both items i and j.
Another approach is using regression method to learn similarity from data di-

rectly, which often leads to more accurate prediction results but pays the cost of
computational complexity. In this approach, we first define an objective function
as follows,

L =
n∑

u=1

m∑
i=1

(̂rui − rui)2 + λ · ||S||2 (2.3)

where r̂ui is defined in Equation (2.1). The optimal similarity can be learned by
minimizing the objective function.

User-basedNBM(U-NBM) is the symmetric counterpart of I-NBM.Normally,
I-NBM is more accurate and robust than U-NBM [114].

2.2.2 Matrix Factorization

Let Rn×m be a sparse rating matrix formed by n users and m items, in which each
user rated only a small number of them items, and the missing values are marked
with zero. Matrix factorization (MF) decomposes the rating matrix R into two
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low-rank and dense feature matrices [64]:

R ≈ PQT, (2.4)

where P ∈ Rn×d is the user feature space, Q ∈ Rm×d is the item feature space
and d ∈ N+ is the dimension of user and item features. To predict how user u
would rate item i, we compute r̂ui = puq

T
i , where p1×du ⊂ P and q1×di ⊂ Q denote

the learned features vectors of user u and item i, respectively. A standard way of
optimizing P andQ is to minimize a regularized squared objective function

min
P,Q

∑
(u,i)∈R

(puq
T
i − rui)2 + λ(||pu||

2 + ||qi||
2), (2.5)

by using the stochastic gradient descent (SGD) optimization method [64], but
only based on observed ratings (rating matrix R is sparse). The constant λ is a
regularization factor.

2.2.3 Neural Network based Recommender Systems

In addition to the success of neural networks in visual recognition and speech
synthesis tasks is widely diffused, many works also focus on constructing neural
recommender systems. (We refer to the reader to [132] for an overview.) Au-
toRec [106] is a notable example, built on top of Autoencoders [85]. Item-based
AutoRec (I-AutoRec) reconstructs the inputs ri by computing

r̂i = f(W · g(Vri + b(1)) + b(2)), (2.6)

where g(·) and f(·) are activation functions, e.g. the Sigmoid function ( 1
1+e−x ) or

ReLu function (max(0, x)). Non-linear activation functions are crucial to the suc-
cessof neural networks. Modelparameters aredefinedas follows: Θ = {W,V, b(1), b(2)},
where W ∈ Rn×d and V ∈ Rd×n are for ‘transformations’, and b(1) ∈ Rd×1 and
b(2) ∈ Rn×1 are for “bias” terms. Θ is learned by using the SGD to minimize the
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regularized square objective function

min

W,V, b(1), b(2)
∑
i∈R

||̂ri − ri||2 + λ(||W||2 + ||V||2), (2.7)

where the gradient of each model parameter is computed by only observed rat-
ings [106]. Equation(2.7)defines I-AutoRec. Theuser-basedAutoRec(U-AutoRec)
is defined symmetrically in the obvious way. Experimental results show that I-
AutoRec outperforms U-AutoRec in terms of accruracy [106].

Back-propagation [65] is a standard method used in neural networks to calcu-
late a gradient that is needed in the calculation of the values of parameters in the
network. Simply put, we first compute the predictions given the input data (i.e.,
a forward pass); and then we calculate the total error according to the objective
function. Lastly, we compute the gradient of each trainable parameter using the
error back-propagated through the network layers (i.e., a backward pass).

2.2.4 Training

In this section, we first introduce a general form of machine learning training pro-
cess, thenwepresent a specific training case that trainingmatrix factorizationusing
SGD.

2.2.4.1 A General Form

Amachine learning trainingprocessoften refers to that, givenanobjective function
(e.g., Equation (2.3) and (2.5)) with regard to a specific machine learning model,
using an iterative method to optimize the model parameters (a.k.a, weights) by
minimizing theobjective function,where themodelparameters areoften randomly
initialized.

In machine learning tasks, the problem of minimizing an objective function of-
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ten has the form of a sum:

E(Θ) = 1
n

n∑
i=1

Ei(Θ) (2.8)

The parameter Θ is optimized by minimizing E(Θ). Each summand function
Ei(Θ) is typically associated with the i-th example (or a batch of examples) in the
training set. In this case,Ei(Θ) is the valueof theobjective function at i-th example,
and E(Θ) is the empirical risk.

A standard approach of minimizing the objective function is to iteratively up-
date the model parameterΘ in the opposite direction of their corresponding gra-
dients,

Θ← Θ− η
n∑
i=1

ΔEi(Θ)
n

(2.9)

where η is the learning rate which decides the speed of updates, ΔEi(Θ) =
∂Ei(Θ)
∂Θ is gradient calculated from the i-th examples (or a batchof examples). As the

training process sweeps through the whole training set, it performs the above up-
date for each training example. Algorithm1outlines the trainingprocess. Basedon
this general form, stochastic gradient descent (SGD) and its variants, such as mo-
mentum SGD [61] and Adam [61], are the most commonly used machine learn-
ing training methods.
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Algorithm 1The outline of a typical training process

Input: training dataD, initial parametersΘ1, learning rate η
Output: optimizedΘT

1: procedure Train(D,Θ, η)
2: for j← {1, 2, · · · ,T} do ▷ T: # of training iterations
3: Randomly shuffle examples in the training setD.
4: for i← {1, 2, · · · , n} do
5: Θj+1 ← Θj − ηΔEi(Θj)

6: returnΘT

2.2.4.2 A Specific Training Case

In this section, we take matrix factorization as an intuitive example to show how
to learn optimal user and item features via SGD.

Recalling the definition of matrix factorization in section 2.2.2, a sparse rating
matrix R is decomposed into two dense low-rank metrics, the user features P and
item featuresQ. The optimal features can be learned via SGD by minimizing the
regularized squared objective function (also described in Equation (2.5)) as fol-
lows,

min
P,Q

∑
(u,i)∈R

(puq
T
i − rui)2 + λ(||pu||

2 + ||qi||
2), (2.10)

We first compute gradient with regarding to eachmodel parameters as follows,

Δqi = euipu − λqi
Δpu = euiqi − λpu

(2.11)

where λ is the regularization parameter.
The update rule of parameters is to move along the opposite direction of gradi-
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Figure 2.2.2: A typical cross validation process

ents. Therefore, we have

qi ← qi − ηΔqi
pu ← pp − ηΔpp

(2.12)

Thetrainingprocess keepsupdating themodelparameters (P,Q)until themodel
converges (see Algorithm 1). The convergence is often evaluated by cross valida-
tion, which will be introduced in section 2.2.4.3.

2.2.4.3 Cross Validation

In a prediction task, a machine learning model is usually trained on a dataset of
known data (i.e., training dataset), and tested by a dataset of unknown data (i.e.,
test dataset). Cross validation is one of themostwidely adoptedmethods to assess
how the results of a statistical analysis generated from the training set will general-
ize to the test dataset, as shown in Figure 2.2.2.

Among various cross validationmethods,K-fold cross validation is a simple and
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widely used approach, summarized as follows,

1. Randomly dividing the original dataset into K equal-sized subsets. One of
theK subset is selected as the test set and the otherK-1 subsets serve as the
training set.

2. Repeating the validation process K times, with each of the K subset used
exactly once as the test data.

3. Computing and reporting the average error (regarding a specific metric)
across all K trials.

The advantage of this method is that all observations are used for both training
and validation, and each observation is used for validation exactly once.

2.2.5 Metrics

Generally, we can classify various recommendation tasks into two categories, rat-
ing prediction and top-n recommendation. The former estimates a user’s exact
preference on an item. The latter predicts top-n items that a user likes the most.
Using off-line testing to measure the recommendation quality (i.e., accuracy) is
crucial for successfully deploying recommender systems.

For rating prediction tasks, the root-mean-square-error (RMSE) and mean-
absolute-error (MAE) are widely adopted as the accuracy performance metrics.

RMSE.

RMSE =

√∑
(u,i)∈D (̂rui − rui)2

|D|
(2.13)

MAE.

MAE =

∑
(u,i)∈D |̂rui − rui|
|D|

(2.14)

where D is the testing set, |D| is the number of ratings in the testing set. The
lower the RMSE (MAE) value, the higher the accuracy performance is.

For top-nrecommendation, precision, recall andnormalized-discounted-cumulative-
gain (nDCG) are widely employed to evaluate the accuracy performance.
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precision@k.

precision =
# of recommended items@k that are relevant

# of recommended items@k
(2.15)

The precision metric indicates the fraction of relevant items among the recom-
mended items.

recall@k.

recall =
# of recommended items@k that are relevant

# of relevant items
(2.16)

The recall metric is the fraction of relevant items that have been recommended
over the total amount of relevant items.

Beside the accuracy relatedmetrics, there are also someother important criteria
such as diversity and novelty. For more detail, we refer readers to a more compre-
hensive investigation [47].

2.3 Homomorphic Encryption

Homomorphic encryption (HE) is a form of encryption that allows computa-
tions to be carried over ciphertexts. The result, after decryption, is the same as
if the operations had been performed on the plaintexts [42]. As an illustrative
example, consider two plaintexts x1 and x2 and their corresponding ciphertextsJx1K← Enc(x1,pk) and Jx2K← Enc(x2, pk). An encryption scheme is additively
homomorphic if it satisfies x1+ x2 = Dec(Jx1K⊕ Jx2K, sk) ormultiplicatively ho-
momorphic if we have x1 × x2 = Dec(Jx1K⊗ Jx2K, sk), where⊕ and⊗ represent
the homomorphic addition and homomorphic multiplication operations, respec-
tively.

Some HE schemes are only either additively homomorphic or multiplicatively
homomorphic, suchas [91]. Theschemes that fall into this category areknowtobe
partially homomorphic (PHE). Schemes that support both additions and multipli-
cations, but only a limited number of times, are known as somewhat homomorphic
(SWHE), as opposed to those that allow an unbounded number of homomorphic
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operations, which are called fully homomorphic encryption (FHE) schemes [42].
The efficiency of the schemes in each class is usually related to the expressiveness
of the supported operations, meaning that PHE schemes are more efficient than
SWHE schemes, which in turn are more efficient that FHE schemes. For PHE,
Paillier cryptosystem [91] is an often adopted scheme; For SWHE, leveled ho-
momorphic encryptions are popular approaches [37, 48]. FHE often leads to a
efficiency bottleneck, so that it is not often used in privacy-preserving machine
learning tasks.

In addition to the additively or multiplicatively homomorphic properties of ci-
phertexts, HE schemes also allow additions andmultiplications between a cipher-
text and a plaintext, i.e. x1 + x2 = Dec(Jx1K⊕ x2, sk) and x1 × x2 = Dec(Jx1K⊙
x2, sk).

Syntax.. A homomorphic encryption scheme is a tuple of four ppt algorithms
HE := (Setup,Enc,Eval,Dec) as follows:

• Setup(1λ) is the setup algorithm. It takes as input the security parameter λ
and outputs a private/public key pair (sk, pk). The public key pk includes
a description of the message spaceM.

• Enc(m, pk) is the encryption algorithm,which takes as input the public key
pk and a messagem ∈M and outputs a ciphertext c.

• Eval(f, c1, ..., ct, pk) is the homomorphic evaluation algorithm. It takes as
input a public key pk, a circuit f : Mt → M in a class F of supported
circuits and t ciphertexts c1, ..., ct, and returns a ciphertext c.

• Dec(c, sk) is the decryption algorithm that on input a secret key sk and a
ciphertext c, it returns a messagem or a special failure symbol⊥.

2.4 Differential Privacy

It is impossible to release information from a private statistical database without
revealing any private information, —there is no free lunch for privacy and util-
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ity [26]. Differential privacy[33] aims to provide rigorousmeans tomaximize the
accuracy of answering the queries of statistical databases, while quantifying and
minimizing the privacy loss resulted to individuals when their private information
are used in the creation of a data product.

Definition 1 (Differential Privacy). A randomized algorithmF with domainN|X |

is (ε, σ)-differentially private if for allO ⊂ Range(F) and for any possible database
pair (D0,D1) satisfies:

Pr(F(D0) ∈ O) ≤ eεPr(F(D1) ∈ O) + σ

where databases (D0,D1) differ on only one record.

If ε = 0, we say thatF is ε-differentially private. With this definition, the larger
the value of ε, the larger the privacy loss is. Simply put, differential privacy ad-
dresses the case that when a trusted data curator wants to release some statistical
information over its database without revealing the particular value of a record. It
allows a data owner to deny that he (or she) has participated in a computation.

2.4.1 Important Properties

In this section, we introduce two important properties, Post-processing and Se-
quential CompositionTheory, which are fundamental tools to provide theoretical
supports for constructing differentially private machine learning models.

2.4.1.1 Post-processing

Theorem 1 (Post-processing). LetF : N|X | → R be an random algorithm that is
(ε, σ)-differentially private. LetF ′ : R → R′ be an arbitrary randomized mapping.
ThenF ′ ◦ F : N|X | → R′ is (ε, σ)-differentially private.

Thisproperty indicates that amalicioususer, without learning additional knowl-
edge about a private database, cannot compute a function of the output of a private
algorithmF , compromising its differential privacy guarantee.
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2.4.1.2 Sequential Composition Theory

Theorem2 (Sequential CompositionTheory). LetFi : N|X | → Ri be an (εi, σ i)-
differentially private algorithm, thenF[k] →

∏k
i=1 Ri is (

∑k
i=1 εi,

∑k
i=1 σ i)-differentially

private, whereF[k](D) denotes [F1(D),F2(D), · · · ,Fk(D)]

With regarding to training a machine learning model, Training methods, such
as SGD, will access training data multiple times before the model converges. The
composition theory, in conjunction with the post-process property, guarantees
that the differential privacy loss linearly increases with the number of accesses to
the training database.

2.4.2 Implementations

In this section,we introduceLaplaceMechanism[32] andExponentialmechanism[77],
which are two typical approaches for implementingdifferentially private solutions.

2.4.2.1 Laplace Mechanism

Any differentially privatemechanism is necessarily randomized, as differential pri-
vacy is a probabilistic concept. Adding noise is a common approach to build ran-
domization into algorithms. The Laplace mechanism, as its name suggests, it adds
noise sampled from Laplace distribution. The Laplace mechanism is defined as
following,

F(D) = f(D) + Y , Y ∼ Lap(−|x|
λ
) (2.17)

where f is the original real valued query/algorithm we planned to execute on a
statistical databaseD. With this definition, the output ofF(D) can be considered
to be a random variable, where for t ∈ R, we have,

Pr(F(D0) = t)
Pr(F(D1) = t)

=
Lap(t− f(D0))

Lap(t− f(D1))
(2.18)
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Since the noise is sampled from Laplace distribution, therefore,

Pr(F(D0) = t)
Pr(F(D1) = t)

=
Lap(t− f(D0))

Lap(t− f(D1))

= e
|f(D0)−f(D1)|

λ

≤ e
Δf
λ

(2.19)

According to thedefinitionofdifferential privacy, if e
Δf
λ = eε (i.e.,Y←$Lap(−Δf

λ )),
then the Laplace mechanism guarantees ε-differential privacy. Δf measures the
largest change caused by a single difference between the databaseD0 andD1. In
the Laplace mechanism, Δf is captured by l1 distance, referred to as l1-sensitivity.

Definition 2 (l1-sensitivity). The l1-sensitivity of a function f: N|D| → Rk is,

Δf = max||f(D0)− f(D1)||1

2.4.2.2 Exponential Mechanism

TheLaplacemechanismprovides differential privacy to real-valued functions. The
exponentialmechanismhelps to extend the notionof differential privacy to amore
genericmechanism, that theproblemofnon-numericqueries canbealso addressed.

Consider a general setting whichmaps a set of finite elements of domainD to a
rangeR, if each element of the domainD corresponds to the probability distribu-
tion over the rangeR, the mapping can be randomized. The exponential mecha-
nism is built on this ground truth, and it defines a utility function, q = D×R →
R, tomeasure the quality of the pair (d, r), where d ∈ D and r ∈ R. The function
q(d, r) is monotonically increasing with regarding the quality of (d, r).

The exponential mechanismF outputs r ∈ Rwith probability proportional to

Pr(r) ∼ exp(
εq(d, r)
2Δq

) (2.20)

can guarantee (ε, 0)-differential privacy, where Δq defines the maximum change
of the function q(d, r) caused by a single difference of the inputs, as known as sen-
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sitivity. It is defined as

Δq =
max

r ∈ R
max

||D0 −D1||1 ≤ 1 ||q(D0, r)− q(D1, r)||1 (2.21)

The density ofF(d) at r is equal to

exp( εq(⌈,r)2Δq )∑
exp( εq(⌈,r

′)
2Δq )

(2.22)

Clearly, a single change in D can change q by at most Δq, giving a factor of at
most exp( ε2) in thenumerator andat least exp( ε2) in thedenominator, giving exp(ε).
Therefore, the exponential mechanismF is (ε, 0)-differentially private.
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3
Differentially Private Recommender

Systems

3.1 Introduction

Recommender systems often adopt a client-server model, in which a single server
(or a cluster of servers) holds a database and serves a large number of users. State-
of-the-art recommendationalgorithms, suchasmatrix factorizaiton [63] andneigh-
borhoodbasedmethods (NBMs)[114], exploit the fact that similar users are likely
to prefer similar products, unfortunately this property also facilitates effective user
de-anonymization and history information recovery through the recommenda-
tion results [16, 82]. Compared tomatrix factorization,NBMismore fragile (e.g. [16,
79]), since it is essentially a simple linear combination of user history data which
is weighted by the normalized similarity between users or items. To prevent user
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privacy from inference attack (i.e., analyzing prediction results), differential pri-
vacy [33] is a dominate approach. Intuitively, it offers a participant a possibility
to deny her participation in a computation. Mcsherry et al. [76] built differential
privacy into neighborhood-based recommender system, where they differential-
privately calculate correlation as the similarity between users or items. However,
using correlation as similarity often leads to a solution not as accurate asmatrix fac-
torization. Regression-based NBMs (i.e., learning similarity by regression meth-
ods) are able to improve accuracy. However, the regression-based approach often
brings difficulty in deploying differential privacy, which has been demonstrated in
building other differentially private regression-basedmodels such asmatrix factor-
ization [9, 73].

Our Contributions. We aim to build differential privacy into regression-based
neighborhood recommendation algorithms, thus to achieve a better trade-off be-
tween accuracy and privacy. Our contributions come from two aspects as follows,

• We present a general probabilistic graphical model for the family of neigh-
borhood based methods, referred to as probabilistic neighborhood-based
method (PNBM). PNBM allows us to explore building differentially pri-
vate neighborhood-based recommender systems in different directions.

– PNBM can lead user preference estimation to a problem of searching
the maximum a posteriori similarity. By this, we can calibrate noise
into the training process (i.e. SGD) to guarantee differential privacy.

– PNBM can link the differential privacy concept to NBMs, by sam-
pling similarity from scaled posterior distribution. For the sake of ef-
ficiency, we employ a recent MCMC method, Stochastic Gradient
Langevin Dynamics (SGLD) [126], as the sampler. In order to use
SGLD, we derive an unbiased estimator of similarity gradient from a
mini-batch.

• We carry out experiments, on two real world datasets, to compare our so-
lutions to the state-of-the-art differentially private solutions for matrix fac-
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torization, and also to compare our solutions between themselves. Our re-
sults show that differentially private matrix factorization are more accurate
when privacy loss is large (extremely, in a non-private case), but differen-
tially private NBMs are better when privacy loss is set in a more reasonable
range. Even with the added noises, both our solutions consistently outper-
form non-private traditional NBMs in accuracy.

3.2 A Probabilistic View ofNeighborhood-basedMethods

In this section, we extend the family of neighborhood-based methods into a gen-
eral probabilistic graphical model. Before going to the details, we first review a
typical definition of neighborhood-based method as follows,

r̂ui = r̄i +

∑
j∈Nu(i) sij(ruj − r̄j)∑

j∈Nu(i) |sij|
, (3.1)

where r̄i is the mean rating of item i, sij ∈ Sm×m represents the similarity between
item i and j, and Nu(i) denotes a set of items rated by user u that are the most
similar to item i according to the similarity matrix S ∈ Rm×m. It is clear that the
similarity plays a critical role in the recommendation computation. For simplic-
ity, we abstractly describe the above neighborhood-based method definition as a
general function which takes as inputs similarity S and ratingsR:

r̂ui = f(si, ru) (3.2)

where si ⊂ S denotes the similarity vector of item i, and ru ⊂ R is the rating vector
of user u.

We assume that observed ratings R>0 conditioned on historical ratings with
Gaussian noise G, which leads to a probabilistic graphical model as shown in Fig-
ure 3.2.1. Formally, we define the likelihood function of all the observations R>0
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Figure 3.2.1: The graphical model of PNBM

and the prior of similarity S as

p(R>0|S,R−, αR) =
M∏
i=1

N∏
u=1

[G(rui|f(si, r−u ), α−1R )]Iui (3.3)

p(S|αS) =
M∏
i=1

G(si|0, α−1S I) (3.4)

whereN (x|μ, α−1) denotes the Gaussian distribution with mean μ and precision
α. R− indicates that if item i is being modeled then it is excluded from the training
data R>0. f(Si,R−u ) denotes any NBM which takes as inputs the Si and R−u . Iuj is
the rating indicator Iuj = 1 if user u rated item j, otherwise, Iuj = 0.

With Equation (3.3) and (3.4), we can get the log of posterior distribution over
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the similarity as follows,

− log p(S|R>0, αS, αR) = − log p(R>0|S,R−, αR)p(S|αS)

=
αR
2

m∑
i=1

n∑
u=1

(rui − f(si, ru))2

+
αs
2

m∑
i=1

(||Si||2) + m2 log
αs√
2π

+ log
αR√
2π

m∑
i=1

n∑
u=1

Iui

(3.5)

3.2.1 Training

With the posterior distribution over the similarity (i.e., Equation (3.5)), estimat-
ing user preferences becomes of a problem of risk minimization. Generally, we
have two approaches, i.e., learning similarity via Stochastic Gradient Descent and
sampling similarity via Monte Carlo Markov Chain, to solve this problem. There-
fore, we can explore building the differentially private recommender system from
two directions.

• Stochastic Gradient Descent (SGD). In this approach, log p(S|R>0, αS, αR)
is treated as an error function. SGD can be adopted to minimize the er-
ror function. In each SGD iteration we update the gradient of similarity
(−∂ log p(S|R>0,αS,αR)

∂Sij
) with a set of randomly chosen ratingsΦ by

Sij ← Sij − η(
∑

(u,j)∈Φ

(̂rui − rui)
∂ r̂ui
∂Sij

+ λSij) (3.6)

where η is the learning rate, λ = αS
αR

is the regular parameter, the setΦmay
contain n ∈ [1,N] users. In Section 3.3, we will introduce how to build the
differentially private SGD to train probabilistic NBM.

• Monte Carlo Markov Chain (MCMC).We estimate the predictive distribu-
tion of an unknown rating by aMonte Carlo approximation. In Section 3.4,
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wewill connectdifferential privacy to samples fromtheposteriorp(S|R>0, αS, αR),
via Stochastic Gradient Langevin Dynamics (SGLD) [126].

3.3 Differentially Private SGD

In this section, by leveraging the tight characterization of training data, NBM and
SGD,wedirectly calibrate noise into the SGD training process, via Laplacemecha-
nism, todifferential-privately learn similarity. Algorithm2outlinesourdifferentially-
private SGD method for training probabilistic NBM.

Algorithm 2Differentially Private SGD

Require: Database R>0, privacy parameter ε, regular parameter λ, rescale param-
eter β, learning rate η, the total number of iterations K, initialized similarity
S(1).

1: S(1) = S(1) · β ▷ rescale the initialization
2: for t = 1 : K do
3: • uniform-randomly sample a mini-batchΦ ⊂ R>0.
4: ΔF = 2emax τ

C ▷ emax = 0.5+ ϕ−1
t+1 ; |Si|I

−
u ≥ C

5: eui = min(max(eui,−emax), emax) ▷ eui = r̂ui − rui
6: G =

∑
(u,i)∈Φ eui

∂ r̂ui
∂Si

+ Laplace( γKΔFε ) ▷ γ = L
L

7: S(t+1) ← S(t) − η(βG+ λS(t)) ▷ up-scale the update
8: return S(t+1)

According to Equation (3.5) and (3.6), for each user u (in a randomly chosen
mini-batchΦ) the gradient of similarity is

Gij(u) = eui
∂ r̂ui
∂Sij

= eui(
ruj
SiI−u
− r̂ui

Iuj
SiI−u

) (3.7)

where eui = r̂ui − rui. For the convenience of notation, we omit Sij < 0 part in
Equation (3.7) which does not compromise the correctness of bound estimation.

To achieve differential privacy, we update the gradient G by adding Laplace
noise (Algorithm 2, line 6). The amount of noise is determined by the bound of
gradient Gij(u) (sensitivity ΔF) which further depends on eui, (ruj − r̂uiIuj) and
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|Si|I−u . We reduce the sensitivity by exploiting the characteristics of training data,
NBM and SGD respectively, by the following tricks.

Preprocessing is often adopted in machine learning for utility reasons. In our
case, it can contribute to privacy protection. For example, we only put users who
have more than 20 ratings in the training data. It results in a bigger |Si|I−u thus
will reduce sensitivity. Suppose the rating scale is [rmin, rmax], removing “paranoid”
records makes |ruj − r̂uiIuj| ≤ ϕ hold, where ϕ = rmax − rmin.

Figure 3.3.1: The distribution of |Si|I−u (β = 10). In order to have more detail
of the distribution of those points have low |Si|I−u values, the points |Si|I−u ≥
500 are removed.

Rescaling the value of similarity allows a lower sensitivity. NBM, Equation (3.1),
allows us to rescale the similarity S to an arbitrarily large magnitude such that we
can further reduce the sensitivity ( by increasing the value of |Si|I−u ). However,
the initialization of similarity strongly influences the convergence of the training.
Thus, it is important to balance the convergence (accuracy) and the value of sim-
ilarity (privacy). Another observation is that the gradient down-scales when en-
larging the similarity, see Equation (3.7). We can up-scale the gradient monotoni-
cally during the training process (Algorithm 2, line 1 and 7). Fig. 3.3.1 shows , let
β = 10, the lower bound of |Si|I−u , denote as C, is 10.
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The prediction error eui = r̂ui − rui decreases when the training goes to conver-
gence such that we can clamp eui to a lower bound dynamically. In our experi-
ments, we bound the prediction error as |eui| ≤ 0.5+ ϕ−1

t+1 , where t is the iteration
index. This constraint trivially influences the convergenceundernon-private train-
ing process.

After applying all the tricks, we have the dynamic gradient bound at iteration t
as follows

max(|G(t)|) ≤ (0.5+
ϕ− 1
t+ 1

)
ϕ
C

(3.8)

The sensitivity of each iteration is ΔF = 2max(|G(t)|) ≤ 2(0.5+ ϕ−1
t+1 )

ϕ
C .

Theorem3. Uniform-randomly sample L examples from a dataset of the sizeL, Algo-
rithm 2 achieves ε-differential privacy if in each SGD iteration t we set ε(t) = ε

Kγ where
K is the number of iterations and γ = L

L .

Proof. In Algorithm 2, suppose the number of iterations K is known in advance,
and each SGD iteration maintains ε

Kγ -differential privacy. The privacy enhanc-
ing technique [8, 58] indicates that given a method which is ε-differentially pri-
vate over a deterministic training set, then it maintains γε-differential privacy with
respect to a full database if we uniform-randomly sample training set from the
database where γ is the sampling ratio. Finally, combining the privacy enhancing
technique with composition theory [33], it ensures the K iterations SGD process
maintain the overall bound of ε-differential privacy.

3.4 Differentially Private Posterior Sampling

Sampling from the posterior distribution of a Bayesian model with bounded log-
likelihood has free differential privacy to some extent [124]. Specifically, for prob-
abilistic NBM, releasing a sample of the similarity S,

S ∼ p(S|R>0, αS, αR) ∝ exp(
M∑
i=1

N∑
u=1

(rui −
SiR−u
|Si|I−u

)2 + λ
M∑
i=1

||Si||2) (3.9)
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achieves4B-differential privacy at user level, if eachuser’s log-likelihood is bounded
toB, i.e. max

u∈R>0

∑
i∈Ru (̂rui−rui)

2 ≤ B. Wang et al. [124] showed thatwe can achieve
ε-differential privacy by simply rescaling the log-posterior distributionwith ε

4B , i.e.
ε
4B · log p(S|R

>0, αS, αR).
Posterior sampling is computationally costly. For the sakeof efficiency,weadopt

a recent introduced Monte Carlo method, Stochastic Gradient Langevin Dynam-
ics (SGLD) [126], as our MCMC sampler. To successfully use SGLD, we need
to derive an unbiased estimator of similarity gradient from a mini-batch which is a
non-trivial task.

Next, we first overview the basic principles of SGLD (Section 3.4.1), then we
derive an unbiased estimator of the true similarity gradient (Section 3.4.2), and
finally present our privacy-preserving algorithm (Section 3.4.3).

3.4.1 Stochastic Gradient Langevin Dynamics

SGLD is an annealing of SGDandLangevin dynamics [102]which generates sam-
ples from a posterior distribution. Intuitively, it adds an amount of Gaussian noise
calibrated by the step sizes (learning rate) used in the SGD process, and the step
sizes are allowed to go to zero. When it is far away from the basin of convergence,
the update is much larger than noise and it acts as a normal SGD process. The up-
date decreases when the sampling approaches to the convergence basin such that
the noise dominated, and it behaves like a Brownian motion. SGLD updates the
candidate states according to the following rule.

Δθt =
ηt
2
(Δ log p(θt) +

L
L

L∑
i=1

Δ log p(xti|θt)) + zt; zt ∼ N (0, ηt) (3.10)

where ηt is a sequence of step sizes. p(x|θ) denotes conditional probability distri-
bution, and θ is a parameter vector with a prior distribution p(θ). L is the size of a
mini-batch randomly sampled from datasetX L. To ensure convergence to a local
optimum, the following requirements of step size ηt have to be satisfied:
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∞∑
t=1

ηt =∞
∞∑
t=1

η2t <∞

Decreasing step size ηt reduces the discretization error such that the rejection rate
approaches zero, thus we do not need accept-reject test. Following the previous
works, e.g. [73, 126], we set step size ηt = η1t

−ξ , commonly, ξ ∈ [0.3, 1]. In
order to speed up the burn-in phase of SGLD, we multiply the step size ηt by a
temperature parameter ϱ (0 < ϱ < 1) where√ϱ · ηt ≫ ηt [23].

3.4.2 Unbiased Estimator of The Gradient

The log-posterior distribution of similarity S has been defined in Equation (3.5).
The true gradient of the similarity S over R>0 can be computed as

G(R>0) =
∑

(u,i)∈R>0

gui(S;R>0) + λS (3.11)

where gui(S;R>0) = eui ∂ r̂ui∂Si
. To use SGLD and make it converge to true poste-

rior distribution, we need an unbiased estimator of the true gradient which can be
computed from a mini-batchΦ ⊂ R>0. Assume that the size ofΦ and R>0 are L
andL respectively. The stochastic approximation of the gradient is

G(Φ) = Lḡ(S,Φ) + λS ◦ I[i, j ∈ Φ] (3.12)

where ḡ(S,Φ) = 1
L

∑
(u,i)∈Φ gui(S,Φ). I ⊂ BM×M is symmetric binary matrix,

and I[i, j ∈ Φ] = 1 if any item-pair (i, j) exists in Φ, otherwise 0. ◦ presents
element-wise product (i.e. Hadamard product). The expectation of G(Φ) over all
possible mini-batches is,

EΦ[G(Φ)] = EΦ[Lḡ(S,Φ)] + λEΦ[S ◦ I[i, j ∈ Φ]]

=
∑

(u,i)∈R>0

gui(S;R>0) + λEΦ[S ◦ I[i, j ∈ Φ]] (3.13)
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EΦ[G(Φ)] is not anunbiasedestimatorof the truegradientG(R>0)due to theprior
term EΦ[S ◦ I[i, j ∈ Φ]]. Let H = EΦ[I[i, j ∈ Φ]], we can remove this bias by
multiplying the prior term withH−1 thus to obtain an unbiased estimator. Follow
previous approach [4], we assume themini-batches are sampledwith replacement,
thenH is,

Hij = 1−
|Ii||Ij|
L2 (1−

|Ij|
L
)L−1(1− |Ii|

L
)L−1 (3.14)

where |Ii| (resp. |Ij|) denotes the number of ratings of item i (resp. j) in the com-
plete dataset R>0. Then the SGLD update rule is the following:

S(t+1) ← S(t) −
ηt
2
(Lḡ(S(t),Φ) + λS(t) ◦H−1) + zt (3.15)

3.4.3 Differential Privacy via Posterior Sampling

To construct a differentially private NBM, we exploit a recent observation that
sampling from scaled posterior distribution of a Bayesian model with bounded
log-likelihood can achieve ε-differential privacy [124]. We summarize the differ-
entially private sampling process (via SGLD) in Algorithm 3.

Algorithm 3Differentially Private Posterior Sampling (via SGLD)
Require: Temperature parameterϱ, privacy parameter ε, regular parameter λ, ini-

tial learning rate η1. Let K larger than burn-in phase.
1: for t = 1 : K do
2: • Randomly sample a mini-batchΦ ⊂ R>0.
3: ḡ(S(t),Φ) = 1

L

∑
(u,i)∈Φ eui

∂ r̂ui
∂S(t)i

▷ gradient of S (mini-batch)

4: zt ∼ N (0, ϱ · ηt) ▷
√
ϱ · ηt ≫ ηt

5: S(t+1) ← S(t) − ε
4B ·

ηt
2 (Lḡ(S

(t),Φ) + λS(t) ◦H−1) + zt
6: ηt+1 =

η1
tγ

7: return S(t+1)

Now, a natural question is how to determine the log-likelihood bound B? (
max
u∈R>0

∑
i∈Ru (̂rui − rui)2 ≤ B, and see Equation (3.9)). Obviously, B depends on

the max rating number per user. To those users who rated more than τ items, we
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randomly remove some ratings thus to ensure that each user at most has τ ratings.
In our context, the rating scale is [1,5], let τ = 200, we have B = (5 − 1)2 × 200
(In reality, most users have less than 200 ratings [73]).

Theorem4. Algorithm 3 provides (ε, (1+ eε)δ)-differential privacy guarantee to any
user if the distribution P′X where the approximate samples from is δ-far away from the
true posterior distribution PX , formally ||P′X − PX ||1 ≤ δ. And δ → 0 if the MCMC
sampling asymptotically converges.

Proof. Essentially, differential privacy via posterior sampling [124] is an exponen-
tial mechanism [77] which protects ε-differential privacy when releasing a sample
θwith probability proportional to exp(− ε

2ΔF p(X|θ)), where p(X|θ) serves as the
utility function. If p(X|θ) is bounded to B, we have the sensitivity ΔF ≤ 2B.
Thus, release a sample by Algorithm 3 preserves ε-differential privacy. It compro-
mises the privacy guarantee to (ε, (1 + eε)δ) if the distribution (where the sam-
ple from) is δ-far away from the true posterior distribution, proved by Wang et
al. [124].

Note thatwhen ε = 4B, thedifferentially private samplingprocess is identical to
the non-private sampling. This is also the meaning of some extent of free privacy. It
starts to lose accuracywhen ε < 4B. One concern of this sampling approach is the
distance δ between the distributionwhere the samples from and the true posterior
distribution, which compromises the differential privacy guarantee. Fortunately,
an emerging line of works, such as [105, 121], proved that SGLD can converge in
finite iterations. As such we can have arbitrarily small δ with a (large) number of
iterations.

3.5 Evaluation andComparison

We test the proposed solutions on two real world datasets, ML100K and ML1M
[81], which are widely employed for evaluating recommender systems. ML100K
dataset has 100K ratings that 943 users assigned to 1682 movies. ML1M dataset
contains 1million ratings that 6040 users gave to 3952movies. In the experiments,
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we adopt 5-fold cross validation for training and evaluation. We use root mean
square error (RMSE) to measure accuracy performance:

RMSE =

√∑
(u,i)∈RT(rui − r̂ui)2

|RT|

where |RT| is the total number of ratings in the test set RT. The lower the RMSE
value the higher the accuracy. As a result of cross validation, the RMSE value re-
ported in the following figures is the mean value of multiple runs.

3.5.1 Experiments Setup

In the following, thedifferentially-privateSGDbasedPNBMis referred toasDPSGD-
PNBM,and thedifferentially-privateposterior samplingPNBMis referredasDPPS-
PNBM. The experiment source code is available at Github1.

We compare their performances with the following (state-of-the-art) baseline
algorithms.

• non-private PCC and COS: There exist differentially-private NBMs based
on Pearson correlation (PCC) orCosine similarity (COS)NBMs (e.g. [46,
76, 135]). Since their accuracy isworse than the non-private algorithms, we
directly focus on these non-private ones.

• DPSGD-MF: Differentially private matrix factorization from [9], which
calibrates Laplacian noise into the SGD training process.

• DPPS-MF: Differentially private matrix factorization from [73], which ex-
ploits the posterior sampling technique.

We empirically choose the optimal parameters for eachmodel using a heuristic
grid search method. We summarize them as follows.

1https://github.com/lux-jwang/Experiments/tree/master/dpnbm
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• DPSGD-PNBM: The learning rate η is searched in {0.1, 0.4}, and the it-
eration number K ∈ [1, 20], the regular parameter λ ∈ {0.05, 0.005}, the
rescale parameter β ∈ {10, 20}. The neighbor size Nk = 500, the lower
bound of |Si|I−u : C ∈ {10, 15}. In the training process, we decrease K and
increase {η,C}when requiring a stronger privacy guarantee (a smaller ε).

• DPPS-PNBM: The initial learning rate η1 ∈ {8 · 10−8, 4 · 10−7, 8 · 10−6},
λ ∈ {0.02, 0.002}, the temperature parameter ϱ = {0.001, 0.006, 0.09},
the decay parameter ξ = 0.3. Nk = 500.

• DPSGD-MF: η ∈ {6 · 10−4, 8 · 10−4}, K ∈ [10, 50] (the smaller privacy
loss ε the less iterations), λ ∈ {0.2, 0.02}, the latent feature dimension d ∈
{10, 15, 20}.

• DPPS-MF: η ∈ {2·10−9, 2·10−8, 8·10−7, 8·10−6}, λ ∈ {0.02, 0.05, 0.1, 0.2},
ϱ = {1 · 10−4, 6 · 10−4, 4 · 10−3, 3 · 10−2}, d ∈ {10, 15, 20},ξ = 0.3.

• non-private PCC and COS: For ML100K, we set NK = 900. For ML1M,
we setNK = 1300.

3.5.2 Comparison Results

Wefirst compare the accuracybetweenDPSGD-PNBM,DPSGD-MF,non-private
PCC and COS and show the results in Fig. 3.5.1 for the two datasets respectively.
When ε ≥ 20, DPSGD-MF does not lose much accuracy, and it is better than
non-private PCC and COS. However, the accuracy drops quickly (or, the RMSE
increase quickly) when the privacy loss ε is reduced. This matches the observa-
tion in [9]. In the contrast, DPSGD-PNBMmaintains a promising accuracywhen
ε ≥ 1, and is better than non-private PCC and COS.

DPPS-PNBM andDPPS-MF preserve differential privacy at user level. We de-
note the privacy loss ε in form of x× τ where x is a float value which indicates the
average privacy loss at a rating level, and τ is the max rate number per user. The
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Figure 3.5.1: Accuracy Comparison: DPSGD-PNBM, DPSGD-MF, non-
private PCC, COS.

comparison is shown inFig. 3.5.2. In our context, for bothdatasets, τ = 200. Both
DPPS-PNBM and DPPS-MF allow accurate estimations when ε ≥ 0.1 × 200. It
may seem that ε = 20 is a meaningless privacy guarantee. We remark that the
average privacy of a rating level is 0.1. Besides the accuracy performance is better
than the non-private PCC andCOS, from the point of privacy loss ratio, ourmod-
els match previous works [73, 76], where the authors showed that differentially
private systems may not lose much accuracy when ε > 1.
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Figure 3.5.2: Accuracy Comparison: DPPS-PNBM, DPPS-MF, non-private
PCC, COS.

For bandwidth and efficiency reason, mobile service providers may prefer to
store the trained model (e.g. item similarity) in mobile devices directly. Com-
mercial recommender systems often have very large similaritymatrix such that the
shortage of memory space in mobile devices may become a bottleneck. In order
to alleviate this issue, we choose theTop-Nmost similar neighbors only by similar-
itymatrix, by removing the rest neighbors of each item, such that we can sparsely
store thematrix in practice. We compare accuracy with different number of neigh-
bors with ε = 1, and summarize the results in Fig. 3.5.3. We stress two observa-
tions. Both DPSGD-PNBM and DPPS-PNBM reach their best accuracy with a
smaller neighbor size. The accuracy of both DPSGD-PNBM and DPPS-PNBM
is less sensitive than PCC and COS, when neighbor size is changed. This helps
mitigate over-fitting problem and enhance system robustness.

DPSGD-PNBMandDPPS-PNBMachieve differential privacy at rating level (a
single rating) and user level (a whole user profile) respectively. Below, we try to
compare themat rating level, precisely at the average rating level forDPPS-PNBM.
Fig. 3.5.4 shows that both solutions can obtain quite accurate predictions with a
privacy guarantee (ε ≈ 1). With the same privacy guarantee, DPPS-PNBMseems
to be more accurate. However, DPPS-PNBM has its potential drawback. Recall
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Figure 3.5.3: Accuracy comparison with different neighbor sizes

from Section 3.4, the difference δ between the distribution where samples from
and the true posterior distribution compromises differential privacy guarantee. In
order to have an arbitrarily small δ, DPPS-PNBM requires a large number of it-
erations [105, 121]. At this point, it is less efficient than DPSGD-PNBM. In our
comparison, we assume δ → 0.

Figure 3.5.4: Accuracy comparison between DPSGD-PNBM and DPPS-
PNBM
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3.5.3 Summary

In summary, DPSGD-MF and DPPS-MF are more accurate when privacy loss is
large (e.g. in a non-private case). DPSGD-PNBM and DPPS-PNBM are better
when we want to reduce the privacy loss to a meaningful range. Both our mod-
els consistently outperform non-private traditional NBMs, with a meaningful dif-
ferential privacy guarantee. Note that similarity is independent of NBM itself,
thus other neighborhood-based recommenders can use ourmodels to differential-
privately learn Similarity, and deploy it to their existing systems without requiring
extra effort.

3.6 RelatedWork

A number of works have demonstrated that an attacker can infer the user sensitive
information, such as gender and politic view, from public recommendation results
without using much background knowledge [16, 38, 82, 125].

Randomizeddata perturbation is one of earliest approaches to prevent user data
from inference attack in which people either add random noise to their profiles or
substitute some randomly chosen ratingswith real ones (e.g. [96–98]). While this
approach is very simple, it does not offer rigorous privacy guarantee. Differential
privacy [33] aims to precisely protect user privacy in statistical databases, and the
concept has become very popular recently. [76] is the first work to apply differ-
ential privacy to recommender systems, and it has considered both neighborhood-
basedmethods (using correlation as similarity) and latent factormodel (e.g. SVD).
[135] introduced a differentially private neighbor selection scheme by injecting
Laplace noise to the similaritymatrix. [46] presented a scheme to obfuscate user
profiles that preserves differential privacy. [9, 73] applied differential privacy to
matrix factorization, and we have compared our solutions to theirs in Section 3.5.

48



3.7 Conclusion and FutureWork

In this chapter, we have proposed two different differentially private NBMs, un-
der a probabilistic framework. We firstly introduced a way to differential-privately
find the maximum a posteriori similarity by calibrating noise to the SGD training
process. Then we built differentially private NBM by exploiting the fact that sam-
pling from scaled posterior distribution can result in differentially private systems.
While the experiment results have demonstrated that ourmodels allow promising
accuracy with a modest privacy budget in some well-known datasets, we consider
it as an interesting futurework to test theperformances inother realworlddatasets.
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4
Social-context Facilitates

Privacy-preserving Recommender
Systems

4.1 Introduction

The accuracy of recommender systems relies on massive user history data, such
as purchasing records, ratings, locations and so on. Leaking private data to oth-
ers (including recommendation service providers) may arise privacy concerns to
the public. Cryptographic primitives such as homomorphic encryption [42] and
secure multiparty computation [71] are most commonly used tools to guarantee
data security. However, the computational and spatial complexity of algebraic op-
erations in a cipher space conflicts with the fact that accurate recommendations
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require a large number ofmathematical operations (i.e., frommassive training data
and complicated learning processes). Taking two classes of representative recom-
mendation algorithms as example,

• K-nearest neighborhood based [114]. Firstly, it computes similarities be-
tween any two users (resp. items); Secondly, it selects top-K the most sim-
ilar users (resp. items) as the neighbors of a target user (resp. item). Lastly,
it computes predictions based on the neighbors.

• Matrix factorization based [64]. Firstly, it decomposes a sparse rating ma-
trix into two dense low-dimension feature matrices, where the feature met-
rics are iteratively learnedby anoptimizationmethod such as stochastic gra-
dient descent. Then it calculates predictions by performing dot-production
over the learned features.

Obviously, executing either of them, in a cipher space, will result in a prohibitive
cost of time and computational resource, especially, when considering another
fact that accurate recommendation computations often rely on massive user data.
Therefore, reducing the user data and simplifying the recommendation computa-
tion process can be a promising approach to improve the efficiency.

Our Contributions. We propose a social-context based recommender system
which allows computing recommendations with only a few users without com-
promising the accuracy performance. We assume that the users have certain social
connections. For convenience, we denote the social connection as friendship, i.e.,
any two users are friends if they have some kind of social connection, otherwise,
we say the two users are strangers to each other. Note that we assume the friend-
ship is public. In fact, in the real world, the friendship information are often public
and can be easily discovered, such as using Facebook, Twitter and so on.

• We experimentally validate the assumption that friends often have similar
interests, by the datasetswe collected fromTwitter. Besides serving for eval-
uating our recommender protocols, the datasets are also an independent
interests for the community.
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• We proposed a friendship-based recommender system based on a neigh-
borhood method, which computes recommendations to a user with the
data from a few of his/her friends and strangers. This friendship-based rec-
ommender system can significantly reduce the computational complexity
while allowing a promising accuracy performance.

• Basedonour friendship-based recommender systemanda somewhat (fully)
homomorphic encryption scheme, we construct two secure protocols, one
for single value predictions and the other for Top-n recommendations. The
security of protocol executions is straightforwardly guaranteed by the un-
derlying homomorphic encryption scheme, and we further discuss the in-
formation leakage in algorithm outputs.

• We provide both asymptotic and implementation results for our proposed
protocols. Weshowthat the singlepredictionprotocol is very efficientwhile
the Top-n protocol is not. We further discuss two relaxations for the top-n
protocol and show that they are quite efficient.

4.2 Assumption Validation

In this section, we present an intuitive evidence that (1) individuals are highly
socially-connected, (2) individuals with social connections often have similar in-
terests.

4.2.1 Dataset Construction

To validate our assumptions, we construct a new dataset containing social con-
nection information, based on the datasetMovieTweetings[27]. MovieTweetings
(MT) consists of ratings onmovies that are extracted from tweets. Such tweets are
originated from the social ratingwidget available in IMDbapps. Weuse a snapshot
of the MT dataset which contains 359908 ratings, 35456 users and 20156 items.
Note that in theMT dataset, each user has at least 1 rating, but without any social-
connection information. We crawled the followees of each user ID recorded in the
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MT dataset from Twitter. Based on the “following” activities in Twitter, we natu-
rally introduce the concept of friendship as follows: if a user x follows user y then
we say user x regards user y as a friend. Note that friendship is not guaranteed to
be bi-directional, namely users x and y may not consider each other as friends at
the same time. We name our new dataset as Friendship MovieTweetings (FMT).
It is worth stressing that, in the new dataset, we only collect the Twitter users who
have explicitly posted theirmovie ratings. In the otherword, the friend list of a user
may be incomplete. In our experiment, we only use a subset of FMT, inwhich each
user has at least 10 friends and each friend has at least 10 ratings. The rating scale
is regularized to [0,5]. This subset will be referred to as 10-FMT in this chapter.
We summarize the basic information of these datasets in Table 4.2.1.

MT FMT 10-FMT
Ratings Num 359908 211954 20316
Users Num 35456 17268 508
Items Num 20156 15682 3481
Matrix Density 0.050% 0.078% 1.15%
Min Ratings/User 1 1 10
Ave. Ratings/User 10 12 39
Max Ratings/User 856 856 448
Min Friends/User – 1 10
Ave. Friends/User – 6 26
Max Friends/User – 282 109

Table 4.2.1: Datasets

53



Figure 4.2.1: Social Graph of FMT Dataset

We map the FMT dataset into a directed graph in Figure 4.2.1. In the graph, a
node represents a user. If there is a directed edge from user x to user y, then user x
regards user y as a friend. It is clear that almost all users are connected in the social
graph. To enlarge the number of friends of each user, we also count the number of
friends of friends (FoFs), which are used in designing the decentralized protocol.
The number of friends are summarized in Table 4.2.2. Counting the FOFs as a
user’s friends makes sense. For example, saying that user z is a friend of user y,
and the user y is a friend of user x, when the user z posts a tweet which may be

54



re-tweeted by the user y, the user x would see the tweet (i.e., be influenced by the
user z directly).

Min Avg Max
Friend Friend Friend
Num Num Num

Friends 10 27 109
FoFs 10 203 329

Table 4.2.2: Basic Facts

In order to test the friends often have similar interests, we compute the Cosine
similarities between users in the 10-FMT dataset and plot them in Figure 4.2.2.
We also calculate the similarities between strangers. As shown as in Figure 4.2.2,
averagely, friends sharemore similar preferences than strangers. Therefore, the ob-
servationsmatch our assumptions. Wewill showhow to construct an accurate and
efficient recommender system while preserving privacy, based on this fact.

4.3 Our Approach

Toconstruct recommender systemsbasedoncollaborativefiltering techniques [114],
there two typical approaches,memory-basedapproach suchasneighborhood-based
methods [25]; model-based approach such as matrix factorization [64]. Our set-
ting is constrained to the following facts,

• The number of friends who agreed to contribute may be very small.

• A lower computational complexity is always more preferable.

We build our recommendation algorithm on a neighborhood-based method. In
contrast, matrix factorization always requires iteratively training the model with
massive user data. On the one hand, it leads to a much higher computational
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Figure 4.2.2: Cosine Similarity of 10-FMT Dataset

complexity; on the other hand, a very limited number of friends are not sufficient
enough to train an accurate factorization model.

4.3.1 Our Recommendation Model

In our solution, we compute the predicted rating for user u based on inputs from
both his friends Fu and some strangers Tu for both accuracy and security reasons.
Though friends often have common preferences and more impacts to each other,
in reality, it is common that the number of friends who consumed a target item
can be few. If recommendations are computed solely based on the inputs of user
u’s friends, the accuracy performance can be compromised, and the private infor-
mation of user u’s friendsmight be leaked through user u’s outputs. Therefore, it is
reasonable tobelieve that, by taking into account some randomly chosen strangers,
we will mitigate both problems.

Given an active user u, when factoring in the inputs from randomly chosen
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strangers, we will use the simple Bias From Mean (BFM) scheme for the pur-
pose of simplicity. It is worth stressing that there are a lot of different choices for
this task. Nevertheless, as to the accuracy, this scheme has similar performance to
many other more sophisticated schemes, such as Slope One and Pearson/Cosine
similarity-based collaborative filtering schemes [67]. Let the stranger set be Tu,
the predicted value p∗u,b for item b is computed as follows.

p∗u,b = ru +
∑

t∈Tu
qt,b · (rt,b − rt)∑
t∈Tu

qt,b
(4.1)

where qt,b is a binary indicator, where qt,b = 1 if a stranger t rated item b, other-
wise, qt,b = 0. When factoring in the inputs from the friends, we let the friend set
be Fu, the predicted value p∗∗u,b for item b is computed as follows.

p∗∗u,b = ru +

∑
f∈Fu qf,b · (rf,b − rf) · wu,f∑

f∈Fu qf,b · wu,f
(4.2)

where qf,b is a binary indicator, where qf,b = 1 if a friend f rated item b, otherwise,
qf,b = 0. In practice, the similarity between friends means that they tend to prefer
similar items. However, this does not imply that theywill assign very similar scores
to the items. For example, a user Alice may be very mean and assign a score 3 to
most of her favorite items while her friends may be very generous and assign a
score 5 to their favorite items. Using the Equation (1), we will likely generate a
score 5 for an unrated item for Alice, who may just rate a score 3 for the item even
if she likes it. In this regard, Equation (4.2) is more appropriate because ru reflects
the user’s rating style and

∑
f∈Fu qf,b·(rf,b−rf)·wf,u∑

f∈Fu qf,b·wf,u
reflects the user’s preference based on

inputs from his friends.
Based on the inputs from the strangers and friends, a combined predicted value

pu,b for an unrated item b can be computed as pu,b = ρ ·p∗u,b+(1−ρ) ·p∗∗u,b for some
0 ≤ ρ ≤ 1. Due to the fact that cryptographic primitives are often designed for
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dealing with integers, we rephrase the formula as follows, where α, β are integers.

pu,b =
β

α + β
· p∗u,b +

α
α + β

· p∗∗u,b (4.3)

It is worth noting that the prediction pu,b is not deterministic because we assume
the stranger setTu is randomly chosen for the computation.

4.3.2 Threat Model

As to communication, we assume all communications are mediated by a recom-
mender system (RS) server and the communication channels are integrity and
confidentiality protected. Instead of making a general semi-honest assumption on
all participants, we distinguish the following.

• Threat from semi-honest RS server. In the view of all users, the RS server
will follow the protocol specification but it may try to infer their private in-
formation from openly collected transaction records.

• Threat from a semi-honest friend. In the view of a user, none of his friends
will collude with the RS server or another party to breach his privacy. We
believe the social norm deters such colluding attacks, and the deterrence
comes from the fact that once such a collusion is known to the victim user
then the friendship may be jeopardized. Nevertheless, we still need to con-
sider possible privacy threats in two scenarios.

– In the view of f ∈ Fu, user umay attempt to learn his private informa-
tionwhen running the recommendation protocol. In the view of user
u, his friend f ∈ Fu may also try to infer his information as well.

– In the view of f ∈ Fu, user u’s output (e.g. a new rated item and pre-
dicted rating value)may be leaked. If another party obtains such aux-
iliary information, then user f’s private informationmaybe at risk. For
example, the Potential Information Leakage through Friends security
issue in Section 3.1 falls into this scenario.
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• Threat from strangers. We consider the following two scenarios.

– In the view of user u and his friends, a stranger may try to learn their
private information.

– In the view of a stranger t ∈ Tu, who is involved in the protocol exe-
cution of user u, user umay try to learn his private information.

4.4 Centralized Friendship-based Protocols

We generally assume that there is a recommender service provider, which will
maintain the social graph and mediate the executions of recommender protocols
among users. The system structure is shown in Figure. 4.4.1.

Figure 4.4.1: System Structure in the View of User u

With respect to the tailored recommender algorithms in Section 4.3, the global
system parameters should be established in advance. Such parameters should in-
clude α, β which determine how a predicted rating value for user u is generated
based on the inputs of friends and strangers, and they should also include the size
of stranger set Tu. In the initialization phase, user u generates his public/private
key pair (pku, sku) for a somewhat (fully) homomorphic encryption (SWHE)
scheme and sends pku to the server. We require that the SWHE scheme allows
to encrypt negative integers. In addition, user u maintains a rating vector Ru, his
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social graph, and assigns a weight wu,f to each of his friend f ∈ Fu. All other users
perform the same operations in this phase.

Under the centralized setting, we describe two secure protocols, one is for sin-
gle value prediction (Section 4.4.1), the other is for Top-n recommendation (Sec-
tion 4.4.2).

4.4.1 Centralized Single Prediction Protocol

When user u wants to test whether the predicted rating for an unrated item b is
above a certain threshold τ (an integer) in his mind, he initiates the protocol in
Figure. 4.4.2. Referring to the prediction algorithm from Section 4.3.1, in stage 1
the service provider collects the inputs from the strangers in encrypted form ac-
cording to Equation (4.1), while in stage 2 the service provider collects the inputs
from the friends in encrypted form according to Equation (4.2). In stage 3, user u
learnswhether theprediction is above a thresholdwhile the service provider learns
nothing. In more detail, the protocol runs in three stages.
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User u RS Server Friends Fu, Strangers Tu

(pku, sku) pku
wu,f : ∀f ∈ Fu α, β

Stage 1
∀t ∈ Tu

Rt,QtJIbKu JIbKu−−−→
pku−−→JIbKu−−−→ J2 · qt,bKuJqt,b · (Rt · Ib − rt)KuJqt,b·(Rt·Ib−rt)Ku, J2·qt,bKu←−−−−−−−−−−−−−−−−

Stage 2
∀f ∈ Fu

pku,Rf,QfJwu,fKu Jwu,fKu−−−−→ Jwu,fKu, JIbKu−−−−−−−−→ Jqf,bKuJqf,b · (Rf · Ib − rf) · wu,fKuJqf,b·(Rf·Ib−rf)·wu,fKu←−−−−−−−−−−−−−Jqf,bKu←−−−−

Stage 3
pu,b

JnTKu = ∑
t∈TuJqt,b · (Rt · Ib − rt)KuJdTKu = ∑

t∈TuJ2 · qt,bKuJnFKu = ∑
f∈FuJqf,b · (Rf · Ib − rf) · wu,fKuJdFKu = ∑
f∈Fu Eval(·, Jqf,bKu, Jwu,fKu)JXKu = Jβ · nT · dF + α · nF · dTKuJYKu = J(α + β) · dT · dFKu

COM(JXKu,JYKu,τ−ru)←−−−−−−−−−−−−−

pu,b = X
Y

?
≥ τ − ru

Figure 4.4.2: Single Prediction Protocol

1. In the first stage, the participants interact as follows.

(a) User u generates a binary vector Ib, which only has 1 for the b-th el-
ement, and sends the ciphertext JIbKu = Enc(Ib, pku) to the server.
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Let’s assume JIbKu = (JI(1)b Ku, · · · , JI(M)
b Ku).

(b) The server first sendspku to some randomly chosen strangers, and see
whether they want to participate in the computation.

(c) After the server has successfully found a viable stranger set Tu, it for-
wards JIbKu to every user inTu.

(d) With pku and (Rt,Qt), every user t from Tu can compute the follow-
ing based on the homomorphic properties.

J2 · qt,bKu = ∑
1≤i≤M

Eval(·,Enc(pku, 2 · qt,i), JI(i)b Ku)
JRt · IbKu = ∑

1≤i≤M

Eval(·,Enc(rt,i, pku), JI(i)b Ku)
Jqt,b · (Rt · Ib − rt)Ku

=Eval(·, Jqt,bKu,Eval(+, JRt · IbKu,Enc(−rt, pku)))
2. In the second stage, the participants interact as follows.

(a) For every friend f ∈ Fu, user u sends the encrypted weight Jwu,fKu =
Enc(wu,f, pku) to the server.

(b) The server sends Jwu,fKu and JIbKu to user f.

(c) Withpku, JIbKu, Jwu,fKu and (Rf,Qf), user f cancompute the following.

Jqf,bKu = ∑
1≤i≤M

Eval(·,Enc(qf,i,pku), JI(i)b Ku)
JRf · IbKu = ∑

1≤i≤M

Eval(·,Enc(rf,i, pku), JI(i)b Ku)
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Jqf,b · (Rf · Ib − rf) · wu,fKu =Eval(·,Eval(·, Jqf,bKu, Jwu,fKu),
Eval(+, JRf · IbKu,Enc(−rf, pku)))

3. In the third stage, user u and the server interact as follows.

(a) The server first computes JnTKu, JdTKu, JnFKu, JdFKu as shown in Fig-
ure. 4.4.2, and then computes JXKu, JYKu as follows.

temp1 = Eval(·,Eval(·, JnTKu, JdFKu),Enc(β, pku))
temp2 = Eval(·,Eval(·, JnFKu, JdTKu),Enc(α, pku))

JXKu = Eval(+, temp1, temp2)

JYKu = Eval(·,Eval(·, JdFKu, JdTKu),Enc(α + β, pku))

Referring to Equations (4.1) and (4.2), we have p∗u,b = ru + nT
dT

and
p∗∗u,b = ru+ nF

dF
. The ultimate prediction pu,b can be denoted as follows.

pu,b =
β

α + β
· p∗u,b +

α
α + β

· p∗∗u,b

= ru +
β · nT · dF + α · nF · dT

(α + β) · dT · dF

= ru +
X
Y

(b) Useru runs a comparisonprotocolCOMwith the server to learnwhether
X
Y ≥ τ − ru. Since X, Y, τ − ru are integers, COM is indeed an en-
crypted integer comparison protocol: where user u holds the private
key sku and τ, the server holds JXKu, JYKu, and the protocol outputs a
bit to user u indicating whether X ≥ (τ − ru) · Y.
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4.4.2 Centralized Top-n Protocol

When the active user u wants to figure out Top-n unrated items, he initiates the
protocol in Figure. 4.4.3. This protocol shares the same design philosophy as that
of single prediction protocol. The usage of matrixMX in the random permutation
of Stage 3 guarantees that the rated items will all appear in the end of the list after
ranking. As a result, the rated items will not appear in the recommended Top-n
items. In more detail, the protocol runs in three stages.

1. In the first stage, the participants interact as follows.

(a) Theserver sendspku to some randomly chosen strangers and seewhether
they want to participate in the computation. Suppose that the server
has successfully foundTu.

(b) With pku and (Rt,Qt), user t ∈ Tu can compute Jqt,b · (rt,b− rt)Ku =
Enc(qt,b · (rt,b− rt), pku) and J2 · qt,bKu = Enc(2 · qt,b, pku) for every
1 ≤ b ≤ M. All encrypted values are sent back to the server.

2. In the second stage, the participants interact as follows.
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User u RS Server Friends Fu, Strangers Tu

(pku, sku) pku
wu,f : ∀f ∈ Fu α, β

Stage 1
∀t ∈ Tu

∀b ∈ B

Rt,Qt
pku−−→ J2 · qt,bKuJqt,b · (rt,b − rt)KuJqt,b·(rt,b−rt)Ku, J2·qt,bKu←−−−−−−−−−−−−−−−

Stage 2
∀f ∈ Fu
∀b ∈ B

pku,Rf,QfJwu,fKu Jwu,fKu−−−−→ Jwu,fKu−−−−→ Jqf,bKuJqf,b · (rf,b − rf) · wu,fKuJqf,b·(rf,b−rf)·wu,fKu←−−−−−−−−−−−−Jqf,bKu←−−−−

Stage 3

MX,My JMXKu, JMyKu−−−−−−−−→
∀b ∈ B :JnT,bKu = ∑
t∈TuJqt,b · (rt,b − rt)KuJdT,bKu = ∑

t∈TuJ2 · qt,bKuJnF,bKu = ∑
f∈FuJqf,b · (rf,b − rf) · wu,fKuJdF,bKu = ∑
f∈Fu Eval(·, Jqf,bKu, Jwu,fKu)JXbKu = Jβ · nT,b · dF,b + α · nF,b · dT,bKuJYbKu = J(α + β) · dT,b · dF,bKuJMXKu · (JX1Ku, JX2Ku, · · · , JXMKu)TJMYKu · (JY1Ku, JY2Ku, · · · , JYMKu)T

RANK−−−−→
”Top-n” items
←−−−−−−−−−

Top-n items

Figure 4.4.3: Top-n Protocol

(a) To every friend f ∈ Fu, user u sends the encrypted weight Jwu,fKu =
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Enc(wu,f, pku).

(b) With pku, Jwu,fKu and (Rf,Qf), user f can compute Jqf,bKu and

Jqf,b · (rf,b − rf) · wu,fKu
=Eval(·,Enc(qf,b · (rf,b − rf), pku), Jwu,fKu)

for every 1 ≤ b ≤ M. All encrypted values are sent back to the server.

3. In the third stage, user u and the server interact as follows.

(a) User u generates twomatricesMX,MY as follows: (1) generate aM×
M identity matrix; (2) randomly permute the columns to obtainMY;
(3) to obtainMX, for every b, if item b has been rated then replace the
element 1 in b-th column with 0.

1 0 · · · 0
0 1 · · · 0
· · · · · · · · · · · ·
0 0 · · · 1

→ MY =


0 1 · · · 0
0 0 · · · 1
· · · · · · · · · · · ·
1 0 · · · 0



→ MX =


0 1 · · · 0
0 0 · · · 0
· · · · · · · · · · · ·
1 0 · · · 0


Useru encrypts thematrices (elementbyelement) and sends JMXKu, JMYKu
to the server, which then proceeds as follows.

i. The server first computes JnT,bKu, JdT,bKu, JnF,bKu, JdF,bKu, JXbKu,JYbKu for every 1 ≤ b ≤ M as shown in Figure. 4.4.3, in the
same way as in the previous protocol in Figure. 4.4.2. Referring
to Formula (4.3), we see that ru appears in pu,b for every b. For
simplicity, we ignore this term when comparing the predictions for
different unrated items. With this simplification, the prediction
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pu,b can be denoted as follows.

pu,b =
β

α + β
· nT,b
dT,b

+
α

α + β
· nF,b
dF,b

=
β · nT,b · dF,b + α · nF,b · dT,b

(α + β) · dT,b · dF,b

=
Xb

Yb

ii. Theserverpermutes the ciphertexts vector ((JX1Ku, JY1Ku), (JX2Ku, JY2Ku),
· · · , (JXMKu, JYMKu)) in an oblivious manner as follows.

(JU1Ku, JU2Ku, · · · , JUMKu)
=JMXKu · (JX1Ku, JX2Ku, · · · , JXMKu)T
(JV1Ku, JV2Ku, · · · , JVMKu)

=JMYKu · (JY1Ku, JY2Ku, · · · , JYMKu)T
Themultiplication between the ciphertextmatrix and ciphertext
vector is done in the standardway, except that themultiplication
between two elements is done with Eval(·, , ) and the addition
is done with Eval(+, , ). Suppose item b has been rated before
and (JXbKu, JYbKu) is permuted to ([UiKu, JViKu), then Ui = 0
since the element 1 in b-th column has been set to 0.

(b) Based on some RANK protocol, the server sorts Ui
Vi
(1 ≤ i ≤ |B)|

in the encrypted form. One straightforward way of constructing the
RANK protocol is to combine an encrypted integer comparison pro-
tocol COM and any standard sorting algorithm. The COM protocol
has slightly different semantics from that in the previous protocol in
Section 4.4.1: user u has the private key and the service provider has
two encrypted integers, at the endof the protocol the service provider
learns the result.
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(c) After the ranking, the server sends the ”Top-n” indexes (e.g. the per-
muted Top-n indexes) to user u, who can then recover the real Top-n
indexes based on the permutation he has done.

4.5 Decentralized Friendship-based Protocol

In reality, semi-honest service provider is often viewed as a security weakness in
protocol design. This motivates us to investigate privacy-preserving protocols in
fully decentralized setting. Next, we first describe the setting and then present a
decentralized single prediction protocol. Since we can extend the protocol to a
Top-n variant in the same way as we have done in the centralized setting, we skip
the details here.

Figure 4.5.1: Decentralized System Structure

For simplicity, we assume that users are uniquely identified in the recommender
system, and they share their social graph with their friends. In the initialization
phase, user u generates his public/private key pair (pku, sku) for a SWHE scheme.
In addition, user u maintains a rating vector Ru, his social graph, and assigns a
weight wu,f to each of his friend f ∈ Fu. All other users perform the same oper-
ations in this phase. Before going ahead, we want to point out that we choose a
FoF as stranger in the following solution for the simplicity of description. In the
view of user u, the topology is shown in Figure. 4.5.1. Due to the small world
phenomenon, the population of FoFs can already be very large.
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4.5.1 Decentralized Single Prediction Protocol

Next, we describe a protocol for user u to check whether pu,i ≥ τ according to
Formula (4.3) in Section 4.3. It can be regarded as a decentralized version of the
single prediction protocol from Section 4.4.1.

1. Based on the social graph (particularly his friend set Fu), user u chooses a
stranger setTu, consisting of his FoFs. He also chooses t∗ ∈ Tu. We further
require that the every f ∈ Fu should have at least one friend inTu.

2. User u generates a binary vector Ib, which only has 1 for the b-th element,
andbroadcasts JIbKu = Enc(Ib, pku) = (JI(1)b Ku, · · · , JI(M)

b Ku) tohis friends.
He also sends Enc(wu,f, pku) to every user f ∈ Fu.

3. Withpku, JIbKu, Jwu,fKu and (Rf,Qf), user f can compute the Jqf,bKu and Jqf,b·
(Rf · Ib − rf) · wu,fKu in exactly the same way as in Section 4.4.1. User f then
sends Jqf,bKu and Jqf,b · (Rf · Ib − rf) · wu,fKu to one of his friends inTu. He
also forwards JIbKu and pku to the chosen friend.

4. For any t ∈ Tu, he should receive JIbKu and pku from at least one of his
friend in Fu. If not, he can ask for such information from his friend. Then,
he does the following.

(a) Validate pku.

(b) With pku and (Rt,Qt), every user t from Tu can compute Jqt,bKu andJqt,b · (Rt · Ib − rt)Ku in exactly the same way as in Section 4.4.1.

(c) Suppose that user thas received Jqf,bKu and Jqf,b ·(Rf ·Ib−rf)·wu,fKu for
f ∈ F−u whereF−u ⊆ Fu. He computes

∑
f∈F−u Jqf,bKu and∑f∈F−u Jqf,b ·

(Rf · Ib − rf) · wu,fKu.
(d) User t sends Jqt,bKu, Jqt,b·(Rt·Ib−rt)Ku,∑f∈F−u Jqf,bKu and∑f∈F−u Jqf,b·

(Rf · Ib − rf) · wu,fKu to user t∗.

5. User t∗ receives Jqt,bKu, Jqt,b · (Rt · Ib− rt)Ku,∑f∈F−u Jqf,bKu and∑f∈F−u Jqf,b ·
(Rf · Ib − rf) · wu,fKu from t ∈ Tu. He then does the following.
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(a) Compute JnTKu, JdTKu, JnFKu, JdFKu and JXKu, JYKu in exactly the same
way as in Section 4.4.1.

(b) Run a comparison protocol COM with user u for the latter to learn
whether X

Y ≥ τ − ru.

4.5.2 Comparison to Centralized Protocol

In contrast to the centralized protocol from Section 4.4.1, the task of the semi-
honest service provider is distributed to the “strangers”, namely FoFs of user u. The
overall computational complexity stays the same. The reason we have chosen the
strangers to handle most of the computations is to reduce the complexity of the
friends. In reality, the number of friends will be very limited, while the number of
FoFs is much larger so that the chance a FoF is chosen is quite low.

If we assume trust can propagate through a chain of friends, then the strangers
can be chosen more freely in the above solution. In comparison to the protocol
from Section 4.4.1, this solution has the following advantages.

• The users do not need to semi-trust the service provider any more.

• User u can select the users (his friends and FoFs) to compute recommenda-
tions for himself. In order to do this, user u needs tomaintain a social graph
(at least his friends and FoFs).

However, it also has the following disadvantages.

• User u’s FoFs need to perform more computations. Basically, the workload
of the service provider has been shifted to them. This may become a heavy
burden for the users.

• Users need to put more trust on their friends and FoFs, particularly on the
user t∗. The users cannot leverage the service provider to blend their inputs
anymore, and the trust has been shifted to user user t∗. In theory, this can
be avoided by a secure multi-party computation protocol, but this will sig-
nificantly increase the complexity.
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Clearly, from the efficiency perspective, the centralized solution from Section
4.4.1 ismore realistic inpractice. Inorder to reduce the trust on the serviceprovider,
we can (at least) add two layers of validations on its behaviors. One is that, before
participating in the protocol execution, a stranger can ask the service provider to
provide a chain of friends so that he can validate the public key pku. The other is
that user u can ask the service provider to prove that it has performed the required
operations honestly.

4.6 Accuracy Properties of the Proposed Protocols

In this section, we investigate the recommendation accuracy of the prediction al-
gorithms from Section 4.3, with respect to both centralized and decentralized set-
tings where strangers are chosen differently therein. Because the 10-FMT dataset
may be biased due to the fact that most of users don’t post their movie ratings to
Twitter, we also use MovieLens 100k dataset [45] with simulated friendships. In-
terestingly, the results alignwell in both datasets. In the experiments, we randomly
split each data set into training set (80%) and testing set (20%). Note that in order
to test all the users each time, instead of randomly splitting the original data sets
in form of triplets (user_id, item_id, rating), we randomly split each user’s rating
history into training set (80%) and testing set (20%). In each test, a user’s friends
are randomly selected from his friend-set, the strangers are also randomly chosen.
The MAE values summarized in the following tables are the mean value of their
corresponding 5-fold cross validation.

4.6.1 Accuracy in Centralized Setting

With respect to the 10-FMT dataset, the MAE of the proposed recommendation
algorithm, Section 4.3.1, is summarized in Table 4.6.1. Due to the fact that a user
has limited number of friends in the 10-FMT dataset, we only compute MAE up
to 50 friends. The column denotes the possible values of α

α+β and the row denotes
the possible values of (|Fu|, |Tu|), where strangers are randomly sampled. Lower
MAE implies more accurate recommendations.
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0.5 0.6 0.7 0.8 0.9 1.0
(10, 10) 0.6178 0.6197 0.6192 0.6299 0.6362 0.6388
(20, 10) 0.6140 0.6168 0.6156 0.6204 0.6208 0.6291
(30, 10) 0.6076 0.6090 0.6094 0.6169 0.6234 0.6371
(40, 10) 0.6073 0.6066 0.6104 0.6150 0.6215 0.6300
(50, 10) 0.6066 0.6053 0.6095 0.6138 0.6199 0.6289

Table 4.6.1: MAE on 10-FMT

With respect to theMovieLens 100k dataset, we define friends and strangers as
follows. Given a user u, we first calculate theCosine similaritieswith all other users
andgenerate a neighborhood for useru. Then,we choose a certainnumberof users
from the top-Kf most similar neighbors as the friends (In the experiments, Kf =

250.), and randomly choose a certain number of users from the rest as strangers.
TheMAE of the revised TW algorithm from Section 4.3.1 is summarized in Table
4.6.2. According to the accuracy results by Lemire and Maclachlan (in Table 1
of [67] where the values are MAE divided by 4), their smallest MAE is 0.752 =

0.188× 4. We can get similar or lower MAE when |Fu| ≥ 70 by adjusting α
α+β .
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0.5 0.6 0.7 0.8 0.9 1.0
(10, 10) 0.8195 0.8112 0.8074 0.8104 0.8157 0.8290
(20, 10) 0.8115 0.8002 0.7964 0.7937 0.8028 0.8086
(30, 10) 0.8046 0.7932 0.7866 0.7822 0.7874 0.7952
(40, 10) 0.8000 0.7852 0.7779 0.7739 0.7770 0.7834
(50, 10) 0.7943 0.7800 0.7693 0.7666 0.7658 0.7728
(60, 10) 0.7913 0.7757 0.7640 0.7593 0.7601 0.7636
(70, 10) 0.7888 0.7715 0.7601 0.7536 0.7530 0.7572
(80, 10) 0.7856 0.7682 0.7561 0.7482 0.7470 0.7484
(90, 10) 0.7830 0.7665 0.7527 0.7445 0.7424 0.7428
(100, 10) 0.7815 0.7626 0.7492 0.7398 0.7371 0.7386

Table 4.6.2: MAE on MovieLens 100k

From the numbers in Table 4.6.1 and Table 4.6.2, there is a general trend that
MAE decreases when friends number increases. We plot some columns of both
tables for a better illustration, shown in Fig 4.6.1.

When the numbers of friends and strangers are fixed, the contribution factor
α

α+β also plays a role in determining recommendation accuracy. Weplot some rows
of both tables for a better illustration, shown inFig 4.6.2. TheMAEdecreaseswhen
α

α+β increases (i.e. friends hasmore contribution) on theMovieLens 100k dataset,
while the MAE slightly increases when α

α+β grows higher than 0.6 on the 10-FMT
dataset.

4.6.2 Accuracy in Decentralized Setting

For the decentralized setting, we compute the MAE on both datasets and present
them in Table 4.6.3 and Table 4.6.4 respectively. TheMAE values are very close to
those in Table 4.6.1 and Table 4.6.2, so that we can conclude that the recommen-
dation accuracy is similar in both settings. It implies that sampling strangers from
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Figure 4.6.1: MAE evaluation with different friends number.

Figure 4.6.2: MAE evaluation with different α
α+β .

FoFs does not bring much accuracy gain with respect to both datasets.
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0.5 0.6 0.7 0.8 0.9 1.0
(10, 10) 0.6209 0.6168 0.6234 0.6289 0.6309 0.6465
(20, 10) 0.6135 0.6147 0.6164 0.6179 0.6275 0.6367
(30, 10) 0.6133 0.6085 0.6132 0.6188 0.6248 0.6309
(40, 10) 0.6124 0.6116 0.6110 0.6167 0.6233 0.6297
(50, 10) 0.6104 0.6084 0.6104 0.6147 0.6214 0.6301

Table 4.6.3: MAE on 10-FMT (Decentralized)

0.5 0.6 0.7 0.8 0.9 1.0
(10, 10) 0.8181 0.8138 0.8132 0.8158 0.8188 0.8265
(20, 10) 0.8082 0.8034 0.7978 0.7994 0.8012 0.8123
(30, 10) 0.8026 0.7922 0.7879 0.7855 0.7885 0.7961
(40, 10) 0.7953 0.7862 0.7778 0.7763 0.7786 0.7826
(50, 10) 0.7917 0.7801 0.7726 0.7686 0.7688 0.7731
(60, 10) 0.7862 0.7747 0.7638 0.7625 0.7620 0.7664
(70, 10) 0.7854 0.7698 0.7604 0.7565 0.7532 0.7565
(80, 10) 0.7799 0.7663 0.7578 0.7502 0.7488 0.7489
(90, 10) 0.7781 0.7647 0.7524 0.7447 0.7407 0.7430
(100, 10) 0.7758 0.7603 0.7497 0.7406 0.7379 0.7377

Table 4.6.4: MAE on MovieLens 100k (Decentralized)

4.6.3 Comparison

Jeckmans et al. [57] proposed a similar solution, refer to as JPHprotocol, in which
only friends’ data is counted in the recommendation computations. The predici-
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ton process of JPH protocol is defined as

pu,b =

∑
f∈Fu qf,b · rf,b · (

wu,f+wf,u
2 )∑

f∈Fu qf,b · (
wu,f+wf,u

2 )

=

∑
f∈Fu rf,b · (wu,f + wf,u)∑
f∈Fu qf,b · (wu,f + wf,u)

(4.4)

where b denotes the item under prediction. the authors only discussed the secu-
rity properties of their solutions without touching upon the performances. In this
sections, we evaluate its accuracy performance on the two realword datasets.

Since strangers are not considered in the JPH prediction algorithm [57], we
compute the MAEs by only considering friends. For comparison, we assume all
the friends are rational, and let wu,f+wf,u

2 equal to theCosine similarity between user
u and friend f. With respect to the 10-FMTandMovieLens 100k dataset, theMAE
results are summarized inTable 4.6.5 and 4.6.6 respectively. Clearly, their accuracy
is much worse than our protocols which is mainly due to two reasons.

• JPH employs a very naive neighborhood-basedmethodwhich can not cap-
ture users’ rating preference. For example, some users prefer to give high
ratings while some others lean to give low ratings.

• In reality, the data sets are very sparse and imbalanced. It may arise more
serious cold-start problem to collaborative filtering techniques, including
neighborhood-based method, if only using friends’ rating information for
predication.

Friends Num 10 20 30 40 50
MAE 2.5961 2.2464 2.0690 1.9677 1.9072

Table 4.6.5: MAE of JPH on 10-FMT
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Friends Num 20 40 60 80 100
MAE 1.9021 1.49451 1.2978 1.1825 1.1018

Table 4.6.6: MAE of JPH on MoiveLens 100k

4.7 Security Analysis of the Proposed Protocols

In the threat model (Section 4.3.2), the service provider is assumed to be semi-
honest, which means it will follow the protocol specification and does not partici-
pate in the protocol as a user. Moreover, a user trusts his friends to be semi-honest.
As to communication channel among users, it is assumed that all communications
are protected with respect to integrity and confidentiality (with forward secrecy).
In the worst-case security model, it is assumed that some friends can be compro-
mised.

The protocols from Section 4.4 and 4.5 are secure in both models based on the
facts that all computations aredone in the encrypted formunder useru’s public key
and the comparison protocol is secure. It is worth noting that in these protocols
the server does not need to generate any key pair for the SWHE scheme. As a
result, the protocols are immune to key recovery attacks.

Next, we experimentally study the information leakages from recommendation
outputs. We take the centralized protocols (where strangers are involved in the
computation) as an example, and leave out the decentralized protocol which has
similar results.

4.7.1 Inference from Outputs

Intuitively, the potential information leakages from recommendations depends on
the global parameters α, β and the sizes of Fu and Tu. If α

α+β gets larger or the size
ofTu gets smaller, then the inputs from friends contributemore to the final output
of user u. This will in turn make inference attacks easier against the friends but
harder against the strangers. In the protocol design, we explicitly prevent user u
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from communicating with the strangers, therefore, user u will not trivially know
whether a specific user t has been involved in the computation. The strangers are
independently chosen in different protocol executions and the same stranger is
unlikely to be involved in more than one executions, so that it is difficult for an
attacker to leverage the accumulated information. Furthermore, we note the fact
that there aremanyusers in recommender systemsbut only 6possible rating values
for any item. This means that many users would give the same rating value rt,b for
the item b. With respect to the single prediction protocol, even if rt,b is leaked, user
uwill not be able to link it to user t.

In our proposed algorithm, a friend f’s contribution to pu,b is protected by the
inputs from users in Fu\f and the strangers in Tu. Similarly, a stranger t’s contri-
bution to pu,b is protected by the inputs from users in Fu and strangers in Tu\t.
We perform some experiments to show how a single friend or stranger influences
the predicted rating values. We use the both the 10-FMT and MovieLens 100k
datasets, and set α

α+β = 0.8. For illustration purpose, we only consider two set-
tings, namely (|Fu|, |Tu|) = (10, 10) and (|Fu|, |Tu|) = (30, 10).

Take the setting (|Fu|, |Tu|) = (10, 10) as an example, we perform the follow-
ing experiment to test a friend’s influence. In the experiment, we run 5-fold cross
validation 50 times. In each 5-fold cross validation, we fix the friends of all users
in the dataset by randomly selecting 11 friends for each user at the beginning, say
each user has a fixed friend list L. Then for each user in the test set, the following
procedure is carried out.

1. Randomly choose 10 strangers.

2. Randomly exclude1 friend f0 from the listL. Compute thepredicted ratings
of user u in the test set. Let the prediction vector be denoted as P0.

3. Randomly exclude 1 friend f1 (f0 ̸= f1) from the list L. Compute the pre-
dicted ratings of user u in the test set. Let the prediction vector be denoted
as P1.
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Figure 4.7.1: Single Friend (Stranger) Influence on 10-FMT Dataset

Figure 4.7.2: Single Firend (Stranger) Influence on MovieLens 100k Dataset

79



4. Compute the prediction difference vector as P0 − P1.

Experiments for testing a stranger’s influence and for the (|Fu|, |Tu|) = (30, 10)
setting can be designed in a similar manner. After obtaining all prediction differ-
ence vectors P0 − P1 in the experiments, we plot the frequency of all difference
values in Figure. 4.7.1 for the 10-FMT dataset and in Figure. 4.7.2 for the Movie-
Lens 100k dataset. From the figures, it is obvious that an individual’s influence to
the output is quite small. In particular, a friend’s influence becomes smaller when
the friend set becomes larger. Another observation is that a stranger’s influence is
much smaller than a friend, but it stays almost the same when the friend set be-
comes larger.

Remark on Figure. 4.7.1. Statistically,≥87% and≥91% differences fall into the
range [−10−5, 10−5] w.r.t single friend influence testing and single stranger influ-
ence testing respectively. For clearly presenting those differences that fall out of
the range [−10−5, 10−5] and keeping the histogram structure,≈98% of the differ-
ences that fall into the range [−10−5, 10−5] have been removed.

Remark on Figure. 4.7.2. Statistically,≥89% and≥81% differences fall into the
range [−10−5, 10−5] w.r.t single friend influence testing and single stranger influ-
ence testing respectively. For clearly presenting those differences that fall out of
the range [−10−5, 10−5] and keeping the histogram structure, we remove ≈98%
of the differences that fall into the range [−10−5, 10−5].

4.8 Computational Complexity Analysis

In this section, we investigate the computational complexities of the protocols
from Section 4.4.1 and 4.4.2. Since it is easy to infer the complexity of the de-
centralized protocol from the centralized one, we skip the details.

4.8.1 Asymptotic Analysis

With respect to the computational complexity of the proposed protocols, we first
count the number of different computations required. For the single prediction
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protocol, the numbers of SWHE-related operations are listed inTable 4.8.1. COM
will be executed once.

Enc Eval(+, , ) Eval(·, , )
Friend 2M+ 1 2M− 1 2M+ 2
Stranger 2M+ 1 2M− 1 2M+ 1
Server 4 2|Tu|+ 2|Fu| − 3 |Fu|+ 6
User u M+ |Fu| 0 0

Table 4.8.1: Complexity of Single Prediction Protocol

For the Top-n protocol, the numbers of SWHE-related operations are listed in
Table 4.8.2. In addition, if we instantiate theRANK protocol with the well-known
Heapsort algorithm, the COM protocol needs to be executedO(M logM) times.

Enc Eval(+, , ) Eval(·, , )
Friend 2M 0 M
Stranger 2M 0 0
Server 3 2(|Tu|+|Fu|+M)M−5M (2M+6+ |Fu|)M
User u 2M2 + |Fu| 0 0

Table 4.8.2: Complexity of Top-n Protocol

4.8.2 Implementation Results

We instantiate aCOM protocol based on that of Veugen [119] and evaluate its per-
formance. In addition to the SWHE scheme based on YASHE [13], the protocol
also relies Goldwasser-Micali scheme [44]. In both schemes, we set the bit-length
of the prime number to be 512. We implement the Goldwasser-Micali scheme,
which has the timing cost for Enc (1.5 μs), Dec (4.5 μs), based on an Intel(R)
Core(TM) i7-5600UCPU 2.60GHz. In executing theCOMprotocol, the compu-
tation time for the client and the server is roughly 0.45ms and2.82ms respectively.
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We adopt the MovieLens 100k dataset where M = 1682 and set (|Fu|, |Tu|) =

(70, 10). We use the Microsoft SEAL library [28] based on YASHE scheme. The
timing information of the SEAL lib is Enc (42 ms),Dec (41 ms), Eval(·, , ) (305
ms), Eval(+, , ) (85 μs). The timing information of our protocols is shown in Ta-
ble 4.8.3, and the source code is in [122].

Friend Stranger Server User u
Single 1.12 1.00 0.72 74.17
Top-n 141.22 140.55 1726446 236424

Table 4.8.3: Timing Numbers (Seconds)

Regardless the resource-constrained testingenvironment, it is clear that theTop-
n protocol is very inefficient. The complexity mainly comes from the fact that we
want to restrict user u to only learn the Top-n recommendations and prevent the
server from learning any information. As such, there are two possible directions
to relax the security guarantee and get better efficiency.

• One is to let user u learn more information (denoted as Relax-1 in Table
4.8.4). Referring to the protocol specification in Section 4.4.2, in stage 3,
user u does not need to generate MX,MY and the server does not need to
compute ([U1Ku, [U2Ku, · · · , [UMKu) and (JV1Ku, JV2Ku, · · · , JVMKu). There
is no need to perform the ranking, the server just sends JXbKu, JYbKu for ev-
ery 1 ≤ b ≤ M to user u, who can decrypt these ciphertexts and obtain the
Top-n recommendations.

• Theother is to let the server learn howmany items user uhas rated (denoted
as Relax-2 in Table 4.8.4). In addition, we need to assume that the strangers
will not collude with the server. Referring to the protocol specification in
Section 4.4.2, in stage 1 and 2, user u generates a random permutation for
the items in the item set and share the permutation information with the
friends and strangers. In stage 3, user u does not need to generate MX,MY

and the server does not need to compute ([U1Ku, [U2Ku, · · · , [UMKu) and
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(JV1Ku, JV2Ku, · · · , JVMKu). In stage 3, user u tells the server which items
has been rated (the indices of these itemshave beenpermuted), and they in-
teractively perform the ranking for the unrated items in the encrypted form
as before.

Friend Stranger Server User u
Relax-1 141.22 140.55 1562 141.58
Relax-2 141.22 140.55 1610 10.46

Table 4.8.4: Timing Numbers (Seconds)

4.9 RelatedWork

Existing privacy-protection solutions can be generally divided into two categories.
The cryptographic solutions (e.g. [5, 18, 86, 118]) often aim at securing the pro-
cedure of underlying recommender protocols, namely they do not consider the
information leakage in the outputs. In this category, a typical method is to em-
ploy somewhat homomorphic encryption schemes and let all computations be
done in encrypted form. Unfortunately, this will incur intolerable complexities
and make the solutions impractical. Even though in the neighborhood-based sys-
tems, predictions are computed based on a small subset of users’ data, a secure so-
lution must compute the neighborhood privately in the first place, and this often
introduces a lot of complexity. Moreover, many solutions (e.g. [86]) introduce
additional semi-trusted servers which are difficult to be instantiated in reality. The
data-obfuscation solutions (e.g. [109, 129]) rely on adding noise to the original
data or computation results to protect users’ inputs. These solutions usually do
not incur complicated manipulations on the users’ inputs, so that they are much
more efficient. The drawback is that they often lack rigorous privacy guarantees
and downgrade the recommendation accuracy to some extent.

In order to improve the efficiency of privacy-preserving recommender systems,
one typical approach is to design more efficient cryptographic tools. However,
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even if the speedup is significant in cryptographic sense, it often does not result
in practical recommender systems. This is due to the large underlying user popu-
lations, which make model training and neighborhood selection unrealistic even
with efficient cryptographic tools. Recently, Jeckmans et al. proposed an inter-
esting solution direction in [57], where they proposed the concept of friendship-
based recommender systemand gave solutions basedon somewhat homomorphic
encryption schemes. The rationale behind their concept is the following.

• In order to avoid the computationally-cumbersome neighborhood selec-
tion step in neighborhood-based recommender systems, the solution lever-
ages auxiliary social network information of users. This approach reduces
the amount of data used in computing predictions significantly.

• Trust is a very subtle issue. Friends may trust each other in the sense that
their peers will not collude with a third party to leak their information. If
a collusion is discovered, then their relationship can be broken. Moreover,
some information may be sensitive among friends, but not with strangers.
For instance, if a user has watched a porn movie, then disclosing this to his
friends may make him embarrassed, but disclosing it to a stranger may not
cause any harm. This motivates the adoption of homomorphic encryption
to secure the computation.

4.10 Conclusion and FutureWork

In the chapter, we presented a friendship-based recommender system which al-
lows computing recommendations with the data from a few of users. We first
demonstrated that our proposed recommender system allows a promising accu-
racy performance, then we implemented a secure protocol based on this system,
with resort to a somewhat (fully) homomoprhic encryption scheme. This rec-
ommender system requires a much fewer number of users (for recommendation
computation) than existing recommendation algorithms do, significantly improv-
ing the efficiency performance. We have also provided detailed analysis to rec-
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ommendation accuracy, inference attacks, and computational complexities. The
idea of introducing randomly selected strangers to prevent information leakages
from the output share some similarity with the differential privacy based approach
[76] and the differential identifiability approach [66]. A more rigorous compari-
son remains as an interesting futurework, particularly in the line of theworks from
[11, 29]. With respect to accuracy analysis, it is an interesting future work to per-
form a study on an unbiased real-world dataset.
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5
CryptoRec: Privacy-preserving
Recommendation as a Service

5.1 Introduction

Machine Learning as a Service (MLaaS) has become increasingly popular, with
the progress of cloud computing. As the recommender system is always one of the
most important machine learning tasks, deploying cloud based recommendation
service is definitely an important topic. In fact, commercial applications of Rec-
ommendation as a Service have existed, such asAmazon [6] andRecombee [101].
On the one hand, a user can efficiently get preferred products from a vast number
of items due to the recommender system; on the other hand, the user data is ex-
posed to the service provider and can be abused [31, 82]. As such, it results in
immediate privacy risks to the user. In this chapter, we study how to obtain effi-
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cient and accurate recommendation services while preserving data privacy. As an
illustrative example, consider the following scenario:

A user (client) with some private data (e.g., ratings) would like to buy a recom-
mendation service to efficiently figure out themost favorable products froma large
number of potential candidates. A service provider (e.g., Amazon) has already col-
lected a large database of ratings given by its users on sold items and wishes to
monetize its data by selling Recommendation as a Service (RaaS). Different from
existing recommender systems, in our scenario the client is unwilling to expose
her data to the service provider due to the worries of privacy leakage. At the same
time, commercial concerns or requirementsmayprevent the service provider from
releasing its trained recommendation model to the public. In addition, releasing
a trained model may also bring privacy risks to the users in the service provider’s
database.

We can formalize the above scenario as a secure two-party computation (2PC)
protocol. We first describe the Recommendation as a Service (RaaS) as a 2PC
protocol, where on one side we have the Server (service provider) with its training
data and on the other side the Client with her input. When the protocol termi-
nates, the Client learns a prediction for her input. For obvious reasons, the pro-
tocol is only as useful to the Client as the accuracy of the predictions. Then we
define the security of the 2PC protocol from two aspects: (1) the Client should
only learn the predictions (including what can be inferred from the predictions);
(2) the Server should not learn anything about the Client’s input. General cryp-
tographic primitives such as secure multi-party computation (SMC) and homo-
morphic encryption (HE) are immediate candidates to overcome these security
concerns.

State-of-the-art recommender systems often rely on non-linear operations, or
require training the recommendation model with the Client’s data [64, 78, 132,
133]. Generic solutions usually come at a prohibitive cost in terms of efficiency.
While improving cryptographic tools (e.g., HE or SMC) is one typical way to
achieve more efficient privacy-preserving solutions, unfortunately, the improve-
ment is usually far from satisfactory tomake these solutions practical enough. Re-
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cently, CryptoNets [43] andMiniONN [72] have been proposed for privacy pre-
serving neural networks based MLaaS, the scenario of which is similar to ours.
Moreover, they assumemachine learningmodelshavebeenpre-trained(theClient’s
data is not required to be existing in the training set). The primary contribution
of CryptoNets andMiniONN is how to efficiently compute non-linear operations
on encrypteddata. Insteadof using state-of-the-art non-linear activation functions
such as ReLu (relu(x) = max(0, x)), CryptoNets proposed using a square activa-
tion function (f(x) = x2) to avoid non-linear operations, to facilitate evaluating
neural networks on encrypted data. This approach may result in a significant ac-
curacy loss [72]. MiniONN introduced a multi-round interactive protocol based
on HE and garbled circuits [62], in which non-linear operations were computed
by interactions between the Server and the Client. This method requires the two
parties to be online constantly, which may increase the difficulty of using MLaaS.

Ourcontributions. Wetackle this problem fromthedirectionofdesigning crypto-
friendly machine learning algorithms, so that we can achieve efficient solutions by
directly using existing cryptographic tools. In particular, we propose CryptoRec,
a new non-interactive secure 2PC protocol for RaaS, the key technical innovation
of which is an HE-friendly recommender system. This recommendation model
possesses two important properties: (1) It uses only addition and multiplication
operations, so that it is straightforwardly compatible withHE schemes. With this
property, CryptoRec is able to complete recommendation computations without
requiring the Server and the Client to be online continuously. Simply put, the
Client sends her encrypted rating vector to the Server, then the Server computes
recommendations with the Client’s input and returns the results in an encrypted
form. In addition to this, there is no other interaction between the two parties;
(2) It can automatically extract personalized user representations by aggregating
pre-learned item features, that we say the model has an item-only latent feature
space. This property allows the Server with a pre-trainedmodel to provide recom-
mendation services without a tedious re-training process, which significantly im-
proves the efficiency performance. Note that theClient’s data is not in the Server’s
database which is used for model training.
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CryptoRec is able to produce recommendations in a direct mode (using only
a pre-trained model learned on the Server’s database which does not contain the
Client’s data) or in a re-trainingmode (where themodel is first re-trained with the
Client’s input before computing recommendations). The re-training mode pro-
duces slightly more accurate predictions. In the direct mode, we can instantiate
our protocol with an additive HE scheme such as the very efficient Paillier cryp-
tosystem [91]. We test both modes of CrytoRec on MovieLens-1M (ml1m)[45],
Netflix (netlfix) [84] and Yahoo-R4 (yahoo) [1] public datasets. Experiment re-
sults show that the direct mode allows the Server with thousands of items to pri-
vately answer a prediction query in a few seconds on a single PC. To re-train the
model with the Client’s input, we need a limited number of homomorphic addi-
tive and multiplicative operations. Therefore, we must rely on a Somewhat HE
scheme (SWHE) [37]. Besides the advantage that our solution relies only on lin-
ear operations and converges in a very few numbers of iterations, the accuracy of
the predictions produced by our model is less than 2% away from those achieved
by the most accurate collaborative learning algorithms known to date (depend-
ing on the datasets). In practice, the Client can choose either of the two modes,
according to her preference on the trade-off between accuracy and efficiency.

As a byproduct, the CryptoRec model naturally achieves transferability, in the
sense thatwe caneasily transfer the knowledge learned fromonedataset to another
if they share the same item set. We experimentally demonstrate the transferability
of our model and discuss how it facilitates recommendations as a service in terms
of both utility (i.e. accuracy and efficiency) and privacy.

5.2 CryptoRec

In this section, we presentCryptoRec, a non-interactive secure 2PCprotocol built
on top of a newhomomorphic encryption-friendly recommender system, referred
to as CryptoRec’s model. In Section 5.2.1, we introduce CryptoRec’s model. In
Section 5.2.2 we explain how to train the model and learn the parameters Θ. Fi-
nally, in Section 5.2.3, we combine the prediction procedure of our model with
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homomorphic encryption. This gives rise to our CryptoRec protocol. We also
consider a second variant of the protocol in which themodel parametersΘ are re-
trained before computing recommendations. The re-training occurs in encrypted
form, therefore it results in better accuracy without compromising security. Nat-
urally, the computational cost on the Server side is considerably heavier.

5.2.1 CryptoRec’s Model

Existing collaborative filtering (CF) technologies require non-linear operations or
re-training with the Client’s data [64, 78, 132, 133]. Directly applying the existing
CFs to encrypted data leads to severe efficiency problems. To address this issue,
we propose CryptoRec’s model, a new homomorphic encryption friendly recom-
mender system. It models user-item interaction behaviors in an item-only latent
feature space. This means that the user features do not exist in the latent feature
space, the model will automatically compute the user features by aggregating pre-
learned item features. This property allows the Server with a pre-trained model
to provide recommendations for the Client without having to re-train the model
with the Client’s data. Algebraic operations in CryptoRec’s model are constrained
toonly additions andmultiplications, thusCryptoRec’smodel is straightforwardly
compatible with homomorphic encryption schemes.

We exploit the fact that a user profile is essentially identified by items that the
user has rated, to construct personalized user features in an item-only latent feature
space. In particular, wemodel the personalized user featurespu by aggregating pre-
learned item featuresQ = {qi}mi=1 as follows,

pu = ruQ (5.1)

therefore we can approximate an observed rating rui by

rui ≈ r̂ui = (ruQ)︸ ︷︷ ︸
pu

qTi (5.2)
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Using only a single latent feature space Q to model a large number of ratings
often leads to an information bottleneck. To address this issue, we relax the item
features which were used to construct user features P, and redefine the Equation
(5.2) as

rui ≈ (ruA)︸ ︷︷ ︸
pu

qTi (5.3)

Note that A ∈ Rm×d is a new item feature space.
Wenowhave thebasic formofCryptoRec’smodelwhichhas an item-only latent

feature space and relies only on addition andmultiplication operations. However,
it is not robust enough in practice due to the high variance of individual user or
item behaviors, commonly known as biases. For example, real-world datasets ex-
hibit large systematic tendencies for some users to give higher ratings than others,
and for some items to receive higher ratings than others [64]. To address this is-
sue, a common approach is to identify the portion of these ratings that individual
user or item biases can explain, subjecting only the true interaction portion of the
ratings to latent factor modeling [64]. The user and item biases are often approxi-
mated by

bui = μ + bu + bi (5.4)

where μ =
∑

(u,i)∈R rui
N is the global rating average, N is the number of observed

ratings. bu and bi approximate user bias and item biases, respectively. To obtain
bu and bi, we can either compute bu = r̄u − μ and bi = r̄i − μ [64], or directly
learn their values from a dataset [63]. The former ignores the global effects upon
a single user or item; the latter models both the individual behaviors and global
effects, but sometimes it leads to an early overfitting. To maintain both reliability
and accuracy, we separately model the individual behaviors and global effects as
follows

bui = μ + bu + bi + b∗u + b∗i (5.5)

where bu and bi are computed as bu = r̄u − μ and bi = r̄i − μ. b∗u and b∗i are the
parameters directly learned from the dataset to capture only the impact of global
effects upon a single user and item, respectively.
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We combine the biases approximator (Equation (5.5)) and the user-item inter-
action approximator (Equation (5.3)) to formalize the final CryptoRec’smodel as
following,

rui ≈ r̂ui = μ + bu + bi + b∗u + b∗i︸ ︷︷ ︸
biases

+(ruA)qTi︸ ︷︷ ︸
interaction

(5.6)

As such, the user preference estimation is separated into two parts: biases approxi-
mator and user-item interaction approximator. This allows only the true user-item
interaction beingmodeled by the factormachine (i.e., Equation (5.3)). Themodel
parameters of CryptoRec’s model areΘ = {A,Q, b∗u , b

∗
i } 1, where b∗u = {b∗u}nu=1

, b∗i = {b∗i }mi=1.

5.2.2 Training

The model parametersΘ = {A,Q, b∗u , b
∗
i } are learned by solving the regularized

least squares objective function,

L =
n∑

u=1

||(r̂u − ru) · φu||
2

+λ · (∥A∥2 + ∥Q∥2 + ∥b∗u∥
2 + ∥b∗i ∥

2)

(5.7)

where r̂ui is defined in Equation (5.6), φu = {φui}mi=1 and (r̂u − ru) · φu denotes
{(̂rui− rui)φui}mi=1. If user u rated item i, then φui = 1, otherwise, we let φui = 0 and
rui = 0. We use φui to remove the (incorrect) gradients computed on unobserved
ratings. The constant λ controls the extent of regularization. When performing
training on plaintext dataset, the Server can compute φui by itself, avoiding the un-
necessary gradient computations on unobserved ratings.

As shown in Equation (5.6), CryptoRec’s model is in fact a two-layer network.
The first layer outputs the user feature vector pu = ruA and the second layer
integrates the user features, item features and biases to estimate the user prefer-

1For the convenience of notation in describing the algorithms later on, we omit {μ, bu, bi}
from the model parameters Θ in favor of a slightly more succinct notation. Note that {μ, bu, bi}
are not learned by training procedure either.
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ences. Back-propagation [65] is a standard method used in neural networks to
calculate a gradient that is needed in the calculation of the values of parameters
in the network. Simply put, we first compute the predictions given the input data
(i.e., a forward pass); and then we calculate the total error according to the ob-
jective function (e.g., Equation (13)). Lastly, we compute the gradient of each
trainable parameter using the error back-propagated through the network layers
(i.e., a backward pass). Using the back-propagation method, we have the gradient
of each model parameter of CrypotRec’s model as follows,

ΔA =
∂L
∂pu
· ∂pu
∂A

= [(eu · φu)Q]⊛ rTu + λ · A

Δqi =
∂L
∂qi

= φui · (eui · (ruA) + λ · qi)

Δb∗u =
∂L
∂b∗u

= euφu + λ · b∗u

Δb∗i =
∂L
∂b∗i

= eiφi + λ · b∗i

(5.8)

where eui = r̂ui − rui, eu = {eui}mi=1 , ei = {eui}nu=1, and eu · φu = {eui · φui}mi=1.
⊛ denotes outer product 2. We randomly divide the dataset intomultiple batches.
In the training phase, we compute gradient by batch and update themodel param-
eters by moving in the opposite direction of the gradient (i.e., gradient descent
optimization algorithm). Algorithm 4 outlines the model training procedure. The
learning rate η is used to control the speed ofmodel updates. Note that the training
procedure only relies on addition and multiplication operations.

5.2.3 Two Secure Protocols

In this section, we introduce two CryptoRec secure protocols. In the first proto-
col, the Server uses pre-trained model parameters Θ and directly takes as input
the Client’s encrypted rating vector to compute recommendations. In the second

2Given two vectors x1×m and yn×1, (x⊛ y)ij = xiyj
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Algorithm 4CryptoRec’s model training procedure T

Input: RatingR, rating indicatorΦ , user mean ratings r̄u = {̄ru}nu=1,
Θ = {A(0),Q(0), b∗(0)u , b∗(0)i }
Output: OptimizedΘ = {A(K),Q(K), b∗(K)u , b∗(K)i }

1: procedure T ({R,Φ, r̄u},Θ)
2: for k← {1, 2, · · · ,K} do
3: A(k) ← A(k−1) − η · ΔA(k−1) ▷ η: learning rate
4: Q(k) ← Q(k−1) − η · ΔQ(k−1)

5: b∗(k)u ← b∗(k−1)u − η · Δb∗(k−1)u

6: b∗(k)i ← b∗(k−1)i − η · Δb∗(k−1)i

7: returnΘ = {A(K),Q(K), b∗(K)u , b∗(K)i }

protocol, the Server re-trains the model parameters Θ before computing recom-
mendations. For the sake of clarity, we denote the Client as v in this section.

Secure protocol with a pre-trained model. Figure 5.2.1 describes the security pro-
tocol for prediction with pre-trainedmodel parametersΘ. TheClient v sends JrvK
and J̄rvK to the Server, which executes the prediction processP (described in Fig-
ure 5.2.1) and returns the encrypted results r̂v.

User (Input: rv, r̄v) Server ( Input: Θ)JrvK←$ Enc(rv, pk)J̄rvK←$ Enc(̄rv, pk)JχK← {JrvK, J̄rvK} JχK−→ Jr̂vK← P(JχK,Θ)ĴrvK←−−
r̂v ← Dec(Jr̂vK, sk)

Figure 5.2.1: CryptoRec with pre-trained Θ = {A,Q,b∗u ,b∗i }

Wepresent the prediction processP ofCryptoRec’smodel in Algorithm5. The
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Algorithm 5CryptoRec’s model prediction procedureP

Input: Ratings JrvK, J̄rvK ,Θ = {A,Q, b∗u , b
∗
i , μ, bu, bi}

Output: Recommendations Jr̂vK
1: procedureP({JrvK, J̄rvK},Θ)
2: if b∗v /∈ b∗u then ▷ b∗v ∈ b∗u if re-traininng theΘ
3: b∗v ←

∑n
u=1 b

∗
u

n

4: JpvK← JrvKA ▷HE dot-product using⊙ and⊕
5: for i← [1, 2, · · · ,m] do
6: Jx1K← (bi + b∗i + b∗v )⊕ J̄rvK ▷ bv ← r̄v − μ
7: Jx2K← JpvKqTi
8: ĴrviK← Jx1K⊕ Jx2K
9: Jr̂vK[i]← ĴrviK

10: return Jr̂vK
computation is straightforward since CryptoRec’s model contains only addition
and multiplication operations, as we can observe in Equation (5.6). The inputs of
this algorithm are the Client’s encrypted rating vector JrvK, the average rating J̄rvK
and model parametersΘ. Since the Client’s b∗v is unknown to the Server, b∗v is set
to the average value of b∗u (line 2-3, Algorithm 5).
Secure protocol with re-training. In order to achieve the most accurate predic-

tions, we introduce a re-training process to the CryptoRec protocol, shown in Fig-
ure 5.2.2. Compared to the secure protocol without a re-training step (using only
a pre-trained model, Figure 5.2.1), there are two differences: The first one is that,
besides JrvK and J̄rvK, the user also sends the encrypted indication vector JφvK to
the Server, whichwill be used in the training procedureT . The second one is that,
before computing recommendations using P (Algorithm 5), the Server re-trains
the model parametersΘwith the Client’s inputs.

The training procedure T is described in Algorithm 4, takes advantage of ho-
momophic properties of the encryption scheme. It is worth stressing that in the
re-training protocol, we re-train the model parameters Θ with only the Client’s
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User (Input: rv, φv, r̄v) Server ( Input: Θ)JrvK←$ Enc(rv, pk)JφvK←$ Enc(φv, pk)J̄rvK←$ Enc(̄rv, pk)JχK← {JrvK, JφvK, J̄rvK} JχK−→ JΘK← T (JχK,Θ)Jχ1K← {JrvK, J̄rvK}Jr̂vK← P(Jχ1K, JΘK)ĴrvK←−−
r̂v←$ Dec(Jr̂vK, sk)

Figure 5.2.2: CryptoRec with re-training Θ = {A,Q,b∗u ,b∗i }

data, not the Server’s dataset. For efficiency reasons, the Server should pre-train
the model parametersΘ on its dataset. Note that after the re-training process, the
model parametersΘ are encrypted. So the related algebraic operations in the pre-
diction process P should be also updated to their corresponding homomorphic
operations.

The data security and the correctness of algebraic operations are guaranteed by
HE primitives straightforwardly. The client can (always) generate a new pair of se-
cret/public keys to encrypt its datawhen requiring recommendation services. The
server trains a randomly initializedCryptoRecmodel with a stochasticmethod, so
the learned model is non-deterministic.

5.3 Experiment Setup

We evaluate the accuracy and efficiency performances of CryptoRec on the rating
prediction task and compareCryptoRecwith several state-of-the-art collaborative
filtering algorithms, including item-basedNBM (I-NBM) [25], biasedmatrix fac-
torization (BiasedMF) [64], user-based AutoRec (U-AutoRec) [106] and item-
based AutoRec (I-AutoRec) [106]. We test these models on three datasets which
are widely used for recommender systems performance evaluation, as shown in
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Table 5.3.1. The dataset ml1m [45] contains 1 million ratings; yahoo [1] con-
tains 0.21million ratings; For netflix [84] dataset, we select 11, 000 userswhohave
given 1.2million ratings to 4,768 items, where each user has at least 30 ratings. The
testbed is a single PC with 8 Intel (R) Xeon(R) CPUs running at 3.5 GHz, with
32 GB of RAM, running the Ubuntu 16.04 operating system. All the 8 CPUs are
used in the experiments.

user # item # density scale
netflix 11,000 4,768 2.17% [1,5]
ml1m 6,040 3,952 4.2% [1,5]
yahoo 7,637 3,791 0.72% [1,5]

Table 5.3.1: Datasets used for benchmarking

5.3.1 Dataset Splitting

For each dataset, we randomly split all the users into a training set (80%) and a
validation set (20%), and then we randomly divide each user data vector of the
validation set into a feeding set (90%) and a testing set (10%). The training set
simulates theServer’s dataset, the feeding set simulates the ratingdataof theClient,
and the testing set is used for accuracy evaluation. In the experiments, the Server
trains recommendation models with its dataset. The Client sends its rating data
vector to the Server, as a query, to get recommendations. For the models which
have to be trained with the Client’s data (the feeding set), we directly append the
feeding set to the training set. These models, which require training from scratch
with theClient’s input, are identified in Section 5.3.2. For all themodels, we repeat
the accuracy evaluation experiments five times on each dataset. The root mean
square error (RMSE) is adopted as the accuracy metric,

RMSE =

√∑
(u,i)∈D (̂rui − rui)2

|D|
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whereD is the testing set, |D| is the number of ratings in the testing set. The lower
the RMSE value, the higher the accuracy performance is.

5.3.2 Remarks on Model Training

NBM MF Neural Network Based
w/o Client I-NBM[25] ∅ U-AutoRec[106],[90, 104, 113]
w/ Client U-NBM[25] BiasedMF[64],[63, 78] I-AutoRec[106], [50, 60, 123, 133]

Table 5.3.2: Remarks on model training

By investigating recommender systems which aim to provide accurate rating
predictions, we informally classify these models into two categories as shown in
Table 5.3.2. the category “w/o Client” contains the models which allow offering
recommendations with a pre-trained model while the Client’s private data is not
in the training set; the category “w/ Client” includes the models which have to be
trained or re-trained with the Client’s data. We refer interested readers to the two
comprehensive reviews [114, 132] for more details.

The models which fall into “w/ Client” category often have one or both of the
two following characteristics,

• User and item features are jointly learned in the training phase, such as MF
and its variants [63, 64, 78].

• The input is an itemrating vector (ri), suchasU-NBM[25]and I-AutoRec [106].

The models in the category of “w/o Client” often take as input a user prefer-
ence vector (e.g., ru). The personalized user features are automatically captured in
the prediction phase, such as I-NBM [25], U-AutoRec [106], and our proposed
CryptoRec’s model.

We select I-NBM, BiasedMF (the representatives of traditional recommender
systems), andU-AutoRec, I-AutoRec (the representatives of neural network based
recommender systems) as the comparison baselines.
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netflix ml1m yahoo
RMSE loss % RMSE loss % RMSE loss %

I-NBM 0.9115±0.007 9.4 0.8872±0.012 6.0 0.9899±0.017 0.2
U-AutoRec 0.9762±0.012 17.1 0.9526±0.007 13.9 1.0621±0.014 7.5
CryptoRec 0.8586±0.005 3.0 0.8781±0.007 4.9 0.9888±0.011 0.1
I-AutoRec 0.8334±0.006 0 0.8367±0.004 0 0.9880±0.015 0

Table 5.3.3: Accuracy comparison with pre-trained models. I-AutoRec is the
accuracy benchmark.

5.3.3 Accuracy Benchmark

Without considering privacy, the model I-AutoRec achieves state-of-the-art accu-
racy (RMSE) performance [106]. As such, we adopt I-AutoRec as the accuracy
benchmark model and train it from scratch in a standard machine learning set-
ting. Table 5.3.4 presents the accuracy performance of I-AutoRec on the selected
datasets.

netflix ml1m yahoo
I-AutoRec 0.8334±0.006 0.8367±0.004 0.9880±0.015

Table 5.3.4: Accuracy benchmark (RMSE) on plaintext

5.3.4 Hyper-parameter Setting

Totrain theCryptoRec’smodel, weperformagrid search for eachhyper-parameter.
In particular, for the learning rate ηwe search in {0.0001, 0.0002, 0.0004}; for the
regular parameter λwe search in {0.00001, 0.00002, 0.00004}; for the dimension
of the features {A,Q}, we search in {300, 400, 500, 600}. As a result, we choose
η = 0.0002, λ = 0.00002 and the dimension d = 500. To train the baseline
models, we also perform a grid search around the suggested settings given in their
original papers, as the dataset splitting is not the same. By doing so, we have a fair
comparison.
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5.4 Performance Evaluation

In this section, we first evaluate and compare the accuracy and efficiency perfor-
mance of using only a pre-trained model (Subsection 5.4.1). Then we investigate
the accuracy andefficiencyperformanceof a re-trainingprocess (Subsection5.4.2).

5.4.1 Comparison with Pre-trained Models

As described in Section 5.3.2, CryptoRec’s model, I-NBM, and BiasedMF allow
computing recommendation with a pre-trained model, and the Client’s private
data is not in their training set. In this section, we first verify and compare the accu-
racy performancebydirectly using the pre-trainedmodels (without re-training the
models with the Client’s data). Then we analyze and compare the computational
complexity of responding one prediction query in a private manner. Compared
to the complexity of homomorphic operations, algebraic operations in the plain-
text space are trivial. As such, for the computational complexity analysis, we only
count in the operations over encrypted data, i.e., operations between two cipher-
texts (i.e., ⊕,⊗) and multiplicative operations between a plaintext and a cipher-
text (i.e.,⊙).

5.4.1.1 Accuracy Comparison

Table 5.3.3 presents the accuracy performance of each model. Compared to the
benchmark (Table 5.3.4), the accuracy of the three models is compromised to
some extent (column loss% ), andCryptoRec has the least loss. Specifically, Cryp-
toRec loses 3.0% accuracy on netflix, 4.9 % on ml1m, and 0.1% on yahoo. Clearly,
CryptoRec is able to provide a promising accuracy guarantee to theClient byusing
only a pre-trained model.
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⊕ ⊙ Sigmoid
I-NBM O(m2) O(m2) ∅
U-AutoRec O(md) O(md) O(md)
CryptoRec O(md) O(md) ∅

Table 5.4.1: Computational complexity comparison of using pre-trained mod-
els.

5.4.1.2 Computational Complexity Comparison

To respond to a query from the Client, the Server has to predict the Client’s pref-
erences on all the items since it gets only an encrypted rating vector (JruK). We
analyze eachmodel’s computational complexity of answering one query, as shown
Table 5.4.1. Among the three models, I-NBM consumes more homomorphic ad-
ditions (⊕) andmultiplications (⊙); U-AutoRec costs a similar number of⊕ and
⊗ than CryptoRec’s model, but it introducesO(md) non-linear transformations
(i.e., Sigmoid). Computing the Sigmoid function often relies on securemultiparty
computation (SMC) schemes or polynomial-approximation [43, 72]. The former
requires the Server and Client to be online constantly and pay the price of extra
communication overhead [14, 72]; the latter leads to the use of a (somewhat)
fully homomorphic encryption scheme since it introduces homomorphic multi-
plications between two ciphertexts (⊗) [43]. Apparently, CrytoRec yields the
best efficiency performance.

5.4.1.3 Evaluation of CryptoRec

As shown in Table 5.4.1, CryptoRec needs only homomorphic additions⊕, and
multiplications between ciphertexts and plaintexts⊙. As such, any additively ho-
mommorphic encryption can be employed to implement CryptoRec. In this ex-
periment,weadopt thePaillier cryptosystem[91] implemented in the librarypython-
paillier [10]. In the implementation, we scale-up the parameter values to integers,
the Client can obtain correct recommendations by simply sorting the prediction
results. We let secret key size l = 2048. In this setting, the message size of one
encrypted rating JruiK is around 512 bytes, or 0.5 KB.
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Following the pruningmethod proposed by [49], we remove themodel param-
eters of which the values are very close to zero (i.e., [−5× 10−4, 5× 10−4]), since
these model parameters don’t contribute to the final predictions. Then we quan-
tify the values of the left model parameters to be 11 bits (2048 shared parameter
values), of which we can reuse most of the related computations. It is worth men-
tioning that this approach does not compromise the accuracy, sometimes, it even
leads to a slightly better accuracy performance. The same phenomenon has been
also observed by some other works such as [49, 88].

Figure 5.4.1: CryptoRec’s model trained on dataset ml1m: the distribution
of parameter values after pruning (left panel); the distribution of the reuse ra-
tio of each row of model parameters A and QT after the quantification (right
panel).

The left panel of Figure 5.4.1 intuitively describes the model parameter values
distribution after the pruning, and the right panel of Figure 5.4.1 is the reuse ratio
distribution of each row of model parameters A and QT after the quantification,
themodel here is trained on dataset ml1m. Table 5.4.2 presents the pruning ratio
and overall reuse ratio of the CryptoRec’s model trained on each dataset, where
we define the pruning ratio as # of pruned parameter

# of all the parameter , and compute the reuse ratio as
1− # of unique parameter

# of all parameter .
According to Table 5.4.2, we know that reusing computations on the shared pa-

rameter values is able to significantly reduce the computational complexity. For
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netflix ml1m yahoo
pruning ratio 7.1% 9.2% 29.4%
reuse ratio 90.7% 90.5% 91.5%

Table 5.4.2: Parameter pruning ratio and computation reuse ratio of Cryp-
toRec’s models

example, when computing JruiK⊙Aj: = {JruiK⊙Aj1, JruiK⊙Aj2, · · · , JruiK⊙Ajd},
we only need to compute⊙ operations on each shared parameter value ofAj: (j-th
row of A), and then reuse the results at the other places of Aj:.

netflix ml1m yahoo
Communication (MB) 4.8 3.86 3.72
Server time cost (s) 14.2 10.9 7.3
Client time cost (s) 7.1 5.8 5.6

Table 5.4.3: The communication (MB) and time (s) cost of CryptoRec with
a pre-trained model

We summarize the communication and time cost of the Client and Server in
Table 5.4.3. To elaborate the prediction process and the costs, we take the experi-
ment on dataset ml1m as an example (We ignore the time cost of a public key pair
generation, as it is trivial to the overall time cost),

• Client: Encrypting the rating vector Jr1×3952u K takes 4.5 seconds. The mes-
sage size of Jr1×3952u K is 0.5× 3952KB, or 1.93 MB.

• Server: Executing CryptoRec on Jr1×3952u K takes 10.9 seconds. Themessage
size of the output Jr̂1×3952u K is 1.93 MB.

• Client: Decrypting Jr̂1×3952u K takes 1.3 seconds.

We also implement the predictionprocess of I-NBMwith thePaillier cryptosys-
tem, where the item-item similarity matrix is pre-computed. Selecting the most
similarN items to a targeted item from a user’s rating history is a typical approach
used in I-NBMto compute recommendations. However, this approach introduces
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netflix ml1m yahoo
RMSE loss% iter# RMSE loss% iter# RMSE loss% iter#

I-NBM 0.9061±0.005 8.7 1 0.8815±0.007 5.4 1 0.9853±0.014 -0.3 1
U-AutoRec 0.8849±0.007 6.2 35 0.8739±0.009 4.4 30 1.0583±0.016 7.1 26
I-AutoRec 0.8334±0.006 0 140 0.8367±0.004 0 110 0.9880±0.015 0 125
BiasedMF 0.8587±0.007 3.0 85 0.8628±0.009 3.1 80 0.9980±0.022 1.0 72
CryptoRec 0.8391±0.006 0.7 12 0.8543±0.007 2.1 15 0.9821±0.013 -0.6 22

Table 5.4.4: Accuracy comparsion with a re-training step, I-AutoRec is the
accuracy benchmark.

a number of extra non-linear operations (i.e., comparisons)which are not straight-
forwardly compatible with homomorphic encryption schemes. To address this is-
sue, for each entry of the similaritymatrix, we remove a certain number (e.g., 30%)
of elements which have the least values. The predictions computed on the sparsi-
fied similaritymatrix are asymptotically close to the true predictions. In fact, using
all the items for the prediction may lead to a significant accuracy loss. In our im-
plementation, for one query, I-NBM requires 491 seconds, 335 seconds and 306
seconds on netflix, ml1m, yahoo datasets, respectively. We noted that Shmueli
at al. [107] used an additional mediator (i.e., a non-colluding global server) to
achieve a more efficient solution. However, we focus on the 2PC protocol with-
out using any third party, and in their setting, participants know which item to
predict while in our case the Server doesn’t know it. It is not necessary to include
U-AutoRec in the comparison, because Sigmoid transformations it contains will
result in a much worse efficiency performance.

CryptoRec’smodel allowsproviding accurate recommendationsbyapre-trained
model (the Client’s data is not in the training set). So, the Server can provide rec-
ommendation services with a high throughput. In contrast, for the models which
fall into category “w/ Client”, the time cost of the training process should be also
counted, which leads to a notorious efficiency problem. For example, privately
training matrix factorization on the dataset ml1m needs around 20 hours per iter-
ation (more details are in Section 5.4.2.4).
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⊕ ⊗ ⊙ div Sigmoid sqrt
I-NBM O(m) O(m2) O(m) O(m2) ∅ O(m)
U-AutoRec O(K(m+ Nτ)d) O(K(m+ Nτ)d) O(Kτzd+ md) ∅ O(Kmd) ∅
I-AutoRec O(K(mn+ N)d) O(K(m+ N)d) O(Kmzd) ∅ O(Knd) ∅
BiasedMF O(Kmnd) O(K(m+ N)d) O(md) ∅ ∅ ∅
CryptoRec O(K(m+ Nτ)d) O(K(m+ Nτ)d) O(Kτzd+ md) ∅ ∅ ∅

Table 5.4.5: Computational complexity comparison with a re-training step. K
is the number of training iterations. N is the number of all observed ratings in
the Server’s dataset. Nτ is the number of observed ratings of the τ randomly
selected users. z is the rating scale (z = 5 in this experiment).

5.4.2 Comparison with a Re-training Step

In this section, we investigate the accuracy and efficiency performances of using
theClient’s data to re-train a pre-learnedCryptoRec’smodel. We first describe the
details of re-training CryptoRec’s model, then introduce a one-iteration training
method for the sake of efficiency.

5.4.2.1 Re-training CryptoRec’s Model

Avoiding Overfitting. Using a single user’s data to fine-tune a machine learning
model learned from a large dataset may lead to an early overfitting. To address
this issue, we re-train CryptoRec’s model using the Client’s data together with τ
randomly selected users’ data, where the τ users serve as a regularization term. We
empirically set τ = 10, and τ ≪ n (n is thenumberof users in theServer’s dataset).

Stopping Criterion. Identifying the stopping point of a training process over
encrypted data is not as straightforward as doing that on clear data. This is because
the Server gets only an encrypted model, that the accuracy performance at each
training iteration cannot be observed. To address this issue, the early-stopping
strategy [99] can be a choice. Fortunately, we have also observed that, for the re-
trainingprocess, the first several training iterations contributemost to the accuracy
increase (RMSE decrease), as shown in Figure 5.4.2 and Table 5.4.6. Specifically,
the first training iteration leads to a big step towards the optimal accuracy perfor-
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Figure 5.4.2: Re-training CryptoRec with different iteration#

mance. With 3 to 5 iterations, the accuracy performance can be asymptotically
close to the best accuracy. Therefore, we can conservatively re-train CryptoRec’s
model (e.g., 4 iterations) while still leading to a nearly consistent accuracy opti-
mization.

5.4.2.2 Accuracy comparison

We summarize the accuracy performance of eachmodel inTable 5.4.4, experiment
results show that the accuracy performance of CryptoRec is competitive with the
benchmark (as described in Table 5.3.4) and consistently outperforms the other
baseline models. Specifically, compared to the benchmark, CryptoRec loses 0.7%
accuracy on netflix; loses 2.1% accuracy on ml1m; on yahoo, CryptoRec slightly
outperforms the benchmark. Note that Table 5.4.4 presents the optimal accuracy
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w/o retrain
(RMSE)

retrain-full retrain-once
RMSE inc% RMSE inc%

netflix 0.8586 0.8391 2.3 0.8485 1.18
ml1m 0.8781 0.8543 2.7 0.8680 1.15
yahoo 0.9888 0.9821 0.7 0.9874 0.14

Table 5.4.6: CryptoRec accuracy comparison: without retraining (w/o re-
train) - retrain until convergence (retrain-full) - retrain only once (retrain-
once). “inc%” denotes the percentage of the accuracy increase.

performance of each model. In practice, the Server may achieve a suboptimal ac-
curacy performance, due to the stopping point selection strategy or the constraint
of computational resource. Roughly, predictions using only a pre-trained model
reach the lower-bound of accuracy, the re-training process leads to a better accu-
racy performance. The optimal accuracy performance can guide users to perform
the trade-off between efficiency and accuracy.

5.4.2.3 Computational Complexity Comparison

Table 5.4.5 presents the computational complexity of each model. Among all the
models, onlyMF and CryptoRec’s model can be trained without using non-linear
operations. However, MF has to be trained on the whole dataset which results
in a serious efficiency issue. In contrast, re-training CryptoRec needs only the
Client’s data and the data of several randomly selected users (for regularization).
We have noted that some researchers proposed incremental matrix factorization
training methods such as [53, 111, 120]. Unfortunately, these incremental train-
ingmethods either require the Server to collect partial data of the Client [53, 120]
(we assume that the Server has no prior knowledge of the Client’ rating data), or
introduce extra non-linear operations [111]. Therefore, we don’t include these in-
cremental matrix factorization training methods in the comparison. As presented
in Table 5.4.5, CryptoRec shows a significant advantage in the efficiency perfor-
mance.
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5.4.2.4 Evaluation of CryptoRec

Re-training CryptoRec’s model needs a (somewhat) fully homomorphic encryp-
tion scheme (SWHE) since homomorphic addition (⊕) and multiplication (⊗)
are both required. Some of the more significant advances in implementation im-
provements for SWHEs have come in the context of the ring-learning-with-error
(RLWE) based schemes, such as Fan-Vercauteren scheme [37]. RLWE-based ho-
momorphic encryption schemesmapaplaintextmessage fromringRp

t := Zt[x]/(xp+
1) to ring R

p
t := Zq[x]/(xp + 1) (ciphertext). The security level depends on

the plaintext modulus t, the coefficient modulus q, the degree p of the polynomial
modulus. In this implementation, we adopt the Fan-Vercauteren scheme, a real-
number-supported version of which is implemented in the SEAL library [22]. We
set the polynomial degree p = 4096, the plaintext modulus t = 65537, q is auto-
matically selectedby the SEAL library given thedegree p. To encode real numbers,
we reserve 1024 coefficients of the polynomial for the integral part (low-degree
terms) and expand the fractional part to 16 digits of precision (high-degree terms).
The circuit privacy is guaranteed by using relinearization operations [22, Section
8]. We refer interested readers to the paper [22] for more detail of the settings.

Compared topartial homomorphic encryption schemes suchas thePaillier cryp-
tosystem, using anSWHEscheme results in amuch larger ciphertext, which in turn
leads to a higher computational complexity for a homomorphic operation. In this
experiment, the polynomial degree p = 4096. Each coefficient of the polynomial
costs 24 bytes (using SEAL) [43]. So the size of a ciphertext is 4096*24 bytes or
96 KB. Taking the re-training process on dataset ml1m as an example, the item
features JQ3952×500K need 3952*500*96 KB or 181 GB RAM. Though it is not in-
feasible for a commercial server, it is too expensive to respond to a single query
while the accuracy improvement is limited.

By exploiting the fact that the first re-training iteration contributes a big por-
tion to the accuracy increase (Table 5.4.6), we introduce an efficient one-iteration
re-training method, described in Algorithm 63. The gradients of parameters are

3For simplicity, we omitted from Algorithm 6 the bias terms and the τ number of randomly
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Algorithm 6Re-train CryptoRec’s model with one iteration

1: procedure Re-train(JruK, JφuK,A(0),Q(0), λ, η)
2: JyuK← JruKA(0)

3: JeuK← Jr̂uK⊖ JruK = JyuKQ(0) ⊖ JruK
4: JxuK← (JeuK⊗ JφuK)Q(0)

5: for j← {1, 2, · · · , d} do
6: JΔA:jK← (JxuK[j]⊗ JrTu K)⊕ λ · A(0)

:j ▷ gradient
7: JA:jK← A(0)

:j ⊖ (η ⊙ JΔA:jK) ▷ updates A:j

8: JpuK[j]← JruKJA:jK ▷ computes user features
9: release JA:jK, JxuK[j]

10: release JruK
11: for i← {1, 2, · · · ,m} do
12: JΔqiK← JφuK[i]⊗ ((JeuK[i]⊗ JyuK)⊕ λ · q(0)i )

13: JqiK← q(0)i ⊖ (η ⊙ JΔqiK) ▷ updates qi
14: Jr̂uK[i]← JpuKJqiK ▷ computes the prediction r̂ui
15: release JqiK, JeuK[i], JφuK[i]
16: return Jr̂uK
presented in Equation (5.8). The basic idea of this method is to timely release the
model parameters which will not be used in the future (line 9, 10, 15, Algorithm
6). For example, we immediately release JA:jK and JxuK[j] after computing JpuK[j]
(line 9), where A:j denotes j-th column of matrix A. Q(0) and A(0) are pre-trained
model parameters. JxK∗JyK denotes {JxiK∗JyiK}m and x∗JyK denotes {xi∗JyiK}m
, where ∗ can be any operator such as⊕,⊗. ⊖ is homomorphic subtractionwhich
can be implemented by⊕. With Algorithm 6, we can complete the one-iteration
training process (including computing the predictions) with less than 2GBRAM.

We summarize the communication and time costs of the Client and Server in
Table 5.4.7. We take the experiment on dataset ml1m as an example to introduce
the cost on the two sides, respectively,

chosen users (Section 5.4.2.1). Note that the gradients computed from the data of the τ users and
the pre-trained model parameters are plaintext. Therefore, all the operations related to the τ users
are in plaintext, and have a trivial impact on the efficiency performance.
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netflix ml1m yahoo
Communication (GB) 1.31 1.08 1.04
Server time cost (H) 9.4 7.8 7.5
Client time cost (s) 14.3 11.8 11.4

Table 5.4.7: The communication and time cost of CryptoRec with one-
iteration re-training process

• Client: Encrypting the rating vector r1×3952u and indication vector φ1×3952u

takes 9.6 seconds. Themessage size of Jr1×3952u K and Jφ1×3952u K is 96×3952×2
KB, or 741 MB.

• Server: ExecutingCryptoRec on Jr1×3952u K takes 7.8 hours. Themessage size
of the output is Jr̂1×3952u K is 370.5 MB.

• Client: Decrypting Jr̂1×3952u K takes 2.2 seconds.

In contrast, the models which fall into “w/ Client” category lead to a much
higher time cost. For example, a recent work, GraphSC [83], shows that a single
iteration of training MF (the dimension of user/item features is 10), on the same
datasetml1m, took roughly 13 hours to run on 7machineswith 128 processors. In
our setting, by making full use of the fact that the Server knows most of the users
data, it still needs around 20 hours for any i-th iteration with 8 processors, where
i > 1. Worse, dozens of iterations are necessary for convergence [64, 86].

5.4.3 Discussion on Privacy and Scalability

We assume that the Server and Client should always agree upon a set of items, as
it does not make sense to buy a service that the other party doesn’t have, and vice
versa. In fact, this assumption leads to a a trade-off between privacy and scalability.
Informally, the more items that the two sides agreed on, the more privacy can be
preserved. An online service provider (e.g., Youtube) may have millions of prod-
ucts, it is a notoriously challenging problem to provide recommendations from
such a large corpus, even on clear data. A typical approach is to generate a small
set of candidates, then compute recommendations from the candidates [24]. For
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our scenario, context information can be used to guide candidate generation, but
still depending on whether such a context information is a privacy issue that the
Client cares about (different users may have different concerns about privacy).
The Server can train different recommendationmodels over datasets generated by
different criteria such as children-friendly, place-of-origin, time-of-produce and so
on. The Client can choose a criterion which doesn’t violate her privacy concern,
or choosemultiple criteria at a time. How to design these criteria requires a further
investigation of user preferences on privacy.

5.5 Knowledge Transferring

Knowledge transferring, a.k.a transfer learning [92], has recently attracted many
attentions from machine learning community [19]. In recommender systems, it
is a challenging and still largely under-explored field [19]. For example, the ex-
isting researches focus on cold start problem and generation of recommendations
frommultiple domains [19, 68, 93]. But the efficiency performance, which is cru-
cial to the applications on encrypted data, is rarely taken into their consideration.
As a byproduct, thanks to its user-free latent feature space, CryptoRec’s model
naturally achieves transferability. As such, it can easily transfer the knowledge
learned from one database (source) to another (target) if they share the same item
set. This transferability facilitates both efficiency and accuracy performance, and
it also provides a concrete evidence that the Server is able to provide reliable rec-
ommendation services to diversified customers, e.g., the customers from different
e-commercial websites or who bought products from different shops. Wewill also
discuss how the transferability can facilitate privacy-protection.
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source target no transfer learning transfer learning
RMSE iteration# RMSE iteration#

ml1m*1 yahoo* 0.8664±0.024 122 0.8312±0.016 32
yahoo* ml1m*1 0.8460±0.008 120 0.8463±0.011 55
neflix* ml1m*2 0.8527±0.003 118 0.8421±0.004 26
ml1m*2 neflix* 0.8005±0.004 95 0.7981±0.005 28

Table 5.5.2: Transfer learning helps both accuracy (RMSE) and efficiency (#
of iterations)

item intersection data set user# item# density

ml1m
∩

yahoo ml1m*1 6040 2715 5.6%
yahoo* 5507 2715 0.5%

ml1m
∩

neflix ml1m*2 6040 2718 5.1%
netflix* 10000 2718 9.2%

Table 5.5.1: New datasets resulting from the intersections other datasets

Toevaluate the transferabilityofCryptoRec,wehave constructed fournewdatasets,
Table 5.5.1, where ml1m*1 and yahoo* are two item-entry shared datasets which
are created from the datasets m1lm and yahoo, respectively; and ml1m*2 and net-
flix* are another two item-entry shareddatasetswhich are extracted fromthedatasets
m1lm and netflix, respectively.

The knowledge transferring process is simple and straightforward. Firstly, we
pre-train CryptoRec’ model on one dataset (e.g., ml1m*1), and then use the pre-
trained CryptoRec model to initialize the training of CryptoRec’s model on an-
other dataset (e.g., yahoo*). The accuracy performance is presented inTable 5.5.2.
The results show that using the knowledge learned from a relatively dense dataset,
wecan improveboth the accuracy andefficiencyperformanceofCryptoRec’smodel
on a relatively sparse dataset. For example, the density of dataset ml1m*1 and ya-
hoo* are 5.6% and 0.5% respectively. We take dataset ml1m∗1 as the source and
yahoo* as the target. By using the knowledge learned from ml1m*1, CryptoRec’s
model achieves 4.1% accuracy increase, and the number of training iterations is
also significantly reduced (from 122 to 32). Transfering the knowledge learned
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from a relatively sparse dataset does not always increase the accuracy performance
of CryptoRec’s model on a relatively dense dataset, but it consistently reduces the
number of training iterations. We again take datasetsml1m∗1 and yahoo* as exam-
ple, the accuracy performance is slightly different, but the number of training iter-
ations is reduced from 120 to 55. The two observations are not counter-intuitive.
The optimization problem, i.e., minimizing the objective function (e.g., Equation
(5.7)), is often non-convex. So a good initialization for the model parameters
Θ can facilitate the searching of a better local optimum [36]. A relatively dense
dataset may contain more information than a relatively sparse dataset, so using
the knowledge learned from this dataset as the source can improve both efficiency
and accuracy. Using the knowledge learned from a relatively sparse dataset as the
source may also result in a good initialization, thus to improve the efficiency per-
formance.

Privacy-preserving solutions can also benefit from the reduction of training it-
erations. For users who hold some data and want to jointly train a model to ob-
tain recommendation service, they can collect some public data to pre-trainCryp-
toRec’s model. No matter what privacy-preserving frameworks they use, e.g., [80,
86, 108], reducing the training iterations will lead to an immediate efficiency per-
formance improvement, e.g., lower communication overhead and computation
cost. For a server who wants to provide differential privacy guarantee [33] to its
recommender system, this transferability can facilitate a better trade-off between
accuracy and privacy. For example, iteratively training a model accumulates the
privacy loss, which is theoretically discussed by the composition theory of differ-
ential privacy ([33, Section 3]). So reducing the number of training iterations
immediately reduces the privacy loss.

5.6 RelatedWork

Some recent works, such as [43, 72, 103], focused on neural network based Ma-
chineLearning as a Service (MLaaS), the scenario ofwhich is similar toours. Their
primary contribution is how to efficiently compute non-linear operations (e.g.,
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comparison or Sigmoid function) on encrypted data. Gilad-Bachrach et al. [43]
substituted state-of-the-art activation functions suchasReLu(relu(x) = max(0, x))
with a simple square activation function (f(x) = x2), this avoid the use of secure
multiparty computation schemes. However, this approach often leads to a signifi-
cant accuracy loss [72, 103]. To preserve the accuracy performance, Liu et al. [72]
and Rouhani et al. [103] proposed to evaluate neural networks with resort to se-
cure multiparty computation schemes. Unfortunately, this approach requires the
Client and Server to be online constantly. State-of-the-art recommendation algo-
rithmsoften require jointly learningpersonalizeduser features and item features. It
means that we cannot assume a pre-trained model to compute recommendations
based on existing recommendation algorithms. Therefore, we cannot directly ap-
plying the above solutions to Recommendation as a Service (RaaS).

There are some solutions allowing securely training machine learning models.
For example, Canny et al. [18] introduced a privacy-preserving solution for train-
ing collaborative filtering models (e.g., Singular Value Decomposition) in a peer-
to-peer manner without assuming any trusted server. Nikolaenko et al. [86] pro-
posed a garbled circuits [62] based secure protocol to allow multiple users jointly
train matrix factorization (MF), in which they assume two non-colluding servers.
Shmueli et al. [107] discussed that multi-party privately learn a neighborhood-
based recommendationmodel by assuming amediator that performs intermediate
computations on encrypted data supplied by each party. Nayak at al. [83] brought
parallelism to the secure implementation of oblivious version of graph-based algo-
rithms (e.g., MF). Mohassel et al. [80] further improved the efficiency of a secure
frameworkwith twonon-colluding servers. Different from these solutions, we aim
to build a secure two-party computation protocol for RaaS, without involving any
third party (e.g., an additional non-colluding server).

An orthogonal line of work focuses on constructing differentially private ma-
chine learningmodels, e.g., [73, 76, 108]. In their securitymodels, a trusted server
has full access to all the user data. It wishes to prevent adversaries from breaching
the user privacy by exploiting the prediction results (i.e., inference attack). In our
securitymodel, the Server learns nothing about client inputs; at the same time, the
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Client only learns what she can learn from the recommendation results. Our work
and differential privacy [33] can be complementary to each other.

5.7 Conclusion and FutureWork

With the rising interest in machine learning from both academia and industry,
providing recommendations as a service has great potential impact in the years
to come. However, confidentiality concerns have to be considered.

In this chapter, we proposed CryptoRec: a two-party protocol where a server
with large dataset provides recommendations to a client, based on the client’s pref-
erences. Our protocol encompasses a crypto-friendly recommender system that
is able to produce recommendationswithout having to re-train themodel with the
client’s preferences. Together with homomorphic encryption, we obtain a secure
protocol where the server learns nothing about the client’s preferences, and the
client learns only the computed recommendation and nothing about the server’s
pre-computed model parameters (beyond, obviously, what the client can infer
from the returned recommendation itself).

The efficiency of CryptoRec results from two remarkable properties of its un-
derlying recommender system that: (1) requires only addition and multiplica-
tion operations, making it straightforwardly compatible with homomorphic en-
cryption schemes; (2) computes recommendations without having to re-train the
model parameters with the client’s preferences.

Using standard metrics (RMSE), benchmarks on public datasets of movies rat-
ings show that CryptoRec suffer from less than 5% accuracy loss when compared
with the state-of-the-art recommender system computing over clear data. This ac-
curacy loss can be further reduced if we allow the server to re-train the model pa-
rameterswith the client’s input, but the computational cost of computing a recom-
mendation becomes considerable for regular computers. Further improvements
on the prediction accuracy without compromising security and without signif-
icantly affecting the efficiency of the protocol may require new ideas and tech-
niques.
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6
Summary

6.1 Conclusions

State-of-the-art recommender systems directly capture user preferences from his-
torical user behaviours (e.g., user-location, user-product, etc), and a clear tendency
is that more and more user data will be adopted to construct new recommender
systems [3, 132]. This fact would result in more privacy risks to users, which in
turn may lead to a crisis of trust to recommendation services. Naturally, privacy-
preserving recommendation services (and also other machine learning services)
becomes a necessary and serious topic. A remarkable progress has been achieved
for privacy-preserving in the last ten years. At the meanwhile, it also has formed
a pattern that machine learning and privacy-preserving are two competing goals
at stake. In this dissertation, we explored the possibility of facilitating privacy-
preserving recommender systems from the machine learning side. We show that,
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in the setting of privacy-preserving, machine learning can be thought of as an ally
rather than a foe.

Wefirstly investigated privacy-preserving recommender systems under the cen-
tralized case. In this case, A trusted server provides recommendation services to
the users whose data that it can fully access. The users obtain the recommendation
results, while the privacy loss of any of them is strictly controlled. In particular,
we proposed a probabilistic neighborhood-based method, which enables a flexi-
ble approach to apply differential privacy to neighborhood-based methods, either
by adding carefully calibrated noise into each training step or by sampling from
the scaled posterior distribution over similarities between any two items. The ex-
periment results shows that our proposed privacy-preserving solutions allows a
priming accuracy performance with a meaningful differential privacy guarantee.

Then, we investigated privacy-preserving recommender systems under the dis-
tributed case. In this case, multiple data owners wish to jointly perform amachine
learning task without leaking any of their private data. We looked into two direc-
tions, the first one is how to efficiently computation with social connections; the
second one is how to build crypto-friendly recommender systems. In the first
direction, we presented a social-context based recommender system. It allows
computing accurate recommendations based on a few users who share certain so-
cial connections. We implemented a secure protocol with this system, with re-
sort to a somewhat (fully) homomorphic encryption scheme. This recommender
system requires a much fewer number of users (for recommendation computa-
tions) than existing recommendation algorithms do, significantly improving the
efficiency performance. In the second direction, we proposed anHE-friendly rec-
ommender system. This recommendationmodel possesses two important proper-
ties: (1) It uses only addition and multiplication operations, so that it is straight-
forwardly compatible with HE schemes. With this property, CryptoRec is able
to complete recommendation computations without requiring the Server and the
Client tobeonline continuously; (2) It can automatically extract personalizeduser
representations by aggregating pre-learned item features. This property allows the
Serverwith a pre-trainedmodel to provide recommendation serviceswithout a te-
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dious re-trainingprocess, which significantly improves the efficiencyperformance.
Note that the Client’s data is not in the Server’s database which is used for model
training. Experiment results show that the proposedmodel allows the Server with
thousands of items to privately answer a prediction query in a few seconds on a
single PC.

In summary, this dissertationaims tousemachine learning to improve theprivacy-
preserving solutions for recommender systems. We developed different solutions
according todifferent securitymodels. Theresults of eachproposed solutiondemon-
strated that privacy-protection and machine learning can be two allies rather than
two competing boxers.

6.2 FutureWorks

Privacy and utility (e.g., efficiency and accuracy) have been long-term considered
as two competing goals at stake. Though designing sophisticated secure protocols
or improving cryptographic primitives is a typical approach and attracting a lot of
attentions, it is still far from the satisfactory of practice. Our future work will fol-
low the direction of using machine learning to solve the privacy issues of machine
learning, as we believe that privacy and utility can be two allies in the same trench.

• Privacy Transfer. Iteratively training a machine learning model may lead
to an additive increase of differential privacy loss, which is a bottleneck of
that building differential privacy into state-of-the-art machine learning al-
gorithms. Reducing the number of training iterations directly reduces the
privacy loss. However, straightforwardly reducing the training iterations
may result in a significant accuracy loss. In one of our work, we demon-
strated that the number of training iterations (on the targeted database)
can be significantly reducedwithout losing any accuracy, by transferring the
knowledge from a (public) source database, where we assume that the two
databases share the same items-entries. In practice, the requirement of two
databases sharing the same item-entries is too strict. Therefore, it will be an
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exciting topic to design a newknowledge transferable recommender system
which allows transferring knowledge from a source database which doesn’t
share the same item-entries with the target database. Note that different
from existing cross-domain recommender systems, the training process of
this new recommender system have to converge with amuch fewer training
iterations, by using the knowledge transferred from other databases.

• Privacy Incentive. Profits incentive commercial companies to be aggressive
on various kinds of user data, such as locations, browsing history and even
call records, providing high-quality recommendation services. Privacy has
been long-time treated as a competing goal to the commercial profits, which
discourages investments inprivacy-preserving. Theoveruseof personal data
may also devastate the user experience of recommendation services. To ad-
dress this issue, a new recommendation algorithm with a privacy-incentive
mechanismcanbe apromisingdirection. Thekey idea is to identify the con-
tribution of each input (a kind of user data) to the preference estimation
of an item, or which inputs result in an antipathy to recommended items.
Thismeans that the recommender system can estimate the privacy concern
of a user, intelligently avoiding collecting or using the data conflicted with
the user’s privacy concern. By this, the system can improve user experience
while mitigating privacy loss, thus to incentive commercial companies to
preserve user privacy. Attention mechanism [128] is a possible solution to
design such a privacy-incentive recommender system, deserving a further
investigation.

• Next Generation (encryption-aware) Recommender Systems. Traditional rec-
ommendation methods, such as neighborhood-based methods and matrix
factorization, fall short in expressiveness. They are also difficult in jointly
modeling various inputs for estimating user preferences. It is foreseeable
that more complex algorithms, such as deep models with non-linear trans-
formations, will be used to construct next generation recommender sys-
tems. More user data may also be required to feed the new models. Simply
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adopting existing privacy-preserving solutions, or applying cryptographic
primitives to these complicated recommender systems, would result in an
efficiency bottleneck. Designing new algorithms which have a competitive
performancewith state-of-the-art recommender systemswhile still friendly
to encrypted data, can be a direction deserves more effort to work on.
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