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Abstract—Federated Learning (FL) is a data-minimization
approach enabling collaborative model training across diverse
clients with local data, avoiding direct data exchange. However,
state-of-the-art FL solutions to identify fraudulent financial
transactions exhibit a subset of the following limitations. They
(1) lack a formal security definition and proof, (2) assume prior
freezing of suspicious customers’ accounts by financial institu-
tions (limiting the solutions’ adoption), (3) scale poorly, involving
either O(n2) computationally expensive modular exponentiation
(where n is the total number of financial institutions) or highly
inefficient fully homomorphic encryption, (4) assume the parties
have already completed the entity alignment phase, hence ex-
cluding it from the implementation, performance evaluation, and
security analysis, and (5) struggle to resist clients’ dropouts. This
work introduces Starlit, a novel scalable privacy-preserving FL
mechanism that overcomes these limitations. It has various appli-
cations, such as enhancing financial fraud detection, mitigating
terrorism, and enhancing digital health. We implemented Starlit
and conducted a thorough performance analysis using synthetic
data from a key player in global financial transactions. The
evaluation indicates Starlit’s scalability, efficiency, and accuracy.

Index Terms—Federated Learning, Private Set Intersection,
Financial Fraud.

I. INTRODUCTION

Sharing data is crucial in dealing with crime. Collaborative
data analysis among law enforcement agencies and relevant
stakeholders can significantly enhance crime prevention, in-
vestigation, and overall public safety. For instance, in the
United Kingdom, Cifas, a non-profit fraud database, and fraud
prevention organization that promotes data sharing among its
members, reported that its members detected and reported over
350,000 cases of fraud in 2019. This collective effort prevented
fraudulent activities amounting to £1.5 billion [23]. The Na-
tional Data Sharing Guidance, developed by the UK Home
Office and Ministry of Justice in 2023, further underscores
the importance of data sharing in dealing with crime [20].

Typically, inputs for collaborative data analysis come from
different parties, each of which may have concerns about
the privacy of their data. Federated Learning (FL) [25] and
secure Multi-party Computation (MPC) [26], along with their
combination, are examples of mechanisms that allow parties
to collaboratively analyze shared data while maintaining the
privacy of their input data.

FL is a machine learning framework where multiple par-
ties collaboratively build machine learning models without

revealing their sensitive input to their counterparts [25], [16].
Vertical Federated Learning (VFL) is a vital variant of FL,
with various applications, e.g., in dealing with crime [3] and
healthcare [17]. VFL refers to the FL setting where datasets
distributed among different parties (e.g., banks) have some
intersection concerning users (e.g., have certain customers’
names in common) while holding different features, e.g.,
customers’ names, addresses, and how they are perceived by
a financial institution. Horizontal Federated Learning (HFL)
is another important variant of FL where participants share
the same feature space while holding different users, e.g.,
customers’ attributes are the same, but different banks may
have different customers.

Advanced privacy-preserving FL-based solutions aiming to
detect anomalies and deal with financial fraud may face a new
challenge. In this setting, datasets for financial transactions
might be partitioned both vertically and horizontally. For
instance, a third-party Financial Service Provider (FSP) may
have details of financial transactions including customers’
names, and involved banks, while each FSP’s partner bank
may have some details/features of a subset of these customers.
Thus, existing solutions for VFL or HFL cannot be directly
applied to deal with this challenge.

A. Our Contributions

In this work, we introduce Starlit, a novel scalable privacy-
preserving federated learning mechanism that can help en-
hance financial fraud detection. By devising and utilizing
Starlit in the context of financial fraud, we address all limita-
tions of the state-of-the-art FL-based mechanisms, proposed in
[3], [19], [12]. Specifically, we (1) formally define and prove
Starlit’s security, (2) do not place any assumption on how
suspicious accounts of customers are treated by their financial
institutions, (3) make Starlit scale linearly with the number of
participants (i.e., its overhead is O(n)) while refraining from
using fully homomorphic encryption, (4) include all phases
of Starlit in the implementation and evaluation, and (5) make
Starlit resilient against dropouts of clients.

Starlit offers two compelling properties not found in existing
VFL schemes. These include the ability to securely:
• Identify discrepancies among the values of shared features

in common users between distinct clients’ datasets. For
instance, in the context of banking, FSP and a bank can



detect if a certain customer provides a different home
address to each.

• Aggregate common features in shared users among different
clients’ datasets, even when these features have varying
values. For instance, this feature will enhance FSP’s data
by reflecting whether FSP and multiple banks consider a
certain customer suspicious, according to the value of a flag
allocated by each bank to that customer’s account.
We have implemented Starlit and evaluated its performance

using synthetic data which comprises about four million rows.
This synthetic data was provided by a major organization
globally handling financial transactions.

Starlit stands out as the first solution that simultaneously
provides the features mentioned above. To develop Starlit,
we use a combination of several tools and techniques, such
as SecureBoost (for VFL), Private Set intersection (for entity
alignment and finding discrepancies among different entities’
information), and Differential Privacy to preserve the privacy
of accounts’ flags (that indicate whether an account is deemed
suspicious). Moreover, based on our observation that each
dataset’s sample (or row), such as a financial transaction, can
be accompanied by a random identifier, we allow a third-party
feature collector to efficiently aggregate clients’ flags without
being able to associate the flags values with a specific feature,
e.g., customer’s name.
Summary of our Contributions. In this work, we:
• Introduce Starlit, a novel scalable privacy-preserving feder-

ated learning mechanism.
• Formally define Starlit’s security using the simulation-based

paradigm.
• Implement Starlit and conduct a comprehensive evaluation

of its performance.

B. Primary Goals and Setting

This paper focuses on a real-world scenario in which a
server Srv wants to train a machine-learning model to detect
anomalies using its data, and complementary data held by
different clients C = {C1, ...,Cm}. For instance, Srv can be
a Financial Service Provider (FSP) such as SWIFT1, Visa2,
and PayPal3, facilitating financial transactions and payments
between various clients in set C, such as banks, eBay, and
Amazon—that aims to detect anomalous transactions.

In this setting, Srv may maintain a database of samples/rows
between interacting clients, but it does not possess all the
details about the users included in each sample. For instance,
in the context of financial transactions, FSP holds a dataset
containing samples (i.e., transactions) between the ordering
account held by bank Ci and the beneficiary account held by
bank Cj . Each sample may contain a customer’s name, the
amount sent, home address, and information about Ci, and
Cj . Each client in C maintains a dataset containing certain
customers’ account information, including customers’ details,

1https://www.swift.com
2https://www.visa.co.uk/about-visa.html
3https://www.paypal.com/uk/home

their transaction history, and even local assessments of their
known financial activities. However, each Cj may not hold all
users (e.g., customers) that Srv is interested in.

While Srv is capable of training a model to detect anoma-
lous transactions using its data, it could enhance the analytics
by considering the complementary data held by other clients
concerning the entities involved in the transactions. The ul-
timate goal is to enable Srv to collaborate with other clients
to develop a model that is significantly better than the one
developed on Srv’s data alone, e.g., to detect suspicious trans-
actions and ultimately to deal with financial fraud. However,
a mechanism that offers the above feature must satisfy vital
security and system constraints; namely, (i) the privacy of
clients’ data should be preserved from their counterparts, and
(ii) the solution must be efficient for real-world use cases. The
aforementioned setting is an example of FL on vertically and
horizontally partitioned data in which each Srv’s transaction is
associated with a sender Ci (e.g., ordering bank), and receiver
Cj , e.g., beneficiary bank. Our solution will enhance Srv’s
dataset with two primary types of features using the datasets
of Ci and Cj:
• Discrepancy Feature: This will enhance Srv’s data by

reflecting whether there is a discrepancy between (i) the
(value of the) feature, such as a customer’s name and
address, it holds about a certain user U under investigation
and (ii) the feature held by sending client Ci and receiving
client Cj about the same user. For each user, this feature
is represented by a pair of binary values (bu,i, bu,j), where
bu,i and bu,j represents whether the information that Srv
holds matches the one held by the sending and receiving
clients respectively.

• Sample’s Flag Feature: This will enhance Srv’s data by
reflecting whether Srv and a client have the same view of
a certain user, e.g., a customer is suspicious. This feature
is based on a pair of binary private flags for a certain
user, where one flag is held by the sending client and the
other one is held by the receiving client. In the context
of banking, banks often allocate flags to each customer’s
account for internal use. The value of this flag is set based
on the user’s transaction history and determines whether
the bank considers the account holder suspicious.
To preserve the privacy of the participating parties’ data

(e.g., data of non-suspicious customers held by banks) while
aligning Srv’s dataset with the features above, we rely on
a set of privacy-enhancing techniques, such as Private Set
Intersection (PSI) and Differential Privacy (DP). Briefly, to
enable Srv to find out whether the data it holds about a certain
(suspicious) user matches the one held by a client, we use PSI.
Furthermore, to enhance Srv’s data with the flag feature, each
client uses local DP to add noise to their flags and sends the
noisy flags to a third-party flag collector which feeds them to
the model training phase.

II. RELATED WORK

In this section, we briefly discuss the privacy-preserving FL-
based approaches used to deal with fraudulent transactions.

https://www.swift.com
https://www.visa.co.uk/about-visa.html
https://www.paypal.com/uk/home


Lv et al. [15] introduced an approach to identify black market
fraud accounts before fraudulent transactions occur. It aims
to guarantee the safety of funds when users transfer funds to
black market accounts, enabling the financial industry to utilize
multi-party data more efficiently. It involves data provided by
financial and social enterprises. The approach utilizes insecure
hash-based PSI for entity alignment. This scheme differs from
Starlit in a couple of ways: (i) Starlit operates in a multi-party
setting, where various clients contribute their data, in contrast
to the aforementioned scheme, which has been designed for
only two parties, and (ii) Starlit deals with the data partitioned
both horizontally and vertically, whereas the above scheme
focuses only on vertically partitioned data.

Recently, Arora et al. [3] introduced an approach that
relies on oblivious transfer, secret sharing, DP, and multi-layer
perception. The authors have implemented the solution and
conducted a thorough analysis of its performance.
Starlit versus the Scheme of Arora et al. The latter assumes
that the ordering bank never allows a customer with a dubious
account to initiate transactions but allows the same account
to receive money. In simpler terms, this scheme exclusively
addresses frozen accounts, restricting its applicability. This
setting will exempt the ordering bank from participating in
MPC, enhancing the efficiency of the solution. In the real
world, users’ accounts might be deemed suspicious (though
not frozen), yet they can still conduct financial transactions
within their bank. The bank may handle such accounts more
cautiously than other non-suspicious accounts. In contrast,
Starlit (when applied to financial transactions context) does
not place any assumption on how a bank treats a suspicious
account. Unlike the scheme in [3], which depends on an ad-
hoc approach to preserve data privacy during training, our
solution, Starlit, uses SecureBoost, a well-known scheme.
Thus, compared to the one in [3], Starlit considers a more
generic scenario and relies on an established scheme for VFL.

Another approach has been developed by Qiu et al. [19].
It uses neural networks and shares the same objective as the
one by Arora et al. However, it strives for computational effi-
ciency primarily through the use of symmetric key primitives.
The scheme incorporates the elliptic-curve Diffie-Hellman key
exchange and one-time pads to secure exchanged messages
during the model training phase. This scheme has also been
implemented and subjected to performance evaluation.
Starlit versus the Scheme of Qiu et al. The latter scheme re-
quires each client (e.g., bank) to possess knowledge of the
public key of every other client and compute a secret key for
each through the elliptic-curve Diffie-Hellman key exchange
scheme. Consequently, this approach imposes O(n) modular
exponentiation on each client, resulting in the protocol having
a complexity of O(n2), where n represents the total number
of clients. In contrast, in Starlit, each client’s complexity is
independent of the total number of clients and each client does
not need to know any information about other participating
clients. Moreover, the scheme proposed in [19] assumes the
parties have already performed the entity alignment phase,
therefore, the implementation, performance evaluation, and

security analysis exclude the entity alignment phase.
Furthermore, the scheme in [19] fails to terminate success-

fully even if only one of the clients neglects to transmit its
message. In this scheme, each client, utilizing the agreed-upon
key with every other client, masks its outgoing message with
a vector of pseudorandom blinding factors. The expectation is
that the remaining clients will mask their outgoing messages
with the additive inverses of these blinding factors. These
blinding factors are generated such that, when all outgoing
messages are aggregated, the blinding factors cancel each
other out. Nevertheless, if one client fails to send its masked
message, the aggregated messages of the other clients will
still contain blinding factors, hindering the training on correct
inputs. In contrast, Starlit does not encounter this limitation.
This is because the message sent by each client is independent
of the messages transmitted by the other clients.

Kadhe et al. [12] proposed an anomaly detection scheme,
that uses fully homomorphic encryption (computationally ex-
pensive), DP, and secure multi-party computation.
Starlit versus the Scheme of Kadhe et al. The latter heavily
relies on fully homomorphic encryption. In this scheme, all
parties must perform fully homomorphic operations. This will
ultimately affect both the scalability and efficiency of this
scheme. Starlit does not use any fully homomorphic scheme.

All above solutions share another shortcoming, they lack
formal security definitions and proofs of the proposed systems.

III. INFORMAL THREAT MODEL

Starlit involves three types of parties:
• Server (Srv). It wants to train a model to detect anomalies

using its data, and complementary data held by different
clients. The data Srv maintains is partitioned vertically and
horizontally across different clients. Each sample in the data
includes various features, e.g., a user’s name, sender client,
and receiver client.

• Clients (C1, ...,Cn). They are different clients (e.g., nodes,
devices, or organizations) that contribute to FL by providing
local complementary data to the training process.

• Flag Collector (FC). It is a third-party helper that aggre-
gates some of the features held by different clients. FC is
involved in Starlit to enhance the system’s scalability.
We assume that all the participants are honest but curious, as

it is formally defined in [11]. Hence, they follow the protocol’s
description. But, they try to learn other parties’ private infor-
mation. We consider it a privacy violation if the information
about one party is learned by its counterpart during the model
training (including pre-processing). We assume that parties
communicate with each other through secure channels.

IV. PRELIMINARIES

A. Notations and Assumptions

Let G be a multi-output function, G(inp) →
(outp1, ..., outpn). Then, by Gi(inp) we refer to the i-
th output of G(inp), i.e., outpi. In this paper, we consider
semi-honest adversaries. We use the simulation-based



paradigm of secure multi-party computation [11] to define
and discuss the security of the proposed scheme.
B. Private Set Intersection (PSI)

PSI is a cryptographic protocol that enables mutually dis-
trustful parties to compute the intersection of their private
datasets without revealing anything about the datasets beyond
the intersection. The fundamental functionality computed by
any n-party PSI can be defined as G which takes as input
sets S1, ..., Sn each of which belongs to a party and returns
the intersection S∩ of the sets to a party. More formally, the
functionality is defined as: G(S1, ..., Sn) → (S∩,⊥, ...,⊥︸ ︷︷ ︸

n−1

),

where S∩ = S1 ∩ S2, ...,∩ Sn. In this work, we denote the
concrete PSI protocol with PSI.

C. Local Differential Privacy

Local Differential Privacy (LDP) entails that the necessary
noise addition for achieving differential privacy is executed
locally by each individual. Each individual employs a random
perturbation algorithm, denoted as M , and transmits the out-
comes to the central entity. The perturbed results are designed
to ensure the protection of individual data in accordance with
the specified ϵ value. This concept has been formally stated
in [9]. We restate it in the full version of our paper [2].

D. Federated Learning

FL allows model training to occur on individual de-
vices/clients contributing private data. This preserves the pri-
vacy of the data to some extent by avoiding direct access to
them. The process involves training a global model through
collaborative learning on local data, and only the model
updates, rather than raw data, are transmitted to the central
server. This decentralized paradigm is particularly advanta-
geous in scenarios where data privacy is paramount, such
as in healthcare or finance, as it enables machine learning
advancements without compromising sensitive information.

1) SecureBoost: A Lossless Vertical Federated Learning
Framework: SecureBoost, introduced in [8], stands out as an
innovative FL framework designed to facilitate collaborative
machine learning model training among multiple parties while
safeguarding the privacy of their individual datasets. It accom-
plishes this by leveraging homomorphic encryption to execute
computations on encrypted data, ensuring the confidentiality
of sensitive information throughout the training procedure.
There are two main technical concepts and phases involved
in SecureBoost:
• Secure Tree Construction: SecureBoost builds boosting

trees by utilizing a non-federated tree boosting mechanism
called XGBoost [7] and a partially homomorphic encryption
scheme, such as Paillier encryption [18], allowing various
operations such as majority votes and tree splits to be
performed without exposing the underlying plaintext data
to the system’s participants.

• Entity Alignment: To enable collaborative training, Se-
cureBoost conducts entity alignment to recognize corre-
sponding user records across diverse data silos. This pro-

cess is typically executed through an MPC (such as PSI),
guaranteeing the confidentiality of individual identities.

E. Flower: A Federated Learning Implementation Platform

We implement Starlit within Flower [5]. This framework
offers several advantages, including scalability, ease of use,
and language and ML framework agnosticism.

V. SYSTEM DESIGN

Starlit consists of two main phases: (i) feature extraction
and (ii) training. During the feature extraction phase, the two
types of features (discussed in Section I-B) are retrieved in a
privacy-preserving manner, the data is aligned, and then passed
onto a third party, called “Feature Collector (FC)”. The use
of FC drastically simplifies the training phase from n-party
down to 2-party VFL, which will enable the system to scale
to a large number of banks. Figure 1 outlines the interaction
between the parties in Starlit. In Phase 1, each client initially
engages with Srv to identify discrepancies in specific user
features. Additionally, in the same phase, each client interacts
with Srv to extract flags for certain users. Subsequently, each
client combines the results of discrepancy extraction with the
outcomes of flag extraction, sending the pair along with a
random ID (known also to Srv) to FC. Moving on to Phase
2, FC and Srv collaborate to train the VFL model using FC’s
collected features, Srv’s local data, and SecureBoost.
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<latexit sha1_base64="KFOy9QCryQSoJrMbOtnN+vgFnlY=">AAACDHicbZDLSgMxFIYz9VbrrerSTbAUXJWZgpdl0Y0LFxXsBdqhZNIzbWwmGZJMoQx9BXGrz+FO3PoOPoZvYNrOQlt/CHz8/zmE8wcxZ9q47peTW1vf2NzKbxd2dvf2D4qHR00tE0WhQSWXqh0QDZwJaBhmOLRjBSQKOLSC0c0sb41BaSbFg5nE4EdkIFjIKDHWat6RALjuFUtuxZ0Lr4KXQQllqveK392+pEkEwlBOtO54bmz8lCjDKIdpobwUS8XGQP2Uc0H1tNBNNMSEjsgAOhYFiUD76fyYKS5bp49DqewTBs/d3xspibSeRIGdjIgZ6uVsZv6XdRITXvkpE3FiQNDFR2HCsZF41gzuMwXU8IkFQhWzp2A6JIpQY/sr2I685UZWoVmteBeV8/tqqXadtZVHJ+gUnSEPXaIaukV11EAUPaJn9IJenSfnzXl3PhajOSfbOUZ/5Hz+ABeknB8=</latexit> L
ab

el
s

<latexit sha1_base64="QcKaN2tMSWmT8x54cmX86ammw6o=">AAACIXicbZDLSsNAFIYnXmu9RV2Jm2ApuCpJF9Vl0Y3uKtgLtKFMTk/aoZNJmJkUSig+jLjV53An7sSn8A2cXhbaemDg5//PmcP5goQzpV3301pb39jc2s7t5Hf39g8O7aPjhopTCViHmMeyFVCFnAmsa6Y5thKJNAo4NoPhzTRvjlAqFosHPU7Qj2hfsJAB1cbq2qd3PRSahWMm+k6PKZCYUAEMVdcuuCV3Vs6q8BaiQBZV69rfnV4MaWT+A06Vantuov2MSs2A4yRfXIpjyUYIfsa5ADXJd1JlVsOQ9rFtpKARKj+bXThxisbpOWEszRPambm/JzIaKTWOAtMZUT1Qy9nU/C9rpzq88jMmklSjgPmiMOWOjp0pLoNEImg+NoKCZOYUBwZUUtAGat4w8paJrIpGueRVSpX7cqF6vaCVI2fknFwQj1ySKrklNVInQB7JM3khr9aT9Wa9Wx/z1jVrMXNC/pT19QNI56Sz</latexit>

Identifying discrepancies

<latexit sha1_base64="68SF7DPfKuzbzw9NtdzuvxWdcUs=">AAACMXicbZDLSgMxFIYz3q23qks3wSLopsy4qC6LutCdgr1AO5RMeqYNzSRDcqZQhj6DDyNu9TnciVtXvoFp7UKrBwIf/39ODuePUiks+v6rt7C4tLyyurZe2Njc2t4p7u7Vrc4MhxrXUptmxCxIoaCGAiU0UwMsiSQ0osHlxG8MwVih1T2OUggT1lMiFpyhkzrFk5srS3VMsQ/UsiSVYB0zpEJxmXVhamTW/dAplvyyPy36F4IZlMisbjvFz3ZX8ywBhVwya1uBn2KYM4OCSxgXjuZsbcQQeJhLqbgdF9pua8r4gPWg5VCxBGyYTy8e0yOndGmsjXsK6VT9OZGzxNpRErnOhGHfznsT8T+vlWF8HuZCpRmC4t+L4kxS1HQSH+0KAxzlyAHjRrhTKO8zwzi6iAouo2A+kb9QPy0HlXLl7rRUvZiltUYOyCE5JgE5I1VyTW5JjXDyQJ7IM3nxHr1X7817/25d8GYz++RXeR9fcqaqTw==</latexit>

IDs of the samples that include the users

<latexit sha1_base64="Q+Nvy8NzylgR/m+WBBH2+odhC1M="></latexit>

Extracting certain users’ flags: send random

<latexit sha1_base64="gVirusoSXMEdveYlhlj1jxsPse0="></latexit>

Extracting discrepancies and certain users’ flags
<latexit sha1_base64="gVirusoSXMEdveYlhlj1jxsPse0="></latexit>

Extracting discrepancies and certain users’ flags
(1.3)

<latexit sha1_base64="QfGASsvT7205BmpuQf8WxJmKSMQ=">AAACDnicbZDLSgMxFIbPeK3jrerSTbAUXJWZgpdl0Y3LCr1BO5RMmmlDM8mQZApl6DuIW30Od+LWV/AxfAPTdhba+kPg4//PIZw/TDjTxvO+nI3Nre2d3cKeu39weHRcPDltaZkqQptEcqk6IdaUM0GbhhlOO4miOA45bYfj+3nenlClmRQNM01oEOOhYBEj2Fir01CYCSaG/WLJq3gLoXXwcyhBrnq/+N0bSJLGVBjCsdZd30tMkGFlGOF05pZXYqnYhJIg41wQPXN7qaYJJmM8pF2LAsdUB9ninBkqW2eAIqnsEwYt3N8bGY61nsahnYyxGenVbG7+l3VTE90GGRNJaqggy4+ilCMj0bwbNGCKEsOnFjBRzJ6CyAgrTIxt0LUd+auNrEOrWvGvK1eP1VLtLm+rAOdwAZfgww3U4AHq0AQCHJ7hBV6dJ+fNeXc+lqMbTr5zBn/kfP4A5NmdHA==</latexit>

Training

<latexit sha1_base64="h1fzEb54QrrcMXkzxpJQsrwpLxc=">AAACD3icbZDNSgMxFIUz/tbxr+rSTbAUXJWZLqrLohuXFeyPtEPJZG7b0EwyJJlCGfoQ4lafw5249RF8DN/AtJ2Fth4IHM65l3C/MOFMG8/7cjY2t7Z3dgt77v7B4dFx8eS0pWWqKDSp5FJ1QqKBMwFNwwyHTqKAxCGHdji+nfftCSjNpHgw0wSCmAwFGzBKjI0e7QAHaiDqF0texVsIrxs/NyWUq9EvfvciSdMYhKGcaN31vcQEGVGGUQ4zt7xSS8UmQIOMc0H1zO2lGhJCx2QIXWsFiUEH2eKeGS7bJMIDqewTBi/S3xsZibWexqGdjIkZ6dVuHv7XdVMzuA4yJpLUgKDLjwYpx0biORwcMWVp8Kk1hCpmT8F0RBSxhJR2LSN/lci6aVUrfq1Su6+W6jc5rQI6RxfoEvnoCtXRHWqgJqIoRs/oBb06T86b8+58LEc3nHznDP2R8/kDlOideg==</latexit> C
ol

le
ct

ed
<latexit sha1_base64="WtZsb+cYrEJr14RhYVDXhFgu5lI=">AAACDnicbZDNSgMxFIUz/tbxr+rSTbAUXJWZLqrLoiAuK9gfaIeSSe+0oZlkSDKFMvQdxK0+hztx6yv4GL6BaTsLbT0Q+DjnXsI9YcKZNp735Wxsbm3v7Bb23P2Dw6Pj4slpS8tUUWhSyaXqhEQDZwKahhkOnUQBiUMO7XB8O8/bE1CaSfFopgkEMRkKFjFKjLU6d0BMqkD3iyWv4i2E18HPoYRyNfrF795A0jQGYSgnWnd9LzFBRpRhlMPMLa/EUrEJ0CDjXFA9c3uphoTQMRlC16IgMeggW5wzw2XrDHAklX3C4IX7eyMjsdbTOLSTMTEjvZrNzf+ybmqi6yBjIkkNCLr8KEo5NhLPu8EDpoAaPrVAqGL2FExHRBFqbIOu7chfbWQdWtWKX6vUHqql+k3eVgGdowt0iXx0heroHjVQE1HE0TN6Qa/Ok/PmvDsfy9ENJ985Q3/kfP4A6a6dIA==</latexit> F
ea

tu
re

s

<latexit sha1_base64="uR2/YLftqA7y5t7aOOPgFRT3IFM=">AAACCXicbZDNTgIxFIXv4B+Of6hLN42ExBWZYYEuiW5cYpCfBCakUwo0dNpJ2yEhE57AuNXncGfc+hQ+hm9ggVkoeJImX865N809YcyZNp735eS2tnd29/L77sHh0fFJ4fSspWWiCG0SyaXqhFhTzgRtGmY47cSK4ijktB1O7hZ5e0qVZlI8mllMgwiPBBsygo21Gg017ReKXtlbCm2Cn0ERMtX7he/eQJIkosIQjrXu+l5sghQrwwinc7e0FkvFppQEKeeC6LnbSzSNMZngEe1aFDiiOkiXl8xRyToDNJTKPmHQ0v29keJI61kU2skIm7Fezxbmf1k3McObIGUiTgwVZPXRMOHISLSoBQ2YosTwmQVMFLOnIDLGChNjy3NtR/56I5vQqpT9arn6UCnWbrO28nABl3AFPlxDDe6hDk0gMIJneIFX58l5c96dj9Vozsl2zuGPnM8f2iKa6g==</latexit>

Srv

<latexit sha1_base64="bLQzXKJK/X02ZBwGoga8sZr7hSg=">AAACCHicbZDNSgMxFIXv+FvrX9Wlm2ApuCozXVSXxYK4rGJ/oB1KJs20oZlkSDKFMvQFxK0+hztx61v4GL6BaTsLbT0Q+DjnXsI9QcyZNq775Wxsbm3v7Ob28vsHh0fHhZPTlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywrs/z9oQqzaR4NNOY+hEeChYygo21Hm7r/ULRLbsLoXXwMihCpka/8N0bSJJEVBjCsdZdz42Nn2JlGOF0li+txFKxCSV+yrkgepbvJZrGmIzxkHYtChxR7aeLQ2aoZJ0BCqWyTxi0cH9vpDjSehoFdjLCZqRXs7n5X9ZNTHjtp0zEiaGCLD8KE46MRPNW0IApSgyfWsBEMXsKIiOsMDG2u7ztyFttZB1albJXLVfvK8XaTdZWDs7hAi7BgyuowR00oAkEQniGF3h1npw35935WI5uONnOGfyR8/kDkOaaLg==</latexit>

FC

<latexit sha1_base64="f6GXR2EihoCOOR12YQ63fUfMhFo=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2ApuCozBS+4KgrisoK9QDuUTHrahmaSIckUytAXEbf6HO7ErTsfwzcwbWehrT8Efv7/HML5wpgzbTzvy8mtrW9sbuW3Czu7e/sH7uFRQ8tEUahTyaVqhUQDZwLqhhkOrVgBiUIOzXB0O+ubY1CaSfFoJjEEERkI1meUGBt1Xfca33EywHaSAzVSdd2iV/bmwqvGz0wRZap13e9OT9IkAmEoJ1q3fS82QUqUYZTDtFBaqqViY6BByrmgelroJBpiQkdkAG1rBYlAB+n8sCku2aSH+1LZJwyep783UhJpPYlCOxkRM9TL3Sz8r2snpn8VpEzEiQFBFx/1E46NxDNKuMeUpcEn1hCqmD0F0yFRhBrLsmAZ+ctEVk2jUvYvyucPlWL1JqOVRyfoFJ0hH12iKrpHNVRHFI3RM3pBr86T8+a8Ox+L0ZyT7RyjP3I+fwCE6J/8</latexit>

: Flag Collector
<latexit sha1_base64="bLQzXKJK/X02ZBwGoga8sZr7hSg=">AAACCHicbZDNSgMxFIXv+FvrX9Wlm2ApuCozXVSXxYK4rGJ/oB1KJs20oZlkSDKFMvQFxK0+hztx61v4GL6BaTsLbT0Q+DjnXsI9QcyZNq775Wxsbm3v7Ob28vsHh0fHhZPTlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywrs/z9oQqzaR4NNOY+hEeChYygo21Hm7r/ULRLbsLoXXwMihCpka/8N0bSJJEVBjCsdZdz42Nn2JlGOF0li+txFKxCSV+yrkgepbvJZrGmIzxkHYtChxR7aeLQ2aoZJ0BCqWyTxi0cH9vpDjSehoFdjLCZqRXs7n5X9ZNTHjtp0zEiaGCLD8KE46MRPNW0IApSgyfWsBEMXsKIiOsMDG2u7ztyFttZB1albJXLVfvK8XaTdZWDs7hAi7BgyuowR00oAkEQniGF3h1npw35935WI5uONnOGfyR8/kDkOaaLg==</latexit>

FC

<latexit sha1_base64="Uo3a9xbEECZzmNrLG0aDSTVuZgg=">AAACHXicbVDLSsNAFJ34rPEVFVduBkvFVUm6qC6Lbly4qGAf0IYymd60QyeTMDMplNBvEbf6He7ErfgZ/oHTNgttPXDhcM69XM4JEs6Udt0va219Y3Nru7Bj7+7tHxw6R8dNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYxuZ35rDFKxWDzqSQJ+RAaChYwSbaSec3oPRAomBrh7gZkIQYKg0HOKbtmdA68SLydFlKPec767/ZimEQhNOVGq47mJ9jMiNaMcpnZpyY4lGwP1M84FVVO7mypICB2RAXQMFSQC5WfzdFNcMkofh7E0IzSeq78vMhIpNYkCsxkRPVTL3kz8z+ukOrz2MyaSVJvQi0dhyrGO8awq3GcSqOYTQwiVzETBdEgkodoUapuOvOVGVkmzUvaq5epDpVi7ydsqoDN0ji6Rh65QDd2hOmogijL0jF7Qq/VkvVnv1sdidc3Kb07QH1ifP7W0ojU=</latexit>

Learning & inference

(2)

<latexit sha1_base64="hTT4xX07m/K4giFAJyi4GXJ0/qA=">AAACInicbZDLSsNAFIYnXmu9Vd3pZrAKrkpS8LIU3bisYC/QhjCZnurgZBJmToQQCj6MuNXncCeuBF/CN3DaZqGtB2b4+f9zOJwvTKQw6Lqfztz8wuLScmmlvLq2vrFZ2dpumTjVHJo8lrHuhMyAFAqaKFBCJ9HAolBCO7y/HOXtB9BGxOoGswT8iN0qMRCcobWCyu5BO8h7hmuRYPFjJoGK4UFQqbo1d1x0VniFqJKiGkHlu9ePeRqBQi6ZMV3PTdDPmUbBJQzLh1NxrMUDcD+XUnEzLPdSAwnj9+wWulYqFoHx8/GJQ3ponT4dxNo+hXTs/p7IWWRMFoW2M2J4Z6azkflf1k1xcObnQiUpguKTRYNUUozpiBftCw0cZWYFs3zsKZTfMc04Wqply8ibJjIrWvWad1I7vq5Xzy8KWiWyR/bJEfHIKTknV6RBmoSTR/JMXsir8+S8Oe/Ox6R1zilmdsifcr5+AN8WpPs=</latexit>

Wi

<latexit sha1_base64="x7zvHRbmJ5XtNbEDhCDLZJP7qV8=">AAACDnicbZDNSgMxFIUz9a+Of1WXboKl4KrMFPxZFgVxWcHWQjuUTHqnDc0kQ5IplKHvIG71OdyJW1/Bx/ANTNtZaOuBwMc59xLuCRPOtPG8L6ewtr6xuVXcdnd29/YPSodHLS1TRaFJJZeqHRINnAloGmY4tBMFJA45PIajm1n+OAalmRQPZpJAEJOBYBGjxFirfQvEpAp0r1T2qt5ceBX8HMooV6NX+u72JU1jEIZyonXH9xITZEQZRjlM3cpSLBUbAw0yzgXVU7ebakgIHZEBdCwKEoMOsvk5U1yxTh9HUtknDJ67vzcyEms9iUM7GRMz1MvZzPwv66QmugoyJpLUgKCLj6KUYyPxrBvcZwqo4RMLhCpmT8F0SBShxjbo2o785UZWoVWr+hfV8/tauX6dt1VEJ+gUnSEfXaI6ukMN1EQUcfSMXtCr8+S8Oe/Ox2K04OQ7x+iPnM8f6VydHw==</latexit> F
ea

tu
re

s

<latexit sha1_base64="WU1DY5JlwBcAu8kv9EF8VBDnCzE=">AAACDHicbZDNTsJAFIWn+If1D3XpppEQXZGWBbokunGJiQUSaMh0uIWR6UwzMyUhDa9g3OpzuDNufQcfwzdwgC4UPMkkX865N5N7woRRpV33yypsbG5t7xR37b39g8Oj0vFJS4lUEvCJYEJ2QqyAUQ6+pppBJ5GA45BBOxzfzvP2BKSigj/oaQJBjIecRpRgbayWr0x20S+V3aq7kLMOXg5llKvZL333BoKkMXBNGFaq67mJDjIsNSUMZnZlJRaSToAEGWOcqJndSxUkmIzxELoGOY5BBdnimJlTMc7AiYQ0j2tn4f7eyHCs1DQOzWSM9UitZnPzv6yb6ug6yChPUg2cLD+KUuZo4cybcQZUAtFsagATSc0pDhlhiYk2HdmmI2+1kXVo1apevVq/r5UbN3lbRXSGztEl8tAVaqA71EQ+IugRPaMX9Go9WW/Wu/WxHC1Y+c4p+iPr8wft+JwG</latexit> U
se

rs
’

<latexit sha1_base64="x7zvHRbmJ5XtNbEDhCDLZJP7qV8=">AAACDnicbZDNSgMxFIUz9a+Of1WXboKl4KrMFPxZFgVxWcHWQjuUTHqnDc0kQ5IplKHvIG71OdyJW1/Bx/ANTNtZaOuBwMc59xLuCRPOtPG8L6ewtr6xuVXcdnd29/YPSodHLS1TRaFJJZeqHRINnAloGmY4tBMFJA45PIajm1n+OAalmRQPZpJAEJOBYBGjxFirfQvEpAp0r1T2qt5ceBX8HMooV6NX+u72JU1jEIZyonXH9xITZEQZRjlM3cpSLBUbAw0yzgXVU7ebakgIHZEBdCwKEoMOsvk5U1yxTh9HUtknDJ67vzcyEms9iUM7GRMz1MvZzPwv66QmugoyJpLUgKCLj6KUYyPxrBvcZwqo4RMLhCpmT8F0SBShxjbo2o785UZWoVWr+hfV8/tauX6dt1VEJ+gUnSEfXaI6ukMN1EQUcfSMXtCr8+S8Oe/Ox2K04OQ7x+iPnM8f6VydHw==</latexit> F
ea

tu
re

s

<latexit sha1_base64="WU1DY5JlwBcAu8kv9EF8VBDnCzE=">AAACDHicbZDNTsJAFIWn+If1D3XpppEQXZGWBbokunGJiQUSaMh0uIWR6UwzMyUhDa9g3OpzuDNufQcfwzdwgC4UPMkkX865N5N7woRRpV33yypsbG5t7xR37b39g8Oj0vFJS4lUEvCJYEJ2QqyAUQ6+pppBJ5GA45BBOxzfzvP2BKSigj/oaQJBjIecRpRgbayWr0x20S+V3aq7kLMOXg5llKvZL333BoKkMXBNGFaq67mJDjIsNSUMZnZlJRaSToAEGWOcqJndSxUkmIzxELoGOY5BBdnimJlTMc7AiYQ0j2tn4f7eyHCs1DQOzWSM9UitZnPzv6yb6ug6yChPUg2cLD+KUuZo4cybcQZUAtFsagATSc0pDhlhiYk2HdmmI2+1kXVo1apevVq/r5UbN3lbRXSGztEl8tAVaqA71EQ+IugRPaMX9Go9WW/Wu/WxHC1Y+c4p+iPr8wft+JwG</latexit> U
se

rs
’

<latexit sha1_base64="befv5pWT+S3ztsaILQZ714FGcnQ=">AAACFHicbVDLSsNAFJ3UV42vqks3g6XgqiRdVJdFNy4r2ge0sUwmN+3QySTMTAol9DfErX6HO3Hr3s/wD5y2WWjrgQuHc+7hco+fcKa043xZhY3Nre2d4q69t39weFQ6PmmrOJUUWjTmsez6RAFnAlqaaQ7dRAKJfA4df3wz9zsTkIrF4kFPE/AiMhQsZJRoIz3egwiYGGLKGQg9KJWdqrMAXiduTsooR3NQ+u4HMU0jk6WcKNVznUR7GZGaUQ4zu7Jix5JNgHoZ54Kqmd1PFSSEjskQeoYKEoHyssVTM1wxSoDDWJoRGi/U34mMREpNI99sRkSP1Ko3F//zeqkOr7yMiSTVIOjyUJhyrGM8bwgHTALVfGoIoZKZVzAdEUmoNj3apiN3tZF10q5V3Xq1flcrN67ztoroDJ2jC+SiS9RAt6iJWogiiZ7RC3q1nqw36936WK4WrDxziv7A+vwBZ6mfhA==</latexit>

S
en

d
in

g
clien

t
<latexit sha1_base64="cXecAhsKxAnk3nOhL5DtRVbrPKQ=">AAACGHicbVDLSgNBEJz1GeNr1aOXwRDwFHZziB6DXjxGMQ9IljDb6SRDZmeXmdlAWPIj4lW/w5t49eZn+AdOHgdNLGgoqrpousJEcG0878vZ2Nza3tnN7eX3Dw6Pjt2T04aOUwVYh1jEqhUyjYJLrBtuBLYShSwKBTbD0e3Mb45RaR7LRzNJMIjYQPI+B2as1HXdBwTkYy4HFARHabpuwSt5c9B14i9JgSxR67rfnV4MaWSzIJjWbd9LTJAxZTgInOaLK3as+BghyISQoKf5TqoxYTBiA2xbKlmEOsjmj01p0So92o+VHWnoXP2dyFik9SQK7WbEzFCvejPxP6+dmv51kHGZpAYlLA71U0FNTGct0R5XCEZMLGGguH2FwpApBsZ2mbcd+auNrJNGueRXSpX7cqF6s2wrR87JBbkkPrkiVXJHaqROgIzJM3khr86T8+a8Ox+L1Q1nmTkjf+B8/gCUNaCd</latexit>

R
eceiv

in
g

clien
t

<latexit sha1_base64="Q+xjQHuAtxGFjxbrZbNu/pWWcVM=">AAACInicbZDLSgMxFIYz9VbrrepON8G24KrMFLwsi25cKlgrtEPJpKdtbCYzJGcKZSj4MOJWn8OduBJ8Cd/AtM5CqwcSfv7/HA7nC2IpDLruu5NbWFxaXsmvFtbWNza3its7NyZKNIcGj2SkbwNmQAoFDRQo4TbWwMJAQjMYnk/z5gi0EZG6xnEMfsj6SvQEZ2itTnGv3OykbcO1iDH7cSyB3k3KnWLJrbqzon+Fl4kSyeqyU/xsdyOehKCQS2ZMy3Nj9FOmUXAJk0JlLo60GAH3UykVN5NCOzEQMz5kfWhZqVgIxk9nJ05oxTpd2ou0fQrpzP05kbLQmHEY2M6Q4cDMZ1Pzv6yVYO/UT4WKEwTFvxf1EkkxolNetCs0cJRjK5jlY0+hfMA042ipFiwjb57IX3FTq3rH1aOrWql+ltHKk31yQA6JR05InVyQS9IgnNyTR/JEnp0H58V5dd6+W3NONrNLfpXz8QXgu6T8</latexit>

Wj
<latexit sha1_base64="uR2/YLftqA7y5t7aOOPgFRT3IFM=">AAACCXicbZDNTgIxFIXv4B+Of6hLN42ExBWZYYEuiW5cYpCfBCakUwo0dNpJ2yEhE57AuNXncGfc+hQ+hm9ggVkoeJImX865N809YcyZNp735eS2tnd29/L77sHh0fFJ4fSspWWiCG0SyaXqhFhTzgRtGmY47cSK4ijktB1O7hZ5e0qVZlI8mllMgwiPBBsygo21Gg017ReKXtlbCm2Cn0ERMtX7he/eQJIkosIQjrXu+l5sghQrwwinc7e0FkvFppQEKeeC6LnbSzSNMZngEe1aFDiiOkiXl8xRyToDNJTKPmHQ0v29keJI61kU2skIm7Fezxbmf1k3McObIGUiTgwVZPXRMOHISLSoBQ2YosTwmQVMFLOnIDLGChNjy3NtR/56I5vQqpT9arn6UCnWbrO28nABl3AFPlxDDe6hDk0gMIJneIFX58l5c96dj9Vozsl2zuGPnM8f2iKa6g==</latexit>
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Fig. 1: Outline of parties’ interactions in Starlit.

This procedure may still leave the chance of an inference
attack during model training/deployment. To address this issue,
we use LDP, where any flag values that leave the client are
obfuscated via a randomization strategy. Note that this protec-
tion is an additional layer on top of what is already offered
by the SecureBoost protocol, which only shares encrypted
(aggregated) gradient information.

VI. FORMAL SECURITY DEFINITION

In this section, we introduce a generic formal definition,
that we call Celestial. It establishes the primary security
requirements of privacy-preserving (V)FL schemes such as
Starlit. Celestial involves three types of parties, (i) a service
provider Srv, (ii) a feature collector FC, and (iii) a set of clients
{C1, ...,Cn} contributing their private inputs. Informally, Ce-
lestial allows Srv to generate a (global) model given its initial
model and the inputs of C1, ...,Cn. To achieve a high level
of computational efficiency and scalability, in Celestial, we
involve a third-party FC that assists Srv with computing the



model (by interacting with Cis and retrieving the features they
hold). The functionality F that Celestial computes takes an
input initial model θ from Srv, a set Si from every Ci, and
no input from FC. It returns to Srv an updated model θ′. It
returns nothing to the rest of the parties. Hence, F can be
formally defined as follows.

F(θ, S1, ..., Sn,⊥) → (θ′,⊥, ...,⊥︸ ︷︷ ︸
n

,⊥) (1)

Since (i) FC interacts with C1, ...,Cn and collects some
features from them and (ii) Srv generates the model in
collaboration with C1, ...,Cn and FC, there is a possibility of
leakage to the participating parties. Depending on the protocol
that realizes F this leakage could contain different types of
information. For instance, it could contain (a) each Ci’s local
model outputs and corresponding gradients (a.k.a. intermediate
results) when using gradient descent [21] in VFL, (b) the
output of entity aligning procedure, (c) information about
features, or (d) nothing at all. We define this leakage as an
output of a leakage function defined as follows:

L(inp) → (l1, l2, ..., ln+2) (2)

L(inp) takes all parties (encoded) inputs, denoted as inp.
It returns leakage l1 to Srv, l2 to FC, and leakage li to Ci−2,
for all i, where 3 ≤ i ≤ n+ 2.

We assert that a protocol securely realizes F if (1) it reveals
nothing beyond a predefined leakage to a certain party and (2)
whatever can be computed by a party in the protocol can be
obtained from its input and output only. This is formalized
by the simulation paradigm. We require a party’s view during
the execution of the protocol to be simulatable given its input,
output, and the leakage that has been defined for that party.

Definition 1 (Security of Celestial). Let F be the functionality
presented in Relation 1. Also, let L be the above leakage
function, presented in Relation 2. We assert that protocol Γ
securely realizes F , in the presence of a semi-honest adversary,
if for every non-uniform PPT adversary A for the real model,
there exists a non-uniform PPT adversary (or simulator) Sim
for the ideal model, such that for every party P , where
P ∈ {Srv,C1, ...,Cn,FC}, the following holds:

{SimF,L1

Srv
(θ, θ′)}inp

c≡ {ViewA,Γ

Srv (inp)}inp (3)

{SimF,L2
FC (⊥,⊥)}inp

c≡ {ViewA,Γ

FC (inp)}inp (4)

{SimF,Li+2
Ci

(Si,⊥)}inp

c≡ {ViewA,Γ

Ci
(inp)}inp (5)

where 1 ≤ i ≤ n.

VII. STARLIT’S PHASES IN DETAIL

A. Privacy-Preserving Feature Extraction

In this section, we elaborate on the two primary privacy-
preserving mechanisms that we designed to extract features.

1) Finding Features’ Discrepancies: Let T =
{tu,1, ..., tu,m} be a subset of features that Srv holds
for a user U. Consider the scenario where Srv wants to
check with a pair of clients (Ci,Cj) if there is a discrepancy
between some of the features in T that Srv, Ci, and Cj

hold, without revealing and being able to learn anything else.
This approach could provide information about anomalous
transactions. In the domain of financial transactions, we
analyzed synthetic data provided to us and identified key
features possessed by FSP for each transaction (with FSP
acting as Srv). These features include: (i) customername, (ii)
countryCityzipcode, and (iii) streetname for both the ordering
and beneficiary banks. Each bank, per user, maintains various
features such as customername, countryCityzipcode, and
streetname (with an associated flag).

Different parties may hold different perspectives on the
value of these features. Discrepancies can arise from various
factors. For instance, a user may have supplied divergent infor-
mation to different parties. In the given scenario, a customer
might hold accounts with both the ordering and beneficiary
banks but could have provided inconsistent details, such as
their address, to these banks. Additionally, there is a possibility
that the values maintained by Srv have been tampered with,
potentially by external entities [4], [24]. Thus, incorporating
a feature that signals disparities between a client’s data and
Srv’s data can enhance the accuracy of models.

To detect discrepancies while preserving privacy we use
PSI, a method that safeguards the privacy of non-suspicious
users’ data maintained by the involved parties. The PSI out-
comes serve as additional features in the FL model. Specifi-
cally, Srv and each client Ci participate in an instance of PSI,
receiving a set of strings from Srv and the client. The PSI
returns the intersection to Ci. For each user, Ci adds a binary
feature b to its dataset (if not already present). If a user’s
details are in the intersection, b is set to 1; otherwise, it is set
to 0. Figure 2 presents this procedure in detail. Hence, we not
only employ PSI (as a subroutine in SecureBoost) for entity
alignment, but we also leverage it to enhance the accuracy of
the final model. Note that the outcome of the protocol in Figure
2 will be transmitted to FC in the second phase (collecting
flags of suspicious users), presented below.

2) Collecting Flags of Users: Each user’s sample may
be accompanied by a flag whose value is computed and
allocated by a client. For instance, in the context of financial
transactions, for each user’s account that a bank holds, there
is a flag indicating whether the bank considers the account
suspicious. This flag type offers extra information crucial for
anomaly detection. Nevertheless, these flags are treated as
private information and cannot be directly shared with Srv.

To align the flags with the Srv’s dataset without revealing
them, we rely on the following observation and idea. The key
observation is that each user’s sample, which is held by Srv
and includes both sender and receiver clients, can be assigned
an ID selected uniformly at random from a sufficiently large
domain. In certain cases, such as financial transactions, each
sample (representing a transaction) already comes with a



• Parties: Srv and Ci.
• Input:
⋄ Srv’s input, for each user U, is a set TSrv of strings (taken

from a dataset DSSrv), where each string has the form
tu,1||tu,2||...||tu,m and tu,1 is a user’s unique ID.

⋄ Ci’s input, for each user U, is a set TCi
of strings (from

its dataset DSCi
of all users), where each string has the

form tu,1||tu,2||...||tu,m.
• Output: Updated dataset DSCi

.

1) Srv and Ci invoke an stance of PSI protocol:
PSI(TSrv, TCi

) → T∩.
2) Given T∩, Ci parses each element of T∩ as

tu,1||tu,2||...||tu,m.
3) If binary feature b is not in DSCi

, then Ci adds b to
each user’s feature.

4) Ci sets b as follows. For every tu,j ∈ DSCi
:

• Sets b = 1, when tu,j ∈ S∩.
• Sets b = 0, otherwise.

5) Ci returns DSCi
.

Fig. 2: PSI-based method to identify discrepancies.
random ID. As a random string, this ID divulges no specific
information about a user’s features. For each user’s sample,
Srv can generate this ID and share this ID (along with a
unique feature in the sample) with the clients involved in that
sample. Accordingly, if each client groups each ID with a
set of binary flags and sends them to FC, FC cannot glean
significant information about the user’s features linked to those
IDs. Based on this observation, we rely on the following idea
to extract the flags.

For each user’s sample, Srv sends the random ID and
a unique feature of the user (e.g., their name or account
number) to the related clients. The clients then use their sample
information to group each ID with the correct user’s flags. It
sends this group to FC. When sending a flag for a user to
FC, each client also sends to FC the flag b that it generated in
Figure 2 (to detect discrepancies). Consequently, FC uses a set
(that includes an ID and flags for each user) to create a dataset
of flags. This dataset will then be used as the input data for the
ML model. The above private information retrieval mechanism
is highly computationally efficient. This approach still may
reveal certain information to the involved parties. Specifically
(a) each client gains knowledge of some of their users that are
in Srv’s dataset, and (b) FC acquires information about which
IDs originate from certain clients, enabling the calculation
of the number of transactions between each pair of clients.
However, the privacy of sensitive information is preserved,
as (i) each client remains unaware of details about other
participating clients or users’ features held at other clients and
(ii) FC cannot identify the user involved in a sample. FC only
has IDs and a set of flags for each ID. Consequently, FC cannot
glean any information about a specific account.

As evident during the feature extraction, each client inde-
pendently computes its message and sends it to FC without

the need to coordinate with other clients. Hence, even if
some clients choose not to send their messages, this phase
is completed. This is in contrast to the solution proposed in
[19] which cannot withstand clients’ dropouts.

B. Model Training and Inference

Following the feature extraction phase, Srv and FC jointly
possess all the necessary data for training the anomaly de-
tection model. Srv retains a dataset of samples, while FC
possesses certain features of samples, i.e., discrepancies and
flags (protected by DP). This represents the VFL setting, where
only Srv holds the labels to predict. This configuration allows
for the utilization of various off-the-shelf protocols suitable
for training an ML model, such as those presented in [6], [8],
[10]. We use the SecureBoost algorithm (discussed in Section
IV-D), which involves the exchange of encrypted (aggregate)
gradients between Srv and FC during the training phase. Srv
can decrypt the gradients to determine the best feature to split
on. Once the model is trained, each party owns the part of
the tree that uses the features it holds. Hence, when using the
distributed inference protocol in [8], Srv coordinates with the
FC to determine the split condition to be used.

Theorem 1 (informal). Let F be the functionality defined in
Relation 1. If the LDP, SecureBoost, and PSI schemes are
secure, then Starlit securely realizes F , w.r.t. Definition 1.

We refer to the full version of the paper for a formal
statement of Theorem 1 and its proof.

VIII. IMPLEMENTATION OF STARLIT

We carry out comprehensive evaluations to study Starlit’s
performance from various aspects, including privacy-utility
trade-off, efficiency, scalability, and choice of parameters. In
the remainder of this section, we provide an overview of the
analysis. Due to space limits, we provided a far more detailed
analysis in the full version of the paper [2].

A. The Experiment’s Environment

We implement Starlit within an FL framework, called
Flower (discussed in Section IV-E). We use Python program-
ming language to implement Starlit. Experiments were run
using AWS ECS cloud with docker containers with 56GB
RAM and 8 Virtual CPUs. We adjusted and used the Python-
based implementation of the efficient PSI introduced in [14].
We have run experiments to evaluate the performance of this
PSI. We conducted the experiments when each party’s set’s
cardinality is in the range [29, 219]. Briefly, our evaluation
indicates that the PSI’s runtime increases from 0.84 to 367.93
seconds when the number of elements increases from 29 to
219. The full version of the paper presents further details
on the outcome of the evaluation. Each instance of the
PSI, for each account, takes as input string: accountnumber||
customername||streetname ||countryCityzipcode. The output
of the PSI is received by the participating bank.

Our experiment involves the utilization of two synthetic
datasets. Dataset 1: Synthetic dataset that simulates transaction
data obtained from the global payment network of FSP (acting



as Srv); Dataset 2: Synthetic dataset related to customers (or
users), inclusive of their account information and flags, derived
from the partner banks (or clients) of FSP. We refer to the full
version of the paper [2] for more details about these datasets.

IX. EMPIRICAL RESULTS

In this study, we employ a straightforward approach, utiliz-
ing example features extracted from FSP, as provided in the
data, in conjunction with four binary values derived from the
banks’ data. The features extracted from FSP for model train-
ing encompass the following: settlement amount, instructed
amount, hour, sender hour frequency, sender currency fre-
quency, sender currency amount average, and sender-receiver
frequency. We also incorporate four binary flags, indicating the
agreement between FSP and the banks on sender and receiver
address details, as well as whether the sending and receiving
accounts share the same flag for a given account.

A. Privacy-Utility Trade-off
1) Baseline: To analyze the trade-off between utility and

privacy, we establish a benchmark using a centralized model
constructed within FSP. In this centralized model, all data from
banks is revealed in plaintext. The same set of features listed
above is extracted. We train a standard XGBoost model with
30 trees. We employ a 5-fold cross-validation with the average
precision score as the metric.

2) Evaluation Procedure: The “Area Under the Precision-
Recall Curve” (AUPRC) is a metric used to evaluate the
performance of an ML classification model. The unit of
AUPRC is a value in the range [0, 1]. It measures the trade-
off between precision and recall and provides a summary
of the model’s performance across different threshold values
for classification. A higher AUPRC indicates better model
performance, with 1 being the ideal value representing perfect
precision and recall.

3) Starlit: In the evaluation of Starlit’s implementation,
for analyzing AUPRC that can be achieved at a given level
of privacy, we modify the flag values that banks send using
DP and construct XGBoost models with these noisy features.
We use the same parameters as in the baseline model (30
trees and 5-fold cross-validation) and measure the average
precision score for the final model on training and test data,
averaging over 5 runs to account for the randomness of the
privacy mechanism and the training process. SecureBoost does
the same computation as XGBoost while constructing the
trees albeit on encrypted gradients. Hence, the additional cost
will not be on accuracy but rather on performance. We also
observed this to be the case from our experimental results.

4) Key Takeaways: Figure 3 provides a summary of our
utility-privacy trade-off analysis. Plot(a) in this figure com-
pares the effect on AUPRC of the model when using Ran-
domized Response (RR) and Laplace mechanism with post-
processing for achieving LDP. Consistent with the optimality
results presented in [22], [13], RR offers a superior utility-
privacy trade-off when compared to the Laplace mechanism.
Both RR and the Laplace mechanism yield symmetric transfor-
mation matrices, meaning an equal probability for converting
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Fig. 3: Plot(a) compares the effect on AUPRC of the model when
using RR and Laplace mechanism with post-processing for achieving
LDP. Plot(b) compares the effect on AUPRC when using RR and
privacy mechanisms at the same value of ϵ but with the constraint
of 10% less probability of converting 0 to 1 (1 to 0) than what is
recommended by RR. In Plot(a), red dotted line: non-private-train,
blue dotted line: non-private-test, solid blue line: RR-train, solid
orange line: RR-test, solid green line: Laplace-train, and solid red
line: Laplace-test. In Plot(b), red dotted line: non-private-train, blue
dotted line: non-private-test, solid blue line: RR-train, solid orange
line: RR-test, solid green line: 10% less 0− > 1 than RR-train, solid
red line: 10% less 0− > 1 than RR-test, solid purple line: 10% less
1− > 0 than RR-train, and solid brown line: 10% less 1− > 0 than
RR-test.

a 0 to 1 and a 1 to 0. Plot(b) in Figure 3 illustrates the impact
on AUPRC when employing RR and privacy mechanisms.
This comparison is conducted at the same ϵ value, with the
additional constraint of reducing the probability of converting
0 to 1 (and 1 to 0) by 10% compared to the recommendations
provided by RR. These recommendations are determined using
our game framework. The results demonstrate that even a
slight increase in the probability of converting a zero flag to
a non-zero value has a significant impact on the model’s per-
formance. This observation aligns with intuition, considering
the substantial proportion of zero flag values in the dataset.

B. Efficiency and Scalability

1) Baseline: SecureBoost’s training was configured with
10 trees, each with a depth of 3, a dataset sampling rate
of 40%, and a “Gradient-based One Side Sampling” (GOSS)
sampling of 0.1. This baseline is used to investigate various
configurations’ impact on efficiency.

2) Starlit: We analyzed Starlit’s efficiency with different
SecureBoost configurations. The evaluation’s results are illus-
trated in Table I. SecureBoost offers various options that can
be employed to enhance efficiency in different settings. For
instance, both direct sampling and GOSS sampling offers a
means to reduce network and memory overhead by decreasing
the volume of data processed in each round of training. The
tree depth is also a crucial parameter for improving accuracy
while maintaining an appropriate level of efficiency in terms of
training time and memory consumption. Also, the integration
of Starlit with FATE and Flower enables the splitting of large
messages into chunks, facilitating more efficient processing.
Starlit utilizes numerous Flower rounds, with a significant
portion of the final rounds remaining empty due to the require-
ment of a pre-set round number by Flower. This situation has
an impact on the network metrics.



TABLE I: Starlit’s Runtime using various training parameters. In
the table, H represents time in hours and GB refers to gigabyte. The
row highlighted in yellow corresponds to the choice of parameters
where AUPRC is at the highest level.

Sampling Approach
Tree’s depthEfficiency Metric Unit

Direct Sampling Rate GOSS
Tree’s depth Max Message Size Result

AUPRC –

40% 0.1 3 100MB 0.4715

100% 0.1 3 100MB 0.5786

40% Disabled 3 100MB 0.47

40% 0.3 3 100MB 0.5965

40% 0.1 5 100MB 0.652

40% 0.1 3 1GB 0.4715

The total
tra

ining tim
e

H

40% 0.1 3 100MB 1.1

100% 0.1 3 100MB 2.21

40% Disabled 3 100MB 2.83

40% 0.3 3 100MB 1.5

40% 0.1 5 100MB 1.13

40% 0.1 3 1GB 1

The peak
tra

ining

GB

40% 0.1 3 100MB 12.38

mem
ory

usag
e

100% 0.1 3 100MB 17.48

40% Disabled 3 100MB 18.39

40% 0.3 3 100MB 13.66

40% 0.1 5 100MB 16.4

40% 0.1 3 1GB 12.22

The netw
ork

disk

GB

40% 0.1 3 100MB 4.98

volume usag
e

100% 0.1 3 100MB 14.51

40% Disabled 3 100MB 16.61

40% 0.3 3 100MB 7.84

40% 0.1 5 100MB 5.1

40% 0.1 3 1GB 4.34

The netw
ork

file

GB

40% 0.1 3 100MB 993

volume usag
e

100% 0.1 3 100MB 1270

40% Disabled 3 100MB 1256

40% 0.3 3 100MB 1035

40% 0.1 5 100MB 1316

40% 0.1 3 1GB 927

C. Contrasting Starlit with the Baseline

Starlit and the baseline achieve the same level of AUPRC
when Starlit’s (i) direct sampling rate is 40%, (ii) the tree’s
depth is 3, and (iii) GOSS is not disabled. Starlit achieves
its highest AUPRC level (i.e., 0.652) when the tree’s depth
is set to 5. Remarkably, in this instance, Starlit’s AUPRC
surpasses even the baseline setting (i.e., 0.652 versus 0.4715).
When the tree’s depths in Starlit and baseline are set to 5
and 3 respectively, then Starlit can attain a superior AUPRC
level compared to the baseline. However, in this setting, Starlit
would impose approximately 1.3 times higher cost.

X. CONCLUSION

In this work, we introduced Starlit, a scalable privacy-
preserving and demonstrated its applications in dealing with
financial fraud, mitigating terrorism, and improving digital
health. We formally defined and proved the security of Starlit
in the simulation-based model. To formally capture the secu-
rity of Starlit, we have defined a set of leakage functions that
may hold independent significance. We implemented Starlit
and conducted a comprehensive analysis of its performance
and accuracy, using synthetic data provided by one of the key
players facilitating financial transactions worldwide.

In secure FL, the output inevitably leaks some information
about participants private inputs, which may deter parties with
sensitive or valuable data, especially if they have no stake in
the outcome. Future work could extend Starlit to reward active
contributors, linking FL with the data market [1].
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