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Abstract
We propose OmniLytics, a blockchain-based se-
cure data trading marketplace for machine learn-
ing applications. Utilizing OmniLytics, many dis-
tributed data owners can contribute their private
data to collectively train a ML model requested by
some model owners, and get compensated for data
contribution. OmniLytics enables such model
training while simultaneously providing 1) model
security against curious data owners; 2) data se-
curity against curious model and data owners; 3)
resilience to malicious data owners who provide
faulty results to poison model training; and 4) re-
silience to malicious model owner who intents to
evade the payment. OmniLytics is implemented
as a smart contract on the Ethereum blockchain
to guarantee the atomicity of payment. In Omni-
Lytics, a model owner publishes encrypted initial
model on the contract, over which the participat-
ing data owners compute gradients using their
private data, and securely aggregate the gradi-
ents through the contract. Finally, the contract
reimburses the data owners, and the model owner
decrypts the aggregated model update. We im-
plement a working prototype of OmniLytics on
Ethereum, and perform extensive experiments to
measure its gas cost and execution time under var-
ious parameter combinations, demonstrating its
high computation and cost efficiency and strong
practicality.

1. Introduction
With the rapid development of sensing, processing, and stor-
age capabilities of computing devices (e.g., smartphones and
IoT devices), the collection and storage of data has been in-
creasingly convenient and cost-effective (Cornet & Holden,
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2018; Sheng et al., 2013). On the other hand, crowdsourc-
ing big data has been shown to be extremely effective in
improving the performance of various tasks in, e.g., health-
care, smart city, and recommender systems (Al Nuaimi
et al., 2015; Hashem et al., 2016; Raghupathi & Raghupathi,
2014; Wang et al., 2018; Yin et al., 2013). The abundant
supply of data stored locally at individual nodes and the
huge demands from data-intensive applications incentivise
the development of a data market, on which data owners
can easily trade the rights of using their data with interested
consumers for monetary returns.

Conventionally, a data market is often implemented as a cen-
tralized service platform that collects data from data owners
and sells raw or processed data to the consumers (Krish-
namachari et al., 2018; Mišura & Žagar, 2016; Niu et al.,
2018a). This approach leaves the platform as a single point
of security vulnerability for the data market, and corrup-
tion on the platform servers may lead to severe security
issues including leakage of private data, faulty computa-
tion results, and manipulation of data price. A number of
recent works have proposed to leverage technologies of de-
centralized systems like blockchains and smart contracts
to tackle the weakness of the centralized implementation
(see, e.g., (Duan et al., 2019; Koutsos et al., 2020; Özyilmaz
et al., 2018; Ramachandran et al., 2018)).

To further improve data security, more advanced crypto-
graphic techniques like homomorphic and functional en-
cryption have been utilized to generate analytics over the
raw data for consumers to purchase without revealing the
data themselves (Duan et al., 2019; Koutsos et al., 2020; Niu
et al., 2018a;b). However, we note that these approaches are
limited in the following three aspects: 1) data owners up-
load the encrypted raw data on the blockchain, which leads
to permanent loss of the data ownership to any adversarial
party with the decryption key; 2) the available analytics are
limited to simple linear combinations; 3) they still require a
(trusted or untrusted) third party other than the data owner
and consumer acting like a broker or service provider to
maintain the utility and security of trading session.

In this paper, our goal is to build a secure, robust, and broker-
free data market for general machine learning applications.
Particularly, a model owner would like to crowdsource train-
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ing data from interested data owners through the data market
for improving the quality of its ML models (e.g., a deep neu-
ral network for image classification). Moreover, we enforce
the following privacy and security requirements:

• Model privacy: the ML model is only known at the model
owner and not revealed to other parties;

• Data privacy: model owner learns nothing about data
owners’ private other than the learnt model;

• Byzantine resistance: 1) robust to malicious data owners
who intentionally provide incorrect data, and 2) robust to
malicious model owner who tries to evade paying for the
model training.

We propose a novel blockchain-based data market named
OmniLytics, which is the first implementation of an
Ethereum smart contract (ETH) that simultaneously satis-
fies all the above security requirements. During a trading
session, the model owner deploys a smart contract with the
encrypted initial ML model, then interested data owners
retrieve the published model, compute locally the gradients
using their private data, and upload the gradients back to
the contract. During this process, the data owners hide their
local gradients with pair-wise masks generated according to
the secure aggregation protocol (Bonawitz et al., 2017) to
further protect data leakage. Moreover, OmniLytics imple-
ments the multi-Krum algorithm (Blanchard et al., 2017a;b)
to remove faulty computation results from malicious data
owners. Finally, the model owner decrypts the aggregated
gradients from many data owners with its private key, and
uses the results to update its model. The training reward is
provided by the model owner when deploying the contract,
and is automatically distributed to honest data owners by the
contract, preventing malicious model owners from evading
payments after obtaining the trained model.

We implement an Ethereum smart contract SecGraCollect
and the off-chain application of the proposed OmniLytics
data market. We conduct extensive experiments to measure
the gas cost and the execution time of SecGraCollect un-
der various combinations of system parameters. Within the
considered parameter range, all interaction processes be-
tween the data owner and the contract are completed within
0.8s, and all interaction processes between the model owner
and the contract are completed within 18s. This demon-
strates the high efficiency and feasibility of the proposed
OmniLytics data market.

Related works

Secure data markets. While traditional data markets are
implemented as an intermediate service platform that helps
to enforce desirable rules about data privacy, data owner-
ship, and data usage, this requires full trust on the platform

and leaves the platform the single point of failure in main-
taining these properties. To resolve this issue, implement-
ing the data market service over decentralized systems like
blockchains has been recently proposed (Banerjee & Ruj,
2018; Duan et al., 2019; Koutsos et al., 2020; Özyilmaz
et al., 2018; Ramachandran et al., 2018). In these implemen-
tations, encrypted data are uploaded to the blockchain, on
which a smart contract with funding deposit from the con-
sumer is executed automatically, guaranteeing the atomicity
of the payment. To further enhance the data privacy and ro-
bustness to malicious behaviors, more advanced techniques
like homomorphic encryption, functional encryption, and
differential privacy have been utilized to generate simple
analytics over the raw data for sale without revealing the in-
dividual data points (Duan et al., 2019; Koutsos et al., 2020;
Niu et al., 2018b), and zero-knowledge proofs and trusted
hardware like Intel SGX have been used to guarantee the
correctness of the computations (Duan et al., 2019; Koutsos
et al., 2020; Niu et al., 2018a).

Federated learning on blockchains. Federated learning
(FL) (McMahan et al., 2017) has recently been proposed as
a privacy-preserving framework for distributed ML where a
set of clients, instead directly uploading their private data
to the cloud, upload the gradients computed from the data,
which are aggregated at a cloud server to update a global
model. In addition, techniques of masking local gradients
like secure aggregation (Bell et al., 2020; Bonawitz et al.,
2017; So et al., 2021) and differential privacy (Geyer et al.,
2017; Wei et al., 2020) have been developed for FL to further
protect potential data leakage.

Recently, it has been proposed to execute FL tasks on
blockchains to combat server corruption and facilitate a
more fair and transparent reward distribution (see, e.g., (Kim
et al., 2019; Liu et al., 2020; Ma et al., 2020; Shayan et al.,
2020; Zhao et al., 2020)). In (Zhao et al., 2020), a FL
on blockchain system is designed for the smart appliance
manufactures to learn a ML model from customers’ data.
Differential privacy techniques are applied on the clients’
extracted features to protect data privacy from the computed
gradients that are uploaded on the blockchain. A reputation-
based incentive mechanism is designed to reward contribut-
ing customers and punish malicious ones. However, one
weakness of the design in (Zhao et al., 2020) is that the ini-
tial model of the manufacturer is revealed to public, which
may not be desirable for the model owner, especially for an
iterative training session where the initial model for an itera-
tion is learnt using customers’ data from previous iterations.
Also, (Zhao et al., 2020) does not provide a blockchain im-
plementation of their design. In (Liu et al., 2020), a P2P
payment blockchain protocol is designed to compute and
distribute the profit in a FL session, based on evaluations
of Shapley values. The protocol in (Liu et al., 2020) is fun-
damentally different from the proposed OmniLytics data
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market as FL and reward distribution are performed on two
separate systems in (Liu et al., 2020).

In another recent work (Lyu et al., 2020), another federated
learning framework over blockchain named FPPDL was
proposed to facilitate fair and privacy-preserving machine
learning. While both FPPDL and the proposed OmniLytics
data market have data owners and model owners respectively
upload and download encrypted gradients via blockchain
transactions, they differ drastically in the implementations
of underlying blokchain systems. In FPPDL, a data owner
is co-located with a blockchain miner such that a learning
participant has to perform local training and block verifica-
tion. As a participant needs permission to join the system,
FPPDL is restricted to permission blockchains. However,
OmniLytics does not have such restriction as the entire data
market is implemented as a smart contract on top of a ex-
isting blockchain such that the data owners and the block
miners operate independently. This allows OmniLytics to
be implemented on permissionless public blockchains like
Ethereum where data owners can be rewarded with the
corresponding cryptocurrencies.

2. System description
We consider a network of many compute nodes (e.g., mo-
bile devices like smartphones, or institutional entities like
hospitals, banks, and companies), each of which has some
local data storage and processing power. Some node would
like to learn a machine learning model (e.g., to predict the
preference of a customer on a particular product). We call
such node the model owner, denoted by MO. However, as
the MO may not have sufficient amount of data locally to
train a good model, it intends to crowdsource data from
other nodes to improve the model quality. In return, the MO
compensates the nodes who contribute to the model training
with their local private data. We name these nodes as data
owners, denoted by DOs.

To facilitate a secure and faithful data trading process as
described above, we aim to build a secure data market that
meets the following service and security requirements:

• Symmetric sessions. Any node in the network can freely
choose to be an MO and initialize a data trading session
for local model training. Any node is also free to join
any on-going data trading session to contribute its data to
MO’s model training.

• Model and data privacy. The MO would not like to
directly reveal its model (before and after training) to the
DOs, as the model itself may leak confidential information
about the MO (e.g., the model might be pre-trained using
MO’s private data). On the other hand, a DO would
not like to reveal its private data directly to the MO and

other DOs, as that would lead to permanent relinquishing
control over their data.

• Byzantine resistance. The designed data market should
provide robustness to malicious behaviors of Byzantine
MO and DOs. Specifically, it should protect the quality
of the trained model from being undermined by mali-
cious DOs who might arbitrarily deviate from the training
protocol. Also, it should enforce that honest DOs who
faithfully follow the protocol get properly compensated
for their contributions to the model training.

3. Secure federated machine learning
To protect the data privacy of the DOs, we adopt the privacy-
preserving distributed machine learning framework named
federated learning (McMahan et al., 2017), where gradients
computed from private data instead of the data itself are
exchanged between participating nodes to collaboratively
train a global model. Additionally, we employ secure multi-
party computing techniques to further protect the privacy of
the MO’s model and the DOs’ data, and the security of the
training process.

3.1. Federated learning framework

A federated learning (FL) instance consists of a central
server and a group of N clients. Each client k has locally
a dataset Sk = {(x1,y1), . . . , (xMk

,yMk
)} of Mk data

samples. Each data sample (xi,yi) consists of an input
vector xi ∈ Rd and its label yi ∈ Rp for some input di-
mension d and output dimension p. The goal of FL is to
train a global modelW (e.g., a neural network) to minimize
the objective function L(W ) =

∑N
k=1 pkLk(W ). Here

Lk(W ) = 1
Mk

∑Mk

i=1
1
2 ||ŷi − yi||

2
2 is the empirical mean-

square loss at client k, and ŷi is the predicted label of xi
usingW . The weight pk , Mk∑N

k=1Mk
.

The server collaborates with the clients to train the global
model using gradient descent over multiple iterations. To
start with, the server broadcasts an initial model W (0) to
all clients. In each iteration t of the training process, each
client k uses the global model received from the last iteration
W (t−1) and its local private data Sk to compute the gradient
G

(t−1)
k = ∂Lk(W

(t−1))
∂W (t−1) and sends it to the server. The server

aggregates the received gradients from the N clients and
updates the model for some learning rate η as follows

W (t) =W (t−1) − η
N∑
k=1

pkG
(t−1)
k . (1)

We consider training a deep neural networkW . In what fol-
lows, we describe the security mechanisms we adopt to pro-
tect the privacy of the model parameters and the clients’ pri-
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vate data, for a single iteration of federated learning (hence
we will omit all iteration indices).

3.2. Privacy-preserving techniques for FL

We consider a feed-forward neural networkW of L layers,
as depicted in Figure 1. We represent the model parameters
in layer l ∈ {1, . . . , L} as a matrix W (l) ∈ Rnl×nl−1 ,
where nl denotes the number of neurons in layer l.

Input Layer 1 Layer l-1 Layer l Layer L-1 Layer L
Output
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ŷ(l�1)
nl�1

<latexit sha1_base64="8AfNCyHhcfEjQAGA7Uwu5eJB1L8=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUgyUpoh6LXjxWsB/QxrDZbtqlm03YnQghxL/ixYMiXv0h3vw3btsctPXBwOO9GWbm+TFnCmz721hZXVvf2Cxtlbd3dvf2zYPDjooSSWibRDySPR8rypmgbWDAaS+WFIc+p11/cjP1u49UKhaJe0hj6oZ4JFjACAYteWZlMMaQpflDVuNnzmnuZU7umVW7bs9gLROnIFVUoOWZX4NhRJKQCiAcK9V37BjcDEtghNO8PEgUjTGZ4BHtaypwSJWbzY7PrROtDK0gkroEWDP190SGQ6XS0NedIYaxWvSm4n9eP4Hgys2YiBOggswXBQm3ILKmSVhDJikBnmqCiWT6VouMscQEdF5lHYKz+PIy6TTqzkW9cXdebV4XcZTQETpGNeSgS9REt6iF2oigFD2jV/RmPBkvxrvxMW9dMYqZCvoD4/MHJ2mUcw==</latexit>

ŷ
(l�1)
1

<latexit sha1_base64="Y1GIWvul12r6CYlLeyYcF5ROMLQ=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUgyUpoh6LXjxWsB/QxrDZbtqlm03YnQghxL/ixYMiXv0h3vw3btsctPXBwOO9GWbm+TFnCmz721hZXVvf2Cxtlbd3dvf2zYPDjooSSWibRDySPR8rypmgbWDAaS+WFIc+p11/cjP1u49UKhaJe0hj6oZ4JFjACAYteWZlMMaQpflDVuNnzmnuZY3cM6t23Z7BWiZOQaqoQMszvwbDiCQhFUA4Vqrv2DG4GZbACKd5eZAoGmMywSPa11TgkCo3mx2fWydaGVpBJHUJsGbq74kMh0qloa87QwxjtehNxf+8fgLBlZsxESdABZkvChJuQWRNk7CGTFICPNUEE8n0rRYZY4kJ6LzKOgRn8eVl0mnUnYt64+682rwu4iihI3SMashBl6iJblELtRFBKXpGr+jNeDJejHfjY966YhQzFfQHxucPKO6UdA==</latexit>

ŷ
(l�1)
2

<latexit sha1_base64="fmw5UFsfOfRZkC4ClQo6mttuhss=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfVY9OKxgv2Adi3ZNNuGZpMlyQpl2b/hxYMiXv0z3vw3pu0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjvzO09UaSbFg5nG1I/wSLCQEWys1O8MUs/LHtMqP88G5Ypbc+dAq8TLSQVyNAflr/5QkiSiwhCOte55bmz8FCvDCKdZqZ9oGmMywSPas1TgiGo/nd+coTOrDFEolS1h0Fz9PZHiSOtpFNjOCJuxXvZm4n9eLzHhtZ8yESeGCrJYFCYcGYlmAaAhU5QYPrUEE8XsrYiMscLE2JhKNgRv+eVV0q7XvMta/f6i0rjJ4yjCCZxCFTy4ggbcQRNaQCCGZ3iFNydxXpx352PRWnDymWP4A+fzByUvkRw=</latexit>

W
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11

<latexit sha1_base64="C+PTU8X/Euvw92bDC3EMEKHp7+A=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfVY9OKxgv2Adi3ZNNuGZpMlyQpl2b/hxYMiXv0z3vw3pu0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjvzO09UaSbFg5nG1I/wSLCQEWys1O8MUq+ePaZVfp4NyhW35s6BVomXkwrkaA7KX/2hJElEhSEca93z3Nj4KVaGEU6zUj/RNMZkgke0Z6nAEdV+Or85Q2dWGaJQKlvCoLn6eyLFkdbTKLCdETZjvezNxP+8XmLCaz9lIk4MFWSxKEw4MhLNAkBDpigxfGoJJorZWxEZY4WJsTGVbAje8surpF2veZe1+v1FpXGTx1GEEziFKnhwBQ24gya0gEAMz/AKb07ivDjvzseiteDkM8fwB87nDya6kR0=</latexit>
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<latexit sha1_base64="5hzQRrjOlMpvRltrlx1IOfgLEJ8=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUmKqMuiG5cV7APaGCbTSTt08mBmooSYT3HjQhG3fok7/8Zpm4W2HrhwOOde7r3HizmTyrK+jZXVtfWNzdJWeXtnd2/frBx0ZJQIQtsk4pHoeVhSzkLaVkxx2osFxYHHadebXE/97gMVkkXhnUpj6gR4FDKfEay05JqVwRirLM3vsxo/zd3Mzl2zatWtGdAysQtShQIt1/waDCOSBDRUhGMp+7YVKyfDQjHCaV4eJJLGmEzwiPY1DXFApZPNTs/RiVaGyI+ErlChmfp7IsOBlGng6c4Aq7Fc9Kbif14/Uf6lk7EwThQNyXyRn3CkIjTNAQ2ZoETxVBNMBNO3IjLGAhOl0yrrEOzFl5dJp1G3z+uN27Nq86qIowRHcAw1sOECmnADLWgDgUd4hld4M56MF+Pd+Ji3rhjFzCH8gfH5A0NLlAE=</latexit>

ŷ
(l)
1

<latexit sha1_base64="oAedlS8GeHbQnXf8PktMR3pUwPc=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHqpiRF1GXRjcsK9gFtDJPppB06eTBzo4SYT3HjQhG3fok7/8Zpm4W2HrhwOOde7r3HiwVXYFnfxsrq2vrGZmmrvL2zu7dvVg46KkokZW0aiUj2PKKY4CFrAwfBerFkJPAE63qT66nffWBS8Si8gzRmTkBGIfc5JaAl16wMxgSyNL/PauI0d7NG7ppVq27NgJeJXZAqKtByza/BMKJJwEKggijVt60YnIxI4FSwvDxIFIsJnZAR62sakoApJ5udnuMTrQyxH0ldIeCZ+nsiI4FSaeDpzoDAWC16U/E/r5+Af+lkPIwTYCGdL/ITgSHC0xzwkEtGQaSaECq5vhXTMZGEgk6rrEOwF19eJp1G3T6vN27Pqs2rIo4SOkLHqIZsdIGa6Aa1UBtR9Iie0St6M56MF+Pd+Ji3rhjFzCH6A+PzB0TQlAI=</latexit>

ŷ
(l)
2

<latexit sha1_base64="lia+cKvy6Yw2bIr2tC1v3M4vLWI=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahXkpSRD0WvXisYD+gjWGz3bRLN5uwuxFCiH/FiwdFvPpDvPlv3LY5aOuDgcd7M8zM82NGpbLtb6O0tr6xuVXeruzs7u0fmIdHXRklApMOjlgk+j6ShFFOOooqRvqxICj0Gen505uZ33skQtKI36s0Jm6IxpwGFCOlJc+sDidIZWn+kNXZWe5l3GO5Z9bshj2HtUqcgtSgQNszv4ajCCch4QozJOXAsWPlZkgoihnJK8NEkhjhKRqTgaYchUS62fz43DrVysgKIqGLK2uu/p7IUChlGvq6M0RqIpe9mfifN0hUcOVmlMeJIhwvFgUJs1RkzZKwRlQQrFiqCcKC6lstPEECYaXzqugQnOWXV0m32XAuGs2781rruoijDMdwAnVw4BJacAtt6ACGFJ7hFd6MJ+PFeDc+Fq0lo5ipwh8Ynz8sApUd</latexit>

ŷ(l)
nl

<latexit sha1_base64="xlvxPEWIgINChEgUV82lGhfVlyM=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyUpoh6LXjx4qGA/oI1hs920SzebsLsRYsgv8eJBEa/+FG/+G7dtDtr6YODx3gwz8/yYUals+9tYWV1b39gsbZW3d3b3Kub+QUdGicCkjSMWiZ6PJGGUk7aiipFeLAgKfUa6/uR66ncfiZA04vcqjYkbohGnAcVIackzK4MxUlmaP2S129PcczyzatftGaxl4hSkCgVanvk1GEY4CQlXmCEp+44dKzdDQlHMSF4eJJLECE/QiPQ15Sgk0s1mh+fWiVaGVhAJXVxZM/X3RIZCKdPQ150hUmO56E3F/7x+ooJLN6M8ThTheL4oSJilImuagjWkgmDFUk0QFlTfauExEggrnVVZh+AsvrxMOo26c15v3J1Vm1dFHCU4gmOogQMX0IQbaEEbMCTwDK/wZjwZL8a78TFvXTGKmUP4A+PzB0PuktU=</latexit>

ŷ
(L)
1

<latexit sha1_base64="9oWHYKVWNJmnU9xaNFmvW0SV+bc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRahXkpSRD0WvXjooYL9gDaGzXbbLt1swu5ECCH+FS8eFPHqD/Hmv3Hb5qCtDwYe780wM8+POFNg299GYW19Y3OruF3a2d3bPzAPjzoqjCWhbRLyUPZ8rChngraBAae9SFIc+Jx2/enNzO8+UqlYKO4hiagb4LFgI0YwaMkzy4MJhjTJHtJq8yzzUuE1M8+s2DV7DmuVODmpoBwtz/waDEMSB1QA4VipvmNH4KZYAiOcZqVBrGiEyRSPaV9TgQOq3HR+fGadamVojUKpS4A1V39PpDhQKgl83RlgmKhlbyb+5/VjGF25KRNRDFSQxaJRzC0IrVkS1pBJSoAnmmAimb7VIhMsMQGdV0mH4Cy/vEo69ZpzUavfnVca13kcRXSMTlAVOegSNdAtaqE2IihBz+gVvRlPxovxbnwsWgtGPlNGf2B8/gDJ05Td</latexit>

ŷ(L)
nL

<latexit sha1_base64="8s8UUiVrrpQIMPqqO/T3CaDg5n8=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhBiE+6CqGXQxsIigvmA5Ax7m71kye7esbsnhOP+ho2FIrb+GTv/jZvkCk18MPB4b4aZeUHMmTau++2srK6tb2wWtorbO7t7+6WDw5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfhm6refqNIskg9mElNf4KFkISPYWKnX7qeelz2mlbuzrF8qu1V3BrRMvJyUIUejX/rqDSKSCCoN4VjrrufGxk+xMoxwmhV7iaYxJmM8pF1LJRZU++ns5gydWmWAwkjZkgbN1N8TKRZaT0RgOwU2I73oTcX/vG5iwis/ZTJODJVkvihMODIRmgaABkxRYvjEEkwUs7ciMsIKE2NjKtoQvMWXl0mrVvUuqrX783L9Oo+jAMdwAhXw4BLqcAsNaAKBGJ7hFd6cxHlx3p2PeeuKk88cwR84nz/0YJD8</latexit>
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<latexit sha1_base64="LvQ7aKlZWxt71lPdY02BmCYUkbI=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkpSRD0WvXjooYL9gDYNm+22XbrZhN2NUkL+hxcPinj1v3jz37htc9DWBwOP92aYmedHnClt299Wbm19Y3Mrv13Y2d3bPygeHrVUGEtCmyTkoez4WFHOBG1qpjntRJLiwOe07U9uZ377kUrFQvGgpxF1AzwSbMgI1kbqt71EeHUn7Sfl+nnqFUt2xZ4DrRInIyXI0PCKX71BSOKACk04Vqrr2JF2Eyw1I5ymhV6saITJBI9o11CBA6rcZH51is6MMkDDUJoSGs3V3xMJDpSaBr7pDLAeq2VvJv7ndWM9vHYTJqJYU0EWi4YxRzpEswjQgElKNJ8agolk5lZExlhiok1QBROCs/zyKmlVK85lpXp/UardZHHk4QROoQwOXEEN7qABTSAg4Rle4c16sl6sd+tj0Zqzsplj+APr8weo8ZH4</latexit>

W
(L)
nL1

Figure 1. Illustration of a feed-forward neural network with L lay-
ers and ReLU activation function.

3.2.1. GLOBAL MODEL ENCRYPTION

To protect the privacy of model parameters, as done in (Yang
et al., 2020), the server encrypts the model parametersW
into W̃ before distributing them to the clients such that

W̃ (l) =

{
R(l) ◦W (l), 1 ≤ l ≤ L− 1,

R(l) ◦W (l) +R(a), l = L,
(2)

where ◦ denotes the Hadamard product. Here for each layer
1 ≤ l ≤ L− 1, the multiplicative masks are generated as

R
(l)
ij =


r
(1)
i , l = 1,

r
(l)
i /r

(l−1)
j , 2 ≤ l ≤ L− 1,

1/r
(L−1)
j , l = L,

(3)

for some positive noise vector r(l) = [r
(l)
1 , . . . , r

(l)
nl ]
> ∈

Rnl
>0 randomly sampled at the server. For the last

layer L of W , for some additive noise vectors r(a) =

[r
(a)
1 , . . . , r

(a)
nL ]
> ∈ RnL and γ = [γ1, . . . , γnL

]> ∈ RnL ,
both generated randomly at the server, we have R(a)

ij =

γi · r(a)i .

The server publishes the encrypted global model W̃ =

{W̃ (l)}
L

l=1 and the noise vector r(a) for the clients to per-
form local model training.

3.2.2. LOCAL GRADIENT COMPUTATION

After receiving the encrypted global model W̃ =

{W̃ (l)}
L

l=1 and the noise vector r(a), each client k com-
putes the gradient over the encrypted model using its local
data in Sk, following the forward and backward approach.

During the forward propagation, for each data sample
(x,y) ∈ Sk, the output vector of layer l, ŷ(l) =

[ŷ
(l)
1 , . . . , ŷ

(l)
nl ]
> ∈ Rnl is computed as

ŷ(l) =


x, l = 0,

ReLU(W̃ (l)ŷ(l−1)), 1 ≤ l ≤ L− 1,

W̃ (l)ŷ(l−1), l = L.

(4)

After obtaining {ŷ}Ll=1, the client performs backward prop-
agation to compute the gradient of W̃ subject to the MSE
loss, i.e., L(W̃ ; (x,y)) = 1

2 ||ŷ
(L) − y||22. We know from

Theorem 2 of (Yang et al., 2020) that for each layer l =
1, . . . , L, the partial gradient with respect to W̃ (l) satisfies

∂L(W̃ ; (x,y))

∂W̃ (l)
=

1

R(l)
◦ ∂L(W ; (x,y))

∂W (l)

+ r>σ(l)
(x,y) − vβ

(l)
(x,y), (5)

where 1
R(l) is the nl × nl−1 matrix whose (i, j)-th entry is

1

R
(l)
ij

, and r = γ◦r(a). Here, for α = ŷ
(L−1)
1 +· · ·+ŷ(L−1)nL−1 ,

we have
σ

(l)
(x,y) = α ∂ŷ(L)

∂W̃ (l)
+ (∂L(W̃ ;(x,y))

∂ŷ(L) )
>

∂α

∂W̃ (l)
,

β
(l)
(x,y) = α ∂α

∂W̃ (l)
,

v = r>r.

(6)

Client k repeats this computation for all data points in Sk,
and computes the average gradients and the corresponding
noise terms, for each layer l = 1, . . . , L:

∇Lk(W̃ (l)) = 1
Mk

∑
(x,y)∈Sk

∂L(W̃ ;(x,y))

∂W̃ (l)
,

σ̃
(l)
k = 1

Mk

∑
(x,y)∈Sk

σ
(l)
(x,y),

β
(l)
k = 1

Mk

∑
(x,y)∈Sk

β
(l)
(x,y).

(7)

Finally, each client k computes σ(l)
k = diag(r(a))σ̃(l)

k ,
where diag(r(a)) is a diagonal matrix with diagonal entries
r
(a)
1 . . . , r

(a)
nL .

3.2.3. SECURE AGGREGATION

While the local computations in (7) are performed on en-
crypted model parameters, directly communicating them
to the server may still reveal information about the pri-
vate data in Sk. To prevent data leakage, we adopt the
security aggregation protocol in (Bonawitz et al., 2017)
to mask local computation results. Specifically, for each
layer l, each client k concatenates its local computation re-
sults∇Lk(W̃ (l)), (σ(l)

k,1, . . . ,σ
(l)
k,nL

), and β(l)
k into a vector
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q
(l)
k of length (nL + 2)nlnl−1, and sends a masked vec-

tor q̃(l)k = q
(l)
k + z

(l)
k with some random mask z(l)k to the

server. The secure aggregation protocol guarantees that,
let Qk = [q

(1)
k , . . . , q

(L)
k ], 1) server does not know any-

thing about each individualQk; and 2) server can compute
the aggregation of the local computations of the N clients∑N
k=1Qk.

3.2.4. GRADIENT DECRYPTION

Given the aggregated computation result
∑N
k=1

Mk

M Qk with
M =

∑N
k=1Mk, the server would like to recover the gra-

dient of model parameterW over the data batch ∪
1≤k≤N

Sk.

To do that, for each layer l, with the aggregation results

∇L(W̃ (l)) =

N∑
k=1

Mk

M
∇Lk(W̃ (l)),

σ
(l)
i =

N∑
k=1

Mk

M
σ

(l)
k,i, i = 1, . . . , nL,

β(l) =

N∑
k=1

Mk

M
β
(l)
k ,

the server uses its private variablesR(l), γ, and v to recover
the gradient as

Ĝ(l) = R(l) ◦

(
∇L(W̃ (l))−

nL∑
i=1

γiσ
(l)
i + vβ(l)

)
(8)

Theorem 1. Given the aggregation result
∑N
k=1

Mk

M Qk, for
each layer l = 1, . . . , L, the server can correctly reconstruct
the gradient over the data batch ∪

1≤k≤N
Sk by performing

the computation in (8), i.e., Ĝ(l) = ∇L(W (l)).

Proof: See Appendix A. �

After the successful reconstruction of the gradient
∇L(W (l)) for each layer l, the server updates the model
parameters following (1).

4. The proposed secure data market
While the above described techniques can help to protect
the privacy of model parameters and DOs’ local data in the
federated learning framework, they are still insufficient to
tackle the security challenge for which a malicious MO may
falsely claim that no training results are received from the
DOs and refuse to reimburse the DOs, or simply leave the
system without paying for the model training. We propose
to leverage blockchain technologies to resolve this problem.
Moreover, we design OmniLytics, which is an end-to-end
solution to provide a transparent, fair, yet private and secure
data market.

Specifically, OmniLytics implements the gradient collec-
tion and reward distribution process through a smart contract
named SecGraCollect on an underlying blockchain. Sec-
GraCollect executes a single iteration of the model update
as in (1), with the initial model from the MO, and the gradi-
ents collected over up to R rounds and from up to N DOs
in each round. The secure federated learning techniques
described in Section 3 are employed to protect the model
privacy of the MO and the data privacy of the DOs. The
use of smart contract enforces automatic payment towards
participating DOs whose computation results are considered
valid, via some verification mechanism implemented on the
contract.

SetupRegister

GradientAggregate

Payment

OutlierSuppression

whitelist()

Finished

start()

registerDone aggregateDone

exit()

suppressionDone

paymentDone

Figure 2. State transition of the smart contract SecGraCollect.
The six states of SecGraCollect are represented by ovals. State
transitions are triggered by either applying a method (in a solid
box), or occurrence of an event (in a dashed box).

Gradient collection and aggregation. The MO ini-
tializes the data trading session by deploying a smart
contract SecGraCollect with training reward deposit on
the blockchain. As shown in Figure 2, SecGraCollect
transitions between six states, i.e., Setup, Register,
GradientAggregate, OutlierSuppression, Payment, and
Finished. Upon deployment, SecGraCollect is in the Setup
state with a set of DOs the MO would like to purchase data
from specified by a whitelist() method. The MO encrypts its
initial modelW as described in Section 3.2.1, and issues a
transaction with the start() method specifying the following
public parameters:

• The encrypted model parameters W̃ ;

• Minimum number of data points required for each partici-
pating DO to compute its gradient, denoted by M0;

• Number of rounds to collect gradients, denoted by R;

• Maximum number of distinct DOs to collect gradients
from within each round, denoted by N .
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Executing start() moves SecGraCollect into the Register
state, and the contract starts to register for the DOs who
are willing to participate in the gradient aggregation for the
first round. In each round r, r = 1, . . . , R, after N DOs
have registered for this round, SecGraCollect moves to the
GradientAggregate state and starts to collect local compu-
tation results from the DOs. Each of the N DOs registered
for round r performs local computations on the encrypted
model W̃ using M0 private data points as specified in Sec-
tion 3.2.2, and then sends the masked computation results
to the contract following the secure aggregation protocol
in Section 3.2.3. After receiving the masked computation
results from all registered DOs in that round, the contract
aggregates them to obtain

Ar =
1

N

N∑
k=1

Qk =
Mk

M

N∑
k=1

Qk, (9)

where Qk = [g
(1)
k , . . . , g

(L)
k ] are the local computation

results of kth DO, and Mk = M0 for all k = 1, . . . , N . If
otherwise the results of some DOs are still missing after
certain amount of time, the aggregation in round r fails and
we haveAr = ∅.

After the aggregation process of round r, SecGraCollect
moves back to the Register state for the next round r + 1.
Only DOs whose local computation results have not been in-
corporated in the aggregation results of any previous rounds
are eligible to register. By the end of the aggregation pro-
cess the contract SecGraCollect obtains a set of results
{Ar}r∈P , where P ⊆ {1, . . . , R} denotes the indices of
the rounds in which the secure aggregation had been suc-
cessfully executed. The contract transits to the OutlierSup-
pression state if R rounds of gradient aggregation have
been executed or is manually triggered by the exit() method.

Outlier suppression. During the gradient collection and ag-
gregation process, Byzantine DOs may upload maliciously
generated gradients which corrupt the aggregation results
in {Ar}r∈P . SecGraCollect adopts Byzantine resistance
techniques to remove outliers in the OutlierSuppression
state. Specifically, we assume that the DOs’ data are i.i.d.,
and at most µ < 1

2 fraction of the aggregation results
{Ar}r∈P may be corrupted by malicious DOs. The con-
tract runs a distance-based outlier suppression algorithm
m-Krum (Blanchard et al., 2017a;b) (Algorithm 1) on
{Ar}r∈P to select a subset P ′ ⊂ P of |P ′| = m aggre-
gation results that are considered computed correctly, for
some m < (1− 2µ)|P| − 2.

Reward distribution. The contract enters the Payment
state after the outlier suppression and the set P ′ is obtained.
The training reward deposited by the MO on the contract
are evenly distributed into accounts of the DOs whose com-
putation results from rounds in P ′ have been accepted.

Gradient decryption at the model owner. After the ex-
ecution of the SecGraCollect contract, the MO obtains
from the contract the selected aggregation results {Ar}r∈P′ .
For each selected round r ∈ P ′, the MO decrypts the
plain gradient∇Lr(W (l)) according to (8), for each layer
l = 1, . . . , L, using its private variablesR(l), γ, and v.

Finally, the MO obtains the aggregated gradients for each
layer l:

∇L(W (l)) =

|P′|∑
r=1

1

|P ′|
∇Lr(W (l)), (10)

and uses them to update its ML model.

5. Security analysis
In this section, we analyze the security properties of Om-
niLytics. Particularly, our analysis includes the following
three aspects: 1) the confidentiality of the model parameters;
2) the privacy of each DO’s data; and 3) the security of the
model update.

5.1. Confidentiality of model parameters

Given the encrypted initial model W̃ and the additive noise
vector r(a), it is clear that the DOs could not recover the
multiplicative masks (R(l))Ll=1 and the additive masksR(a)

in (2). Hence, they would not be able to recover the model
parametersW .

5.2. Confidentiality of local data

While each data owner can participate in computation aggre-
gation in at most one round in the contract SecGraCollect,
its private data is only related to the aggregation resultAr

for a single round r. We consider an honest-but-curious
threat model where a subset C ⊂ {1, . . . , N} of DO in
round r may collude to infer the private data of some DO in
the same round. Based on the privacy guarantee of the se-
cure aggregation protocol (Bonawitz et al., 2017) employed
by the contract, we argue that as long as the number of
colluding DOs |C| is less than some secure parameter T 1,
no information about other DOs’ private data other than
the summation of their local computation results can be
inferred.

5.3. Security of model update

To combat malicious data owners uploading faulty com-
putation results to the contract, we employ the m-Krum
algorithm from (Blanchard et al., 2017b) to select the ag-

1Each DO’s secret keys to generate random masks are secret
shared with other DOs such that any T colluding DOs can reveal
the secret keys of any data owner.
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gregation results from a subset of P ′ ⊂ P , which are con-
sidered to be close to the expected value with respect to the
underlying data distribution.

We note that with our construction, all the aggregation re-
sults {Ar}r∈P from the successful rounds are indepen-
dently and identically distributed (since each data owner
performs local computations with M0 data points, and each
round aggregates results from N DOs). Therefore, accord-
ing to Proposition 2 and Proposition 3 in (Blanchard et al.,
2017b), as long as |P ′| < (1− 2µ)|P| − 2, where µ is the
maximum fraction of the aggregation results that may be
corrupted, the estimated overall gradient in (10) provides a
close approximation of the true gradient, which leads to the
convergence of the model training.

6. Experiments
We implement a working prototype of OmniLytics over
Ethereum, using Solidity (Sol) to develop the contracts,
Python for the off-chain applications and Pytorch (pyt) for
the neural network training.

For all experiments we consider training a shallow two-layer
neural network for the Boston House Price Dataset (Bos).
The network contains an input layer of dimension 13, a
hidden layer with ReLu activation of dimension 16, and an
output layer of dimension 1.

6.1. Setup and system-level optimization

We deploy the smart contract SecGraCollect via the Remix
IDE (Rem) on the local Geth Ethereum Testnet (get). We
connect the off-chain applications to the smart contracts
using the Web3py library (Web) and monitor the created
transactions using Etherscan. Each data owner is connected
to the Geth network with a unique Ethereum address. We
conduct experiments on a machine with AMD R5-5600X
CPU @3.70 GHz, Nvidia RTX3070 GPU, 32 GB of Mem-
ory and 1 TB SSD.

SecGraCollect consists of four major operations:
Register, PubKeyInteract, GradientAggregate, and
OutlierSuppression. A model owner deploys SecGraCollect
on Ethereum, and performs OutlierSuppression with the
contract after GradientAggregate. After performing their
local computations, data owner instances greedily register
with active contract to upload their results until the results
are incorporated in the final aggregation. Data owners
within the same aggregation group runs PubKeyInteract
to exchange public keys for secure aggregation as done
in (Bonawitz et al., 2017).

Data owners pay for the transaction fee to upload compu-
tation results and secure aggregation, which will be reim-
bursed by the model owner in the Payment phase.

During the secure aggregation process in each round, while
the default Pytorch data type is float32, we scale each
value by 108 and aggregate the integer part to improve the
precision of the aggregation result. We turn on automatic
mining mode and set the mining time to generate a new
block to 1 second.

Parallel group aggregation. We perform a system-level
optimization such that each round of secure aggregation is
carried out in parallel to speed up contract processing. This
means that if all the data owners in one round have submitted
their local results, the process of secure aggregation would
be performed. There is no need to wait until previous rounds
are completed. When the last round is completed, model
owner can initiate the multi-Krum process to obtain the final
result.

6.2. Gas consumption measurement

We measure the deployment cost of the SecGraCollect
contract, which depends on the size of its bytecode. We also
measure the gas cost of executing each part of SecGraCol-
lect, under various settings for number of rounds (R) and
the number of data owners in each round (N ).
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Figure 3. Gas consumption of the SecGraCollect contract for
R = 12 aggregation rounds and µ = 20% adversarial data owners,
for different number of data owners in each round.

First, we fix the number of GradientAggregate rounds
R = 12 and an estimated fraction of adversarial data own-
ers µ = 20%, and measure the gas cost of the SecGra-
Collect contract for different number of DOs in each round
(N ). We observe in Figure 3 that as N varies from 4 to
32, the total gas consumption of Register, PubKeyInteract,
and GradientAggregate increases linearly N . In contrast,
since the number of rounds R has not changed, the com-
putation complexity of the multi-Krum algorithm does not
change, and the gas cost of OutlierSuppression stays almost
constant.
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Next, we fix the number of data owners in each round
N = 16 and µ = 20%, and evaluate the impact of number
of groups R on the gas consumption. As shown in Figure 4,
for fixed N , the gas costs of Register, PubKeyInteract,
and GradientAggregate increase linearly with R. The com-
putational complexity of multi-Krum scales quadratically
with R, which leads to a faster increase in the gas cost of
OutlierSuppression.
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Figure 4. Gas consumption of the SecGraCollect contract for
N = 16 data owners in each aggregation round and µ = 20%
adversarial data owners, with different number of rounds in the
contract.

6.3. Running time measurement

We measure the running time of the contract, which
consists of executing the Register, PubKeyInteract,
GradientAggregate, and OutlierSuppression steps. The
measured execution time includes the time spent by data
owners to retrieve function values from the contract, and to
send transactions to the blockchain miners. We note that the
time measured here does not include the block mining time
and the time for model encryption and gradient decryption
performed at the model owner.

In general, according to the run-time breakdowns in Tables 1
and 2, the PubKeyInteract step takes the least amount of
time among the four as it simply returns a PubKey array
to each DO in a group. The Register step lasts longer as
its methods need to record the public keys of participating
DOs on the contract and return the corresponding informa-
tion to them. The GradientAggregate step costs more time
as it includes the time for the DOs to send long computa-
tion results to the contract. Finally, the execution time of
the multi-Krum algorithm in the OutlierSuppression step
dominates the entire run-time of the contract.

Impact of N . We observe in Table 1 that the running
times of the Register and PubKeyInteract steps are very
small, and vary slowly as the number of data owners in each
group increases. The running time of GradientAggregate

increases with N , as more computation results need to
be aggregated in each group. The execution time of the
OutlierSuppression step dominates the entire contract exe-
cution. However, as we perform multi-Krum across groups
after secure aggregation, increasing number of DOs within
a group does not significantly increase the execution time
of OutlierSuppression. We plot the total running time of
SecGraCollect in Figure 5. We observe that the running
time increases mildly with N as the execution time of the
bottleneck operation OutlierSuppression is not significantly
affected by N .

Table 1. Breakdown of the SecGraCollect running time (seconds)
for different number of data owners in each round.

N 4 8 16 32

Register 0.0367 0.0382 0.0405 0.0392

PubKeyInteract 0.0218 0.0231 0.0250 0.0287

GradientAggregate 0.2400 0.3295 0.4712 0.7704

OutlierSuppression 6.1561 6.9003 7.9378 9.9919

Total 6.4546 7.2911 8.4745 10.8302
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Figure 5. Total running time of the SecGraCollect contract for
different number of data owners in each round.

Impact of R. We observe from Table 2 that the
GradientAggregate time remains almost constant as the
number of groups R increases. This is due to our system-
level optimization to parallelize the aggregation opera-
tions of all groups. As expected, the run-time of the
OutlierSuppression step increases significantly with R. We
observe from figure 6 that, as R increases, the execution
time of OutlierSuppression increases quadratically, which
dominates the overall execution time.

7. Conclusion
In this paper, we develop OmniLytics, the first Ethereum
smart contract implementation of a secure data market for
decentralized machine learning that simultaneously achieves
1) model privacy against curious data owners; 2) data pri-
vacy against curious model and data owners; 3) resilience
against Byzantine data owners who intentionally provide
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Table 2. Breakdown of the SecGraCollect running time (seconds)
for different number of aggregation rounds.

R 4 8 12 16

Register 0.0375 0.0392 0.0405 0.0383

PubKeyInteract 0.0234 0.0242 0.0250 0.0251

GradientAggregate 0.4553 0.4407 0.4712 0.4614

OutlierSuppression 0.8625 3.2678 7.9378 18.5000

Total 1.3786 3.7720 8.4745 19.0249
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Figure 6. Total running time of the SecGraCollect contract for
different number of aggregation rounds.

faulty results; and 4) resilience to Byzantine model owner
who tries to evade payment. We develop and deploy an
Ethereum smart contract SecGraCollect, and measure
its gas consumption and run-time performance over vari-
ous system parameters. Through extensive experiments we
observe high computation and cost efficiency of SecGra-
Collect, which demonstrate the practicality of the proposed
OmniLytics protocol as a secure data market.
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Appendix

A. Proof of Theorem 1
First we have for each l = 1, . . . , L,

nL∑
i=1

γiσ
(l)
i =

nL∑
i=1

γi

N∑
k=1

Mk

M
σ

(l)
k,i (11)

=

N∑
k=1

Mk

M

nL∑
i=1

γir
(a)
i σ̃

(l)
k,i (12)

=

N∑
k=1

Mk

M
r>σ̃(l)

k . (13)

In addition, we have by (5) that

∇Lk(W̃ (l)) =
1

R(l)
◦∇Lk(W (l))+r>σ̃(l)

k −vβ
(l)
k . (14)

Thus, we can obtain that for each l,

Ĝ(l) = R(l) ◦

(
∇L(W̃ (l))−

nL∑
i=1

γiσ
(l)
i + vβ(l)

)
(15)

= R(l) ◦
N∑
k=1

Mk

M

(
∇Lk(W̃ (l))− r>σ̃(l)

k + vβ
(l)
k

)
(16)

(14)
= R(l) ◦

N∑
k=1

Mk

M

1

R(l)
◦ ∇Lk(W (l)) (17)

=

N∑
k=1

Mk

M
∇Lk(W (l)) = ∇L(W (l)) (18)

B. Pseudo code of m-Krum

Algorithm 1 m-Krum
Input: {Ar}r∈P : aggregation results of successfully ex-

ecuted rounds, µ: fraction of rounds whose result are cor-
rupted
Output: {Ar}r∈P′ with |P ′| = m

1: T = P , P ′ = ∅
2: for i = 1, . . . ,m do
3: for r ∈ T do
4: neighbors = |T | − µ|P| − 2 closest (`2 distance)

vectors toAr

5: S(r) =
∑

A∈neighbors ||Ar −A||2
6: end for
7: r∗ = argmin

r
S(r)

8: T .remove(r∗)
9: P ′.add(r∗)

10: end for
11: return {Ar}r∈P′


