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ABSTRACT

We study the problem of learning from positive and unlabeled (PU) data in the
federated setting, where each client only labels a little part of their dataset due to
the limitation of resources and time. Different from the settings in traditional PU
learning where the negative class consists of a single class, the negative samples
which cannot be identified by a client in the federated setting may come from
multiple classes which are unknown to the client. Therefore, existing PU learning
methods can be hardly applied in this situation. To address this problem, we pro-
pose a novel framework, namely Federated learning with Positive and Unlabeled
data (FedPU), to minimize the expected risk of multiple negative classes by lever-
aging the labeled data in other clients. We theoretically prove that the proposed
FedPU can achieve a generalization bound which is no worse than C/C' times
(where C' denotes the number of classes) of the fully-supervised model. Empiri-
cal experiments show that the FedPU can achieve much better performance than
conventional learning methods which can only use positive data.

1 INTRODUCTION

With the development of edge devices (e.g., cameras, microphones, and GPS), more and more decen-
tralized data are collected and locally stored by different users. Due to the privacy and transmission
concerns, users are unwilling or not allowed to share the data with each other. In this case, classical
machine learning scheme can hardly learn a globally effective model for all the users. Therefore,
federated learning (McMabhan et al.|(2017)) is proposed to derive a model with high performance in
the central server by leveraging multiple local models trained by users (clients) themselves, which
ensures the privacy of the local data.

Typically, there is a common assumption in federated learning that the local data (private data) stored
on user devices is well refined (i.e., all of the local data is labeled with ground truth). However,
considering the limitation of time and resources, only part of the private data in each client are
labeled in reality. To this end, some of the previous works were proposed to address this federated
learning problem following a semi-supervised scheme. Jeong et al.| (2021) proposed the FedMatch
algorithm which introduced a new inter-client consistency loss and decomposed the parameters for
labeled and unlabeled data. Zhang et al.| (2020) managed to solve this problem by conducting a
novel grouping-based model average method and improved the convergence efficiency. [[tahara et al.
(2020) proposed a distillation-based algorithm to exchange the local models among each client and
learned the unlabeled data by pseudo labels. Although these methods can successfully address the
semi-supervised learning problem for federated learning, they assume that there are labeled samples
in the central server in order to help the learning of unlabeled data in each client. However, such
assumption violates the universal federated learning setting that data only exists on local clients.

We consider the most general setting of federated learning with unlabeled data: 1) each client only
labels part of their own data which comes from part of the classes; 2) there are no data in the central
server; 3) nothing except parameters of models can be exchanged between clients and the central
server. Note that the first constraint of our setting meets the problem of learning from positive and
unlabeled (PU) data. Existing PU methods (Liu et al.| (2003); [Liu & Tao| (2015); Xu et al.| (2017))
focused on solving the PU problem regard the negative class (class that contains no labeled samples)
as a single class. However, since negative class in one client may consist of multiple positive classes
in other clients, there are multiple negative classes in one client in federated learning, which results
in a multiple-positive-multiple-negative PU (MPMN-PU) learning problem.
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Figure 1: Illustration of the conventional federated learning (left) and the proposed method (right).
Conventional federated learning method only learns from labeled data. In contrast, we propose
the federated learning with positive and unlabeled data to fully inherit the information from the
unlabeled data.

In this paper, we propose to solve the aforementioned problem with the Federated Averaging with
Positive and Unlabeled data (FedPU) algorithm, where the local model in each client is trained with
MPMN-PU data. We first analyze the expected risk of each class in each client and show that the
risks of multiple negative classes can be successfully minimized by leveraging unlabeled data in
this client and labeled data in other clients, which is shown in Figure m Moreover, we present
a generalization bound of proposed FedPU and show that the FedPU algorithm is no worse than
C+/C times (where C' denotes the number of classes) of the fully-supervised model in federated
setting. Experiments on MNIST and CIFAR-10 datasets empirically show that the proposed method
can achieve better performance than existing federated learning algorithms.

2 RELATED WORKS

In this section, we briefly review the related works about the federated learning and positive-
unlabeled learning.

2.1 FEDERATED LEARNING

Federated learning was firstly proposed by McMahan et al.|(2017) to collaboratively learn a model
without collecting data from the participants. A lot of recent works (Li et al.| (2018)); [Karimireddy
et al.| (2020); Sattler et al.| (2019)) focused on improving model performance on non-iid data and
proposed advanced versions of McMahan et al.|(2017). Recently, Yu et al.|(2020) proposed FedAwG
for the setting of distributed learning with only positive data. To the best of our knowledge, there is
no existing work on federated learning with positive and unlabeled data.

2.2 POSITIVE AND UNLABELED LEARNING

Various effective algorithms have been developed to solve the PU learning problem. The two-step
technique was proposed by |[Liu et al.|(2003) based on the assumption that all the positive samples are
similar to the labeled examples and the negative samples are very different from them. Biased PU
learning methods|Liu & Tao|(2015) treated the unlabeled samples as negative ones with label noise.
Lee & Liu (2003) regarded unlabeled data as negative data with smaller weights, then performed
logistic regression after weighting the samples to handle the situation that noise rate is greater than a
half. In order to avoid tuning the weights, [Elkan & Noto| (2008)) regarded unlabeled data as weighted
positive and negative data simultaneously. |du Plessis et al.| (2014) proposed the first unbiased risk
estimator, then Kiryo et al.| (2017) made a progress by proposing a non-negative risk estimator for
PU learning to mitigate the overfitting problem when using a flexible model. Xu et al.|(2017)) adapted
PU learning to the setting with multi-class data input, in which labeled data are from k& — 1 positive
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classes and unlabeled data are from all the k classes. These methods regard the negative class as a
single class, which is reasonable when there is only a single dataset. However, in federated learning
the datasets are distributed in different clients, where samples from the negative classes in one client
may become positive in another client since different clients are free to label their data. To this end,
an effective PU learning algorithm for the federated setting is urgently required.

3 METHOD

In this section, we study federated learning problem under the MPMN-PU learning setting for each
client.

3.1 PROBLEM SETUP

Here we first introduce the definition in federated learning, which consists of K different clients and
one central server. Given the data space S and the hypothesis space of parameters )V, the training
data is distributed on K different clients and is generated from the data space S, which is denoted
as {Sy}_, € S. Denote T as the number of communication rounds and w; € W as the weight
matrix in the central server in time ¢ € {1, ..., T}, the weights wy is first transferred from the central
server to each client, and then updated using the training data in each client respectively and derive
K different weights w},

wy, 1 + ClientUpdate(k, w;), (1)

where the client update stage is a conventional training method for updating the gradient. After that,
the updated weights are then transferred back to renew the weight matrix in central server:

W41 £ Z wt+1> (2)

where n* is the number of training samples in client k and n = Y ¢, n*.

In the traditional federated learning setting, the training data in each client is fully labeled. Never-
theless, samples are not always fully labeled in many real world scenario because of the time and
resources limitation in each client. Specifically, the training data Sy, in client & consists of positive
data P, and unlabeled data U, which can be formulated as:

S, =P, UUg, k=1,... K. 3)

Given the set of classes as C = 1,...,C in which C is the total number of classes, the classes of
positive data in client k is denoted as Cpk, which is the subset of C, i.e., Cp, C C. In other words,
each client can only identify part of the classes from the dataset Si. Besides, only a portion of the
data in the positive classes can be labeled since the data is too much to be fully labeled. Therefore,
there exists unlabeled data from not only the negative classes but also the positive classes, i.e.,
Cuy, = C. Specifically, we have:

Vo € Py, Class(z) € Cp,;Vz € Uy, Class(z) € C. 4)

Note that different clients have different set of positive classes, and all of the positive classes should
cover the whole classes in the dataset, i.e., UPk Cp, =C.

In this setting, the conventional federated learning algorithms cannot be directly applied. Fortu-
nately, positive and unlabeled learning |Liu et al.[|(2003) has been proposed to solve this problem.
However, we meet a MPMN-PU learning problem, which cannot be directly handled by existing
methods.

3.2 FEDERATED LEARNING WITH POSITIVE AND UNLABELED DATA

In this section, we propose our Federated learning with Positive and Unlabeled data (FedPU)
method.

We first present our MPMN-PU learning scheme. Denote the training samples as {(x4,y:)}1-4 €8S.
In classical multi-class classification, given the class prior m; = p(y = i), = 1,2, ...C, the classifier
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f(x;w) (short as f(x)), in which w is the parameter of the classifier, can be learned by minimizing
the expected misclassification rate:

C
R(f) = mRi(f), (5)
=1

where 210:1 m; = land R;(f) = P;(f(x) # %) denotes the expected misclassification rate on i-th
class.

However, in MPMN-PU setting, only samples in a few classes are labeled in the training set for
each client. Some of classes in Eq. [5is unlabeled and the expected risk cannot be calculated in each
client. Therefore, we introduce Ry (f) to denote the probability that the unlabeled samples have not
been classified to the set of unlabeled classes:

Ru(f)= Y Pu(f(x)#m)

mgZCp

=Y > mPAUE EM+ D> > mP(f(x) #m) (6)

i€Cp mgCp j€Cp mgCp

=Y > mB(fx) #EFm)+ > mP(fx)#FD+ Y. mPi(f(x) #m).

i€Cp mgCp jZCp JmgCp,j#m

Therefore, Eq. [5]can be reformulated as:

R(f)=> mR(f)+ > mR;(f)

i€Cp J¢Cp
=Y mR()+Ru(f)— > > mP(fx)#m)— Y. mPi(f(x)#m)
icCp 1€Cp mgCp JmgCp,j#m )
=Y m[P(fx)#i) = Y Pf(x) #m)]
i€Cp mgCp
+ D> P(f)#Fm) — > mPi(f(x) #m).
mgCp 7. mgECp,j#m

Now we are ready to solve the federated learning problem with MPMN-PU data. In the federated
learning setting, the expected risk can be formulated as:

R(f) =) _ R (/) ®)
k=1

where R*(f) denote the expected risk in client k. Given Eq.[7| the corresponding expectation of the
expected risk using a surrogate loss function / in PU setting can be reformulated as:

EURM) = > mEF [I(f(x) #i)— > Uf(x)#m)

1€Cp, mgCp, 9)
+ Y EGUU#Fml- > mETI(f(x) #m),
mgCp,, J,mgCp, ,jF#m

where Ef means the expectation for the labeled data of ith class in client k, and E’f] means the
expected risk for unlabeled data in client k.

Note that the federated MPMN-PU learning problem has several negative classes, which is funda-
mentally different with conventional PU learning problem [Liu et al.|(2003); |Xu et al.{(2017) whose
negative class is a single class. We have an additional term 3, | oo, iz, T E; [I[(f(x) # m)] in

Eq.[9] which cannot be directly calculated in client & since there is no labeled data for these classes.
Thus, existing PU learning methods failed to address this situation.

Fortunately, we have UPk Cp, = C, which means that although we have no information for the
negative class in one client, there exists labeled data for these classes in other clients. Since the
weights in central server is derived from the combination of each client, we can use the labeled
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data in other clients to handle the expected risk that cannot be directly calculated, which can be
formulated as:

EX [I(f(x) # m)] « ES? [I(f(x) #m)],

. . (10)
where j & Cp, ,j€Cp,,.

Specifically, we use labeled samples from the j-th class in client k5 to help calculating the risk of
j-th class which is treated as negative in client k;. According to the Eq. [8] the overall risk R(f)
remains the same after applying this approximation.

By applying Eq.[I0|to Eq.[9] we can successfully formulated the PU learning risk as:

ELRF(f) = > mEF |I(f(x) #i)— > Uf(x)#m)

i€Cp, mgCp,
+ Y BRI #Fm)] - Y > mEL [I(f(x) # m)],
mgCp, kq#k i€Cp 7i777L€Cqu JiFEmM

Y

Different with Eq. [8| that contains risk of negative classes, the above equation can be easily mini-
mized since it only consists of the risk of positive data and unlabeled data. Therefore, the final loss
function for updating the weights w in each client k using its data {x*} € S, can be formulated as:

=Y mz - > ) #Em)
’LECpk 7”7f€CP;c

k
ny

-y Y w e Am Y Y 06 £m).

kq#k i€Cp, i;mgCp, i#m mgCp, j=1
(12)
where n¥ and n’f] denotes the number of i-th samples and unlabeled samples in client k, respectively.

By minimizing the above loss function in each client, the overall expected risk in Eq. [5] can be
minimized.

3.3 THEORETICAL ANALYSIS

We use the loss function in Eq. [I2]to minimize the risk in Eq.[TT} In this section, we analyze the
generation bound of the proposed FedPU. We first evaluate the bound in each client. Then the overall
bound can be derived by summing these bounds. Note that the proof of theorems and lemma can be
found in the supplementary materials.

Since the Eq. has three terms, we begin with the first and second terms.

Theorem 1 Fix f € F, forany 0 < § < 1, with probability at least 1 — ), the generalization bound
holds:

BE (1P £0) — S U(f(x) # %Z fo) £ — S W) £m)

n;
WLQCPIc =1 m%Cpk

logit
<20V/( 2,
ot
(13)

where i € Cp,, V is a constant related to the VC-dimension of f and the bound of loss function l, nf
and nf] denotes the number of samples in i-class and unlabeled classes in k-th client, respectively.

<.
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Theorem 2 Fix f € F, forany 0 < § < 1, with probability at least 1 — ), the generalization bound

holds:
1 . logt
EF [I(f(x) #m)] = — > _U(f(x;) #m) < CV( — ,/ 5. (14)
nf Jj=1 sezc;: \/

Theorem [I] and 2] presents the generalization bound for the labeled data in each class, which can be
summarized to get the error bound for the first two terms in Eq. [T}

However, it is difficult to derive the error bound of the last term in Eq. [1 1| since the expectation is
calculated on unlabeled data, so we decompose this term using the following lemma.

Lemma 3 Define
kCuk

K + gy, [k~ il

where Cy, denotes the number of unlabeled classes in client k. The last term in Eq. can be
decomposed as:

[Ligcp
S OES () £m) = S m(% S OB m)]

U(f(x) #m) =

I(f(x) #m), (15)

mgCp,, i€Cp,, mECe,, (16)
+ 2 EG [V # m)]-
77L€Cpk

Therefore, based on Lemma 3] we can present the generalization bound for the unlabeled data with
the following theorem.

Theorem 4 Fix f € F, forany 0 < § < 1, with probability at least 1 — ), the generalization bound
holds:

S EE ) £ m) - ni S ) £m)
mgCp,, U j=1 mgCp,
T Hl Py, n‘
= Z = ngcUk Z Z f(x;) #m)
i€Cp,, j=1 mgCp

1 [Lige, 1k —1l log: logt
(Y mnov > — )+ > om+ & ) vt 7
i€Cp, seCp, VT vV i€Cp, k=0 2n; 2ng

a7
Now we are ready to present the generalization bound for Eq.[TT]

Theorem 5 As nF,n¥, — oo, i € Cp,,k € {1,..., K}, the generalization bound of the proposed
FedPU is of order:

(18)

Z Y )
i€Cp,
It should be noted that for fully labeled data, the generalization bound using federated learning

should be of order O Zf,l(c—zw) . As a result, the proposed method is no worse
= /Ez‘eCpk ng+ng
than C'v/C' times (assuming that each class has the same order of samples) of the fully-supervised
models. Moreover, for the classical learning with fully labeled data (without federated learning), the
C2
\/Z}Ia{:1 (Z’iECPk ny+ng)
method is no worse than C K+/C' K times of the fully-supervised models without federated learning.

generalization bound would be of order O . Therefore, the proposed
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Table 1: Classification result on iid data.
[ Num of Clients [ Num of P-class | Overlap | Baseline-1 [ Proposed Method | Baseline-2 |

10 2 v 85.47% 92.50% 97.95%
4 6 v 92.10% 95.08% 98.05%
2 9 v 93.15% 95.37% 98.20%
10 1 X 37.13% 84.15% 97.95%
5 2 X 73.41% 93.45% 98.03%

5 X 74.00% 93.73% 98.20%

4 EXPERIMENTS

In this section, we show the experimental results of the proposed method in both iid data and non-iid
data on the MNIST and CIFAR-10 dataset. We also conduct ablation study to verify the effectiveness
of the proposed method in different settings.

We first detail the training strategy used in the following experiments. The SGD optimizer is used
to train the network with momentum 0.5. For federated learning, we set the communication round
as 200. For each client, the local epoch and local batchsize for training the network in each round
is set as 1 and 100. The learning rate is initialized as 0.01 and exponentially decayed by 0.995 over
communication rounds on the MNIST dataset. To show the effectiveness of the proposed method,
we compare the proposed method with two different baselines. Baseline-1 denotes that the network
is trained using only positive data and FedAvg(|McMahan et al.|(2017))). Baseline-2 denotes that the
network is trained using fully-supervised data and FedAvg.

4.1 PERFORMANCE ON 11D DATA WITH BALANCED POSITIVE CLASSES

We evaluate our method in iid setting of federated learning, where the training data in each client
is uniformly sampled from the original dataset. Specifically, we uniformly divide the training set
into K parts, where each part of data is class-imbalanced. Since the ability of each client is limited,
only a few classes can be labeled. Moreover, only part of data in these classes is labeled. To fully
investigate the ability of the proposed method, we conduct different settings as shown in Table
including using different number of clients ({2, 4,5, 10}) and different number of positive classes
({1,2,5,6,9}). We also investigate the influence of overlap of positive classes between different
clients. Only half of data in each positive class is labeled.

We conduct experiments on the MNIST dataset, which is composed of images with 28 x 28 pixels
from 10 categories. The MNIST dataset consists of 60,000 training images and 10,000 testing
images. The results are shown in Table[T} We first investigate the setting that each client has overlap
in positive classes and the number of clients varies from 2 to 10. The Baseline-1 trained with positive
data can only achieve 85.47%, 92.10% and 93.15% accuracies for 10, 4 and 2 clients, respectively.
It can be seen that as the number of clients increases, the data is more discrete, which makes the
accuracies of learned networks lower. Although the Baseline-2 can achieve higher performance
(97.95%, 98.05% and 98.20%), the networks should be trained with fully supervised data, which
is usually unavailable in real-world applications. In contrast, the proposed method can achieve
92.50%, 95.08% and 95.37% accuracies, respectively, which is consistently higher than those of the
Baseline-1 and comparable to Baseline-2.

We further investigate the non-overlap setting, where positive classes in each client are not over-
laped. This setting is challenging, since the information of every class is contained in only one
client. As a result, the Baseline-1 trained with positive data achieves only 37.13%, 73.41% and
74.00% accuracies for 10, 5 and 2 clients, respectively. The proposed FedPU can still achieve
84.15%, 93.45% and 93.73% accuracies by fully inheriting the information from the unlabeled data.
These experiments show that the proposed method can perform well with iid data in federated set-
ting.
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Table 2: Classification results with different number of positive classes in each client.
[ Division of P-class | Overlap [ Baseline-1 | Proposed Method | Baseline-2 |

[2,3,4,6,7,8] v 93.84% 95.32% 97.91%
[1,2,4,6,7] v 93.81% 95.01% 98.03%
[2,4,6,8] v 92.27% 95.28% 98.05%
[3,7] X 89.68% 94.68% 98.20%
[2,3,5] X 71.46% 93.65% 98.16%
[1,2,3,4] X 74.27% 94.48% 98.05%

Table 3: Classification result on non-iid data.
[ Num of Partitions | Division of P-class [ Overlap | Baseline-1 | Proposed Method | Baseline-2 |

5 [2,2,..2] v 25.47% 91.67% 97.47%
5 (L1,..1] X 24.37% 91.24% 97.47%
5 [4,4332.2,1,1,1,1] v 76.92% 92.16% 97.47%
2 [1L1,...1] X 69.24% 91.29% 96.19%

4.2 PERFORMANCE ON IID DATA WITH IMBALANCED POSITIVE CLASSES

To further investigate the effectiveness of the proposed method, we study a more complicated setting
that the number of positive classes is different in each client. The results are in shown in Table [2]
For example, the division of P-class is [2,3, 4, 6, 7, 8] means there are 6 clients consists of 2, 3, 4,
6, 7 and 8 positive classes, respectively. We also study both the overlap and non-overlap settings.
The Baseline-1 achieves 93.84%, 93.81% and 92.27% accuracies for different divisions of positive
classes in the overlap setting, while the proposed method can achieve 95.32%, 95.01% and 92.28%
accuracies, respectively, which is much higher than Baseline-1. The results in non-overlap setting
is worse than those in overlap setting, which is consistent with the results in Table [T] where the
number of positive classes is the same in each client. The Baseline-1 achieves only 89.68%, 71.46%
and 74.27% accuracies. When the number of clients grows, the performance of Baseline-1 drops
dramatically. In contrast, the proposed method can achieve 94.68%, 93.65% and 94.48% accuracies,
which surpasses those of the Baseline-1 and is stable with different numbers of clients. Note that
although the Baseline-2 can achieve a ~98% accuracy in all settings, it should trained with fully
supervised data and violate most of the scenarios in real-world applications.

4.3 PERFORMANCE ON NON-IID DATA

Another important setting for federated learning is that the data in different client is under the non-
iid distribution. Therefore, we follow the settings in |Li et al.| (2018)) to construct the non-iid data,
where the data is sorted by class and divided to create two extreme cases: (a) 5-class non-iid, where
the sorted data is divided into 50 partitions and each client is randomly assigned 5 partitions from
5 classes. (b) 2-class non-iid, where the sorted data is divided into 20 partitions and each client is
randomly assigned 2 partitions from 2 classes.

For 5-class non-iid, we study three different divide settings for positive classes in each client, which
is shown in Table [3] Compared with the iid setting, the non-iid setting is more challenging since
the data distribution in each client is different and it is hard for the model to effectively learn the la-
tent distribution on the whole dataset. Therefore, Baseline-1 can achieve only 25.47%, 24.37% and
79.62% accuracies when dealing with non-iid and unlabeled data, which is hard to optimize. In con-
trast, the proposed method can still achieve 91.67%, 91.24% and 92.16% accuracies, respectively,
which outperforms Baseline-1 by a large margin.

For 2-class non-iid, Baseline-1 achieves a 69.24% accuracy while the proposed method achieves a
91.29% accuracy, which still shows the superiority of the proposed FedPU. It should be noted that
although the baseline method can achieve ~ 98% accuracy, it requires the fully labeled data to train
the model in each client. In contrast, the proposed method requires only a small amount of labeled
data and utilizes the information on unlabeled data to learn an effective model. In conclusion, the
proposed method successfully learns the latent distribution from the positive and unlabeled data in
the non-iid federated setting and achieve better performance than conventional federated learning
methods.
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Table 4: Classification results on CIFAR-10 dataset
[ Data Distribution | Division of P-class | Overlap [ Baseline-1 | Proposed Method | Baseline-2 |

iid [2,2,2,2,2] X 65.52% 76.81% 81.13%
iid [1,2,4,6,7] v 71.42% 75.41 % 81.13%
non-iid [2,2,2,2,2,222,2,2] v 52.39% 61.05% 72.61%
non-iid [4,4,3,3,2,2,1,1,1,1] v 55.57% 65.73% 72.61%

Table 5: Comparison with semi-supervised methods on CIFAR-10 dataset
Methods Supervised FedAVG UDA FixMatch | FedMatch Ours
IID Acc. 80.25% 47.45% 47.20% 52.13 % 58.25%

Non-IID Acc. 84.70% 4631% | 46.20% 52.25% 55.20%

4.4 EXPERIMENTS ON CIFAR-10

After investigating the performance of the proposed FedPU on MNIST dataset, we further evaluate
our method on the CIFAR-10 dataset. The CIFAR-10 dataset consists of 50,000 training images and
10,000 testing images with size 32 x 32 x 3 from 10 categories. The training strategy is the same
as that on the MNIST dataset. As shown in Table ] experiments on different settings (e.g., data
distribution, division of positive classes, overlap), are conducted to evaluate the effectiveness of the
proposed method.

We first investigate the results on the iid data. 5 clients with 2 positive classes in each client are used
to train the model. The positive classes have no overlap. The FedAvg method trained with positive
data achieves only a 62.52% accuracy. The proposed method achieves a 76.71% accuracy with the
help of unlabeled data, which is more close to the result (81.13%) trained with fully supervised data.
Then, we turn to explore the challenging situation that each client has different number of positive
class ([1,2,4,6,7]). The proposed method still achieves a 75.41% accuracy, which is much higher
than that of Baseline-1 (71.42%).

We further construct the non-iid data on CIFAR-10 dataset following |Li et al.| (2018)), where each
class of the training data is randomly divided into 5 partitions (50 partitions for 10 classes) and each
client is randomly assigned 5 partitions from 5 classes. We also investigate the situation that each
client has the same/different number of positive classes. As shown in Table ] the models trained
by the proposed method achieve accuracies of 61.05% and 65.73% and surpass those trained with
the baseline method by a large margin (8.66% and 10.16%). In conclusion, the proposed method
significantly improves the performance of the existing federated learning method in different settings
on CIFAR-10 dataset.

4.5 COMPARISON WITH SEMI-SUPERVISED METHODS

To further show the superiority of the proposed method, we conduct comparison with the semi-
supervised algorithms in federated setting. We follow the setting inJeong et al.[(2021)) to use CIFAR-
10 datasets. Specifically, for the IID setting, 5 labeled images are extracted in per class for each
client (100 clients) and the rest of images are used as unlabeled data. For the Non-IID setting,
the distribution of the number of images per class for each client is different. Table [5] shows the
performance of FedAVG using supervised data, UDA (Xie et al.[| (2019)), FixMatch (Sohn et al.
(2020)), FedMatch (Jeong et al.[(2021)) and the proposed FedPU. The proposed method achieve the
state-of-the-art performance among all semi-supervised methods.

5 CONCLUSION

We study a real-world setting in federated learning problem, where each client could only label
limited number of data in part of classes. Existing federated learning algorithms can hardly achieve
satisfying performance since they cannot minimize the expected risk for each class in each client. To
address this problem, we propose the Federated learning with Positive and Unlabeled data (FedPU)
algorithm, which can effectively learn from both labeled and unlabeled data for each client. Theo-
retical analysis and empirical experiments demonstrate that the proposed method can achieve better
performance than the conventional federated learning method learned by the positive data.
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Table 6: Classification result on iid data.
[ Num of Clients [ Num of P-class | Overlap | Baseline-1 [ Proposed Method | Baseline-2 |

10 2 v 89.59% 90.25% 97.95%
4 6 v 94.08% 94.22% 98.05%
2 9 v 94.36% 94.57% 98.20%
10 1 X 74.07% 89.78% 97.95%
5 2 X 90.58% 94.09% 98.03%

5 X 94.38% 94.62% 98.20%

Table 7: Classification results with different number of positive classes in each client.
| Division of P-class | Overlap | Baseline-1 | Proposed Method | Baseline-2 |

[2,3,4,6,7,8] v 89.21% 93.33% 97.91%
[1,2,4,6,7] v 90.38% 93.53% 98.03%
[2,4,6,8] v 93.20% 94.74% 98.05%
[3,7] X 93.56% 94.08% 98.20%
[2,3,5] X 89.24% 93.24% 98.16%
[1,2,3,4] X 89.18% 93.72% 98.05%

A RESULTS ON FEDSGD

To further demonstrate the effectiveness of the proposed method, we conduct the proposed method
and baseline using FedSGD McMahan et al| (2017). The results are shown in Table [6] [7] and [§]
which is consistent with those using FedAvg in the main paper.

B ABLATION STUDY

In the above sections, we study the PU setting where there are half of data in each positive classes
are labeled on the MNIST dataset. Here we make an ablation study to investigate the impact of the
percentage of labeled data in positive class. We use 4 clients whose number of positive classes are
all equal to 6. The data is collected with iid distributions from each client. As shown in Table [9]
with the growth of the percentage of labeled data (from 1/3 to 2/3), the accuracy of the proposed
method can be improved from 94.46% to 95.60%, which indicates the effectiveness of the proposed
method with different percentage of labeled data.

C PROOFS

Theorem 6 Fix f € F, forany 0 < § < 1, with probability at least 1 — ), the generalization bound
holds:

n

BE G £~ X0 I #m)| — e S e £~ X USGxg) £ m)
mQCp,c 1 j=1 77L€Cpk

1 1 logl
<20V( Y =+ )+ o
seCp, nlg \/ nla' 2’!11-
(19

wherei € Cp,, V is a constant related to the VC-dimension of f and the bound of loss function I, n¥
and nlfj denotes the number of samples in i-class and unlabeled classes in k-th client, respectively.

Proof 1 According to |Koltchinskii et al.|(2002)), denote R(f) as the generalization error of hypoth-

esis f, Rs’ o(f) as its empirical margin loss with bound p, and R, (f) as Rademacher complexity
of the family of loss functions f, with probability at least 1 — §, we have:

1
R(f) < Rs, (f) + %Rn(ﬁ +1/ loj 5 20)
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Table 8: Classification result on non-iid data.
[ Num of Partitions | Division of P-class [ Overlap | Baseline-1 | Proposed Method | Baseline-2 |

5 [2,2,...,2] v 90.17% 92.54% 97.47%
5 [1,1,....1] X 61.70% 89.69% 97.47%
5 [4,4,3,3,2,2,1,1,1,1] v 81.74% 90.48% 97.47%
2 [1,1,....1] X 85.07% 88.62% 96.19%

Table 9: Classification results with different percentage of positive samples.
| Percentage | Baseline-1 [ FedPU | Baseline-2 |

1/3 91.22% 94.46% 98.05%
172 93.24% 95.31% 98.05%
2/3 94.11% 95.60% 98.05%

where n is the number of training samples and C' is the number of classes.

According to Bousquet et al.|(2003)), we have:

Rn(f) <V =, 2L

S

where d is the Vapnik—Chervonenkis (VC) dimension of f, V' is a constant. Taking m in n¥ and n’f,,
we have:

1 1
+

Rn(f) SV'VA( )

s€Cp,

). (22)

@

n

Sk

n
Taking V = 4V’%, we then finish the proof.

Theorem 7 Fix f € F, forany 0 < § < 1, with probability at least 1 — §, the generalization bound
holds:

& 1 « 4 1 1 log%
BE I/ G6) # )] = 1l(f(x])#m)§OV(S€zC; Tt va/ oo

The proof of Theorem 2 is the same as that of Theorem 1.

-

Lemma 8 Define
kU

= kCur + Hi&Cpk |k — Z‘l(f(x) #m), (24)

I(f(x) #m)
where Cy;, denotes the number of unlabeled class in client k. The decomposition is hold:

Y EGI(f(x) #m)]

meCp,,
Higcp |k — il (25)
=2 ml——g ) 2 B #m]+ > E () #m)].
i€Cp,, mgCp,, mgCp,
Proof 2 Given
kCvn
U'(f(x) #m) 1(f(x) #m), (26)
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we have:

Eg [I(f(x) # m)]
kUK , k—i
/ Z + Hzgcpk | | y

(x) # m)p(x, y)dx

kCU
K k% +[Tigcp, |k —il
= [ 1069 2 m) [Z e plx.y =) | dx
j=1
Mg, bl
= [ 102 m) 3 Iy = ) @)
Jj€Cp,,

+ [t ;émZp

iacpk ‘k_i‘ k 1y
= Z Wi(kc'iUk)Ei [V(f(x) # m)]
i€Cp,

+EU[ (f(x );ém)]

Theorem 9 Fix f € F, forany 0 < § < 1, with probability at least 1 — §, the generalization bound
holds:

S BN () _%Z S V() # m)

'm€Cp)C QCPk
s Higcpk
< Z nj(lJr 1:CUn Z Z ) #m)
i€Cp, * j=1mgCp (28)
1
+(D, m+DCV( Y )
ZECPk SGCpk

zgcp Z| llogf log:
—+ Z 71'1‘(1 re .
i&Cm, kS Uk 27’LU

With the evidence of Lemma 3, the proof of Theorem 4 is the same as that of Theorem 1.

Theorem 10 As n¥, nf, — oo, i € Cp,,k € {1,..., K}, the generalization bound of the proposed
FedPU is of order:

K 1 1
;CQ(ZW‘L k). (29)

i€Cp,, ngy

By concluding the result in Theorem 1, 2 and 4. We can derive that the generalization bound in k-th

)) By summing the bound in each client, we then finish

client as O (C2(Ei€Cpk \/% + \/17
i ny

the proof.
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