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Abstract

Federated Learning (FL) is a machine learning
framework where many clients collaboratively
train models while keeping the training data de-
centralized. Despite recent advances in FL, the
uncertainty quantification topic (UQ) remains par-
tially addressed. Among UQ methods, conformal
prediction (CP) approaches provides distribution-
free guarantees under minimal assumptions. We
develop a new federated conformal prediction
method based on quantile regression and take into
account privacy constraints. This method takes
advantage of importance weighting to effectively
address the label shift between agents and pro-
vides theoretical guarantees for both valid cover-
age of the prediction sets and differential privacy.
Extensive experimental studies demonstrate that
this method outperforms current competitors.

1. Introduction

Federated learning is an increasingly important framework
for large-scale learning. FL allows many agents to train a
model together under the coordination of a central server
without ever transmitting the agents’ data over the network,
in an attempt to preserve privacy. There has been a con-
siderable amount of FLL work over the past 5 years, see
e.g. (Bonawitz et al., 2019; Yang et al., 2019; Kairouz
et al., 2021; Li et al., 2020). Compared to classical machine
learning techniques, FL has two unique features. First, the
networked agents are massively distributed, communication
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bandwidth is limited, and agents are not always available
(system heterogeneity). Second, the data distribution at dif-
ferent agents can vary greatly (statistical heterogeneity);
see (Huang et al., 2022; Yoon et al., 2022). These features
lead to serious challenges for both training and inference in
federated systems. The focus of this work is on federated
inference procedures that allow to build prediction sets for
each agent with a confidence level that can be guaranteed.

Conformal Prediction, originally introduced in (Vovk
et al., 1999; Shafer and Vovk, 2008; Balasubramanian et al.,
2014), has recently gained popularity. It generates predic-
tion sets with guaranteed error rates. Conformal algorithms
are shown to be always valid: the actual confidence level is
the nominal one, without requiring any specific assumption
about the distribution of the data beyond exchangeability;
see (Lei et al., 2013; Fontana et al., 2023) and references
therein. With few exceptions, CP methods were developed
for centralized environments.

We consider below a supervised learning problem with fea-
tures = taking values in X and labels y taking values in
Y. Let (X, Yk)ggf‘“JrN be an independent and identically
distributed (i.i.d.) dataset. We divide the data into a training
and a calibration dataset. Formally, let {/Cyain, Kcar } be a
partition of {1, ..., Niyain + N}, and let N = |Kcy |. With-
out loss of generality, we take Ky = {1,..., N}. We learn
a predictor f : X — Ay, on the training set Kyyin, where
|V| is the number of classes and Ay, is the |/|-dimensional
probability simplex. For any covariate z € X" associated
with a label y € ), consider a classification score func-
tion S: Y x Ay — [0, 1], independent of other covariates
and labels, which yields a non-conformity score given by
V(x,y) = S(y, f(x)). This non-conformity measure es-
timates how unusual an example looks. Based on these
non-conformity scores, standard CP procedure constructs,
for each significance level o € [0, 1], a (measurable) ser-
valued predictor C, () using {(Xg, Y)Y, that satisfies
the following conditions

P(Yyi1 € Ca(Xnt1)) 21— a, (1

where (X1, Yn+1) i a fest point that is independent of
Kirain and KCcy. The quantity 1 — « is called the confidence
level. The guarantee (1) is set up in a centralized environ-
ment — all data are available at a central node and usually
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assuming that the distributions of calibration and test data
satisfy P°» = Py If there is a mismatch between the dis-
tributions P<? and P5;, then corrections should be made to
ensure an appropriate confidence level; see (Tibshirani et al.,
2019; Podkopaev and Ramdas, 2021; Barber et al., 2022)
and references therein.

Setup. In this work, we consider a federated learning system
with n agents. We assume that, instead of storing the entire
dataset on a centralized node, each agent ¢ € [n] owns
a local calibration set D; = {(X},Y{)N_,}, where N°
is the number of calibration samples for the agent . We
further assume that the calibration data are i.i.d. and that the
statistical heterogeneity is due to label shifts:

(X1, V) ~ P'= Pxyy x P,

where Px |y, the conditional distribution of the feature given
the label, is assumed identical among agents but Py, the
prior label distribution, may differ across agents. In fed-
erated learning, statistical heterogeneity is the rule rather
than the exception, and it is essential to take into account
the presence of label shift at the agent level. We assume
that a predictive model f has been learned by federated
learning. The results we present are agnostic to the learning
procedure.

For an agent x € [n], and each « € (0,1), we are willing
to compute a set-valued predictor, C,, with confidence level
1 — «, which depends on the calibration data of all the
agents. The goal is to construct informative conformal
prediction sets for each agent, even when its calibration set
is limited in size, by using the calibration data of all the
agents participating in the FL; we stress that the calibration
data must always remain local to the networked agents.
Most importantly, the resulting algorithm should attain both
conformal and theoretical privacy guarantees — matched
to the privacy guarantees that can be obtained in the FL
training procedure.

Our main contributions to solving this challenging problem
can be summarized as follows.

e We introduce a new method, DP-FedCP, to construct
conformal prediction sets in a federated learning context
that addresses label shift between agents; see Section 2.
DP-FedCP is a federated learning algorithm based on
federated computation of weighted quantiles of agent’s
non-conformity scores, where the weights reflect the label
shift of each client with respect to the population. The
quantiles are obtained by regularizing the pinball loss
using Moreau-Yosida inf-convolution and a version of
federated averaging procedure; see Section 3.

e We establish conformal prediction guarantees, ensur-
ing the validity of the resulting prediction sets. Addi-
tionally, we provide differential private guarantees for
DP-FedCP; see Section 4.

o We show that DP-FedCP provides valid confidence sets
and outperforms standard approaches in a series of experi-
ments on simulated data and image classification datasets;
see Section 5.

Related Works. The construction of predictions sets with
confidence guarantees has been the subject of much work,
mostly in a centralized framework. The conformal frame-
work, introduced in the pioneering works of (Vovk et al.,
1999) is appealing in its simplicity/flexibility; see e.g. (An-
gelopoulos et al., 2021; Fontana et al., 2023) and the ref-
erences therein. For exchangeable data, this framework
provides a model-free methodology for constructing predic-
tion sets that satisfy the desired coverage (Shafer and Vovk,
2008; Papadopoulos et al., 2002; Fannjiang et al., 2022;
Angelopoulos et al., 2022b).

These results can also be extended to non-exchangeable
data. A method has been developed for dealing with co-
variate shift (Tibshirani et al., 2019). This method is based
on evaluating the discrepancy between the distribution of
the calibration data set P°* and the test point distributed
according to Py. Using an estimate of the Radon-Nikodym
derivative d Py / dPeal avalid prediction set can be obtained
by weighting the non-conformity scores. The seminal work
of (Tibshirani et al., 2019) led to several improvements, ei-
ther to form valid prediction sets as long as the f-divergence
of the discrepancy remains small (Cauchois et al., 2020),
or to formulate hypothesis tests under covariate shifts (Hu
and Lei, 2020). In addition, Gibbs and Candes (2021) exam-
ine the shift in an online environment; and Lei and Candes
(2021) show the validity of the prediction sets even when
the distributional shift is only approximated. Since many
real-world data sets do not satisfy exchangeability, valid
prediction sets are developed in (Barber et al., 2022) that
put more mass around the point of interest.

Conformal methods adapted to label shift are considered
in (Podkopaev and Ramdas, 2021; 2022) and have similar
guarantees to those in (Tibshirani et al., 2019, Corollary 1).
Methods for detecting and quantifying label shift have been
proposed in (Lipton et al., 2018; Garg et al., 2020).

Differentially private quantiles can be derived based either
on the exponential or Gaussian mechanisms (Gillenwater
et al., 2021; Pillutla et al., 2022). Using the exponential
mechanism, valid prediction sets are generated in (An-
gelopoulos et al., 2022a). However, quantile computation
in a federated learning environment remains a challenge. A
first federated approach based on quantile averaging was
proposed in (Lu and Kalpathy-Cramer, 2021). However,
this work does not provide theoretical guarantees, and the
proposed method is vulnerable to distribution shifts. For
federated deep learning, the differentially private versions
are based on various techniques combination like gradient
clipping and the addition of random noise (Triastcyn and
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Faltings, 2019; Wei et al., 2020).

Notation. Denote by [n] the set {1, ...,n} and consider a
finite number of labels, i.e., || < co. Each agent i € [n]
has N; calibration samples of label y € ), and denote
N, = >, N} their total number over all the calibration
examples. Recall that N? the total number of calibration
samples on agent i, i.e., N = 3 _,, N;. Define the total
number of calibration data points N := Y | > ), Ny
For a cumulative distribution function F' and g € [0, 1],
define by Qp(F) := inf{z: F(z) > [} the 8-quantile.
Finally, for v € R denote by d,, the point-mass distribution.

2. Conformal Prediction for Federated
Systems under Label Shift

Non-exchangeable data. In this section, we explain how
to take advantage of calibration data to obtain a valid
(1 — a)-prediction set. Consider the calibration dataset
{(X].Y}): k € [N"]};¢[,) with data distributed according
to {P*'}icn)- For {mi}icin) € An we define the mixture
distribution of labels given for y € ) by
PRl(y) = 30 miPy (y).

Our goal is to determine a set of likely outputs for a new
data point (X3, Y., ) drawn on agent x € [n] from
the distribution P*. The conformal approach relies on non-
conformity scores Vi = V(X!,Y}), i € [n], k € [N] to
determine the prediction set — see (Shafer and Vovk, 2008).
These non-conformity scores are uniformly weighted to
generate the conventional prediction set

Caa(x) ={y € Y: V(x,y) < Qi-a (W)},

=N +1)7 (0, Xl oy + )
However, this method can lead to significant under-coverage
in the presence of label shift (Podkopaev and Ramdas, 2021).
In fact, since the data {(X},Y}!): k € N'},c[, are often
not exchangeable, it is required to correct the quantile to
account for label shift to obtain valid prediction sets (Tibshi-
rani et al., 2019). As proposed by Podkopaev and Ramdas
(2021), we begin by assuming that, forall ¢ € [n]andy € Y,
we have access to the likelihood ratios:

wy, = Py (y) /P (y)-
Denote by Z = {(i, k): i € [n],k € [N)]}U{(*, N* + 1)}.
Using the weights {W} : (i, k) € Z} provided in (40), the
non-exchangeability correction of Tibshirani et al. (2019) is
given for any y € ) by

2)

Wi
Pyiy = , joE—t (3)
* W1+ 252 2 WY
n N
* Kk * .
Hy = py,yé1 + Z ZPY&)’&V;'
i=1 k=1

For any covariate x € X, define the (1 — «)-prediction set
with oracle weights

Cour(x) = {y €V:V(xy) <Qi-a (N;)} .

In contrast to the exchangeable setting, the quantile is calcu-
lated based on a weighted empirical distribution depending
on y. The validity of the prediction set is based on the
concept of weighted exchangeability, which was introduced
in (Tibshirani et al., 2019, Definition 1); see also (Podkopaev
and Ramdas, 2021, Theorem 2). In the following, we will
suppose that the next assumption holds.

H1. The calibration data points {(X},Y}): (i,k) € I}
are pairwise independent, and there are no ties between
{Vi: (i,k) € I} almost surely.

Theorem 2.1. If HI holds, then for any o € [0,1), we
have

l-—a<P (Y]f,*_,_l € Ca,u*(X]*v*—i-l))

<1- E { *7’ . } 7 4
- ot [(F}C?gl kavYN*H :| ( )

where py,; is defined in (3).
k 1

Y

This theorem is directly adapted from (Tibshirani et al.,
2019, Corollary 1). For completeness, a formal proof is
postponed to Appendix C.1. It is important to note that
the lower bound in (4) holds even in the presence of ties
between non-conformity scores. Although Theorem 2.1
guarantees the validity of Cy, ,~ (X 3. ), this prediction set
requires the challenging computation of the weights py .
Indeed, the calculation of W, y, requires the summation over
N!elements. The first key contribution of our work is given
in Theorem 2.2, where we show that alternative weights,
which are easier to compute, can lead to valid prediction sets.
Specifically, the new weights p . are computed on a smaller
number of data points N < N, which are randomly selected
based on a multinomial random variable with parameter
(N, {mi}ien))- Actually, we denote by {\7 ¢ the multinomial
count associated with agent . We take N* A N* calibration
data from agent i and denote V! = V(X},Y}'). For any
label y € ), the weight pj ., is given by:

Y (5)
n NiaNe 7
wy + D i1 k=1 Wy

In addition, consider the following prediction set

w.

I
Dyy =

~ . NIAN _,
By =D y01+ >, >t pY,j,yéVJ’
Coir(¥) = {y € V: V(x,y) < Qualii)} -

I?enote by [|[w*||eo = maxyey{w;}. Using the new predic-
tion set C, +, we obtain the following result.

(6)

Theorem 2.2. Assume HI. Set N = |N/2]| and 7; =
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Nt/N, for any i € [n]. Then,

6
P (Y3 i1 € Car (XRoqq)) —1+0a| < N

+36+61og1\7 14log N

B 2

Zi: %<logN \/ﬁ
The preceding theorem shows that C,, i+ (X}. | ;) contains
the true label Y3, , with probability close to 1 — . If
n = 1and N > 46, the set {i € [n]: N* < 12log N}
is empty. In this case, the convergence rate reduces to
N~1log N. More precisely, if each agent has the same
number of calibration data, the convergence rate N “llog N
is ensured when N > 12nlog N. This is for example the
case when N* = 200 and n < 86538. On the other hand, if
n = N, each agent has only one data point, and in this case
the bound becomes N ~'n(log N)3/2.

Approximate Weights. Ideally, we would like to use the
weights defined in equation (5) to compute valid prediction
sets. However, these weights depend on the probability
distribution of the labels for each agent, which in many
scenarios must be estimated (and therefore known up to
an error). Based on empirical estimation of these label
probability distributions { Py };c[,), for each label y, define
the likelihood ratio as follows:
*

Wy = ———F— PY@ : (7

> im1 Py (y)

and denote by pj . the weight defined in (5) with wj re-
placed by w;. We also consider /iy defined as in (6) with

Py .y replaced by py .. The prediction set becomes

Coii(x) ={y €V: V(x,y) < Q1-a (iy)}. (®)

Since computing the exact weights py . in (5) may not be
feasible, we consider the approximation pj . given in (7).
We also construct a random variable (X Neal )A/A*,* +1)
as in (Lei and Candes, 2021) such that IF’(?K,* =
y) = [Zyey 03P (9)]) " w; Py (y), where @) is de-
fined in (7); and XK/*—H |}Af[\*,*+1 is drawn according to Px |y
The validity of the resulting prediction set is established in
Lemma 2.3. Note that this approach makes the weights’
computation feasible, at the cost of introducing one addi-
tional approximation.

Lemma 2.3. Forany o € (0,1), we have

P(Vires1 € Cagt(Xi 1)) = PV 1 € Caa(Kres))|
< 1 Z wy Py (y)

-2 dey %P?al(@)

where 127;, Ca,p are defined in (7) and (8), respectively.

Py (y) - =R, (9)

When @; is sufficiently close to w;, Lemma 2.3 shows
that the approximate weights generate accurate prediction

sets (as discussed in Appendix C.1). The error disappears
entirely when @; = w; for all y € Y. Furthermore, us-
ing (Iibshirani et al.,A2019, Corollary 1), we can establish
that Y. | € Co 5 (XR},) with probability nearly 1 — a.
Finally, similar ideas that developed for Theorem 2.2 on
Y3+ 41, in conjunction with Lemma 2.3, give a more accu-
rate bound on the coverage validity.

Theorem 2.4. Assume HI. Foranyi € [n], setm; = N*/N
and take N = | N/2]. Then,
36/|@* 12,

[P (Vi1 € Cop(Xiin)) =140 <€ e =5

6 2logN [ 3|lw*|% o
+R+N+ N <(]E@§/cal)2 v 7ZZ %<lOgN N ’
where @;‘,ki, R are defined in (7)-(9) and Y ! ~ Pgl,

This theorem provides a lower bound on the probability
of coverage that is independent of the data distribution. A
formal proof can be found in Appendix C.5. This result
demonstrates that it is essential to include all agents with the
most data. However, it also highlights a counterproductive
effect when incorporating agents with few data.

Maximum Likelihood Estimation Weights. Denote by
M; the number of training data on agent ¢ associated to
label y. Consider the total number of local data M* =
> yey M;, the number of training data with label y written
by M, = >="", M?, and the total number of samples on all
agents by M = Ey ey My. When each agent independently
learns its approximate label distribution based on counting
the number of label in its training datasets, the empirical
counterpart of (7) is given for any labels (y,y) € V? by

. MM7 1
VR VLR

All the results in this article are given conditionally to the
training dataset, meaning that they hold regardless of the
specific training data. In order to determine the order of
magnitude of the bound of Theorem 2.4, we analyze the
average value of R. Given the number of training samples
{M"};c() if we assume that each training point (X7 ,Y})
is distributed according to P*, then taking the expectation
over the training set yields:

< 6 412 log!y|+logr|:/| '
VM* M min, ey P& (y)

The proof is given in Appendix C.3. Interestingly, if the
previous upper bound is plugged in Theorem 2.4 instead of
Lemma 2.3, then the leading error of order O(M*~1/2 v
N~'log N) is due to the weights’ estimates {p} , },ey.
This bound shows that we should not attempt to estimate
the likelihood ratios for a single agent, especially when the
square root number of local training data on agent x is small
compared to the number of calibration data. Rather, we need

g

(10)

E[R]
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to do this for a group of agents that have approximately the
same distribution, which will give us more stable estimators.
The agent can benefit from learning simultaneous tasks by
exploiting common structures (Caruana, 1998).

3. Privacy Preserving Federated CP

In the previous section, we constructed prediction sets that
were valid in theory. However, their practical implemen-
tation in a federated environment posed challenges due to
the reliance on estimations that are difficult to evaluate. In
particular, estimating ()1 (fiy) in order to derive the pre-
diction set C, ;3 (x), defined in (8), is challenging because
it requires knowledge of the global distribution fi,. This
section is divided into two parts: (1) a new method is de-
veloped, called DP-FedCP, for estimating quantiles under
the federated constraints; (2) then, a method for comput-
ing probabilities {py . },.yey with differential privacy (DP)
guarantees is presented.

Quantile Regression and Moreau-Yosida Regulariza-
tion. Let @ € (0,1), we now propose to estimate the
weighted (1 — a)-quantile of [y defined in (13). To this
end, we develop a federated optimization algorithm based
on “pinball loss” minimization, a quantile regression tech-
niques with asymmetric penalties (Koenker and Hallock,
2001). For v € R and g € R define the pinball loss as

Saw(q) = (1 —a)(v— Q)]l{vztz} + alg — U>1{q>v}'
For any y € Y, the (1 — a)-quantile of fiy is given by
Qi-a (fy) € argmin {By.z, [Sav(@)]}; (D
qe

e.g. see (Buhai, 2005). The pinball loss S, ,, is lower semi-
continuous but not differentiable on R. Hence, we consider
the Moreau-Yosida inf-convolution (or envelope) 57, ,, in-
stead of S, , — Where +y is the regularization parameter; see
e.g. (Moreau, 1963) and (Parikh et al., 2014, Chapter 3),
whose expression is given by

Y = mi NI S 2}
Sa(9) = min {Sa,v(Q) + 3 (@—a)7 -
The function S, (+) has an explicit expression given in (17).
Note that the minima of S, , and 57 ,, coincide. We obtain
the weighted quantile by considering S , instead of Sy .
An important property is that the inf-convolution of a proper
lower semicontinuous convex function is a differentiable
function whose derivative is Lipschitz; see (Rockafellar
and Wets, 2009, Theorem 2.26). The original optimization
problem given in (11) is replaced by a convex/smooth loss:

@i (iy) € arg min{S; (q)}, (12)
where S : R — R is the function given by

Satar Eveg, [S2 v (@)

Algorithm 1 DP-FedAvgQRE

Input: initial quantile gy, target significance level ¢,
number of rounds T, learning rate n, Moreau regular-
ization parameter 7, local gradients {V Sfﬂ}ie[n], local
non-conformity scores {V}; }xe(ni 1), mixture weights
{Ay Yicin]> standard deviation of Gaussian mechanism
noise o4, K number of local iteration.
fort=0to7 —1do
St4+1 < random subset of [n]
for each agenti € Sy do
Initialize quantile g; o + ¢
fork=0to K —1do
/l Gradient with DP noise
9ix < VS (G )+ 20 ke 205 ~ N(0,05)
// Update local quantile
Qo1 < Qi — 9L ‘
(Agii1,AG 1) + (%ﬁx — 40 Zke[K} thk)
//On the central server

n 7
Q41 < Gt F 15777 2ies,y, Ddin
ALAGE
q t = n vy di41
Q41 < 1@+ 15,7 ZiesHl 1

Output: Q] _, 1(fty) < qr-

// Server side
// In parallel

For almost every value of « € (0, 1), there exists a unique
minimizer of S]. This minimizer Q]_, (fiy) of the regular-
ized loss function deviates from the true quantile. However,
the error is controlled by the regularization parameter y and
is asymptotically exact when v — 0. More precisely (see
Appendix A.2 for a proof) it holds that:

Theorem 3.1. Let v > 0 and o € (0,1). Assume that for
all {ye}eern+1) € VT, 1 — o & {Wi/ Wi i1 beev4a,
where Wi, = Y5, wy,. Then, we have |Q]_,(fiy) —
Ql—a(ﬂy)’ <7.

The condition on « assumed in Theorem 3.1 ensures the
uniqueness of the minimizer of S7,.

Federated quantile computation. We now describe the
Differentially Private Federated Average Quantile Estima-
tion (DP-FedAvgQE) algorithm (see Algorithm 1), a novel
method to compute quantile in a federated learning setting,
with DP guarantees. We briefly described this method be-
low. For each query y € ), we consider the distributions
iy = > iy N, i,, where X!, and 7i, are given by

)‘y = NDyy + Zk:l pY,j,y’
13)
i N'R AN Pyiy (
j— NENA i .
Hy = XN o1+ Zk=1 AL 5\/,;-

To simplify the notation, for any client i € [n], we introduce
the local loss function S;7: ¢ € R — Ey .z [S] v (q)];
see (18) for explicit expression.
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At each iteration ¢ € [T, the server subsamples the par-
ticipating agents S;11 C [n] independently from the past.
Each selected agent ¢ € Sy performs K local updates:
(1) they independently compute their local gradient; (2) a
Gaussian noise is added as in (14) to ensure the differen-
tial privacy. More precisely, for agent ¢ € S;1, at local
iteration k € {0, ..., K — 1}, we define:

gix = VS (qh ) + 2 s (14)

where {2} ;.: (t,k) € {0,...,T — 1} x [K]}i[n) are i.id.
Gaussian random variables with zero mean and variance
2

o,. For any agent i € S;i1, g;, is an unbiased esti-

mate of V Sfj’(qg? i)- (3) The participating agents update
their local quantiles g ;. < qj; — 719}, wWhere 7 is
a positive stepsize; (4) then transmit (Agj,,, Agl,,) =
(@, k — Gt,00 Xoke(x) 9,1/ K) to the central server. The pa-
rameter Ag! 11 1s used to update the common parameter g,
while Ag;; is necessary to keep track of the average of
the sampled parameters denoted ¢;; see (Nemirovski et al.,
2009; Bubeck et al., 2015). (5) Finally, the server performs
an online average to update ¢; and computes the new param-
eter following

Gr+1 = @+ (0/|Se41]) Xics, ., Adiya-

At the final stage, the central server output the quantile
estimate is given by

Q_ar(ity) = Simi(0/1Si]) Yies, NeAG /T (15)

Algorithm 1 is a Federated Averaging procedure (McMahan
et al., 2017) applied to the Moreau envelope of the pinball
loss. As we will see in Section 4, the addition of an indepen-
dent Gaussian noise on the parameter at each update round
provides differential privacy guarantees; see Theorem 4.4
for more details.

Remark 3.2. Privacy is also at risk when computing
probabilities {p} .}, yey. To compute the probabilities
{Py.y }v.yey while preserving privacy, we need specific
mechanisms to transmit the number of training labels
(M;)yey from each agent i to the server. For this pur-
pose, we use the method proposed in (Canonne et al.,
2020). The idea is to add a discrete noise to the counts
{M; i€ [n]}yey zfnd then transm.it these n(?isy prqxies.
The resulting algorithm that combines the differentially-
private count queries and federated quantile computation is
given in Algorithm 2.

Remark 3.3. Algorithm 2 is designed to build a confidence
set for the single agent . By vectorizing all computations,
the algorithm can be scaled to compute a confidence set for
each agent. This would result in an algorithm that remains
linear in the number of clients but would be more efficient
than computing several independent runs. From a practical
perspective, complexity can be further improved by cluster-
ing clients into groups based on their label distributions and

Algorithm 2 DP-FedCP

Input: calibration dataset {(X},Y}): k € [N']}ic[n),
covariate X, coznmunication round number 7', subsam-
pling number N, Gaussian noise parameters oy, > 0.
for each agenti € [n]U{x}do  //In parallel
SetVy € J, M; < number train data with label y
Generate {’I’};}?Z\Ey i.i.d. according to Nz (0,52)
Send Vy € Y, I\/I?J + max(1, I\/IZ + 77;)
Compute & Send {V (X}, Y}): k € [N']}icpm)
//On the central server
Aggregate My >, My, Vy €Y
Aggregate M« D oyey I\7Iy
for each queryy € Y do -
Sample {Nl}ie[n] ~ Multi(N, {NZ/N}IE[”])
Compute py . as in (5) with wj, given in (10)
Compute Q] _,, +(iy) +DP-FedAvgOE

Output: C] -(x) + {y: V(x,y) < Q]_, r(fiy)}-

performing conformal prediction on a group level.

Remark 3.4. The local loss functions S;” are expressed as
the expectation of pinball loss functions. Since the sensi-
tivity of these pinball loss functions is 1, there is no need
to clip the gradient. It is sufficient adding Gaussian noise
N(0, 03) to guarantee differential privacy. The value of o,
is chosen to provide a suitable trade-off between privacy
and utility, balancing the need for strong privacy protection
with useful outputs. For an explicit setting of o, refer to
Theorem 4.4.

4. Theoretical Guarantees

Convergence guarantee. We provide a convergence guar-
antee for DP-FedAvgQE. Details of the proofs can be
found in the supplementary paper. We show the conver-
gence of {Q]_, ;(fiy)}+en to a minimizer which is unique
under the assumptions discussed in Appendix A.2. We
briefly sketch key steps from the theoretical derivations,
since the local loss functions {ng}ie[n} have different min-
imizers, this client drift/heterogeneity may slow down the
convergence (Li et al., 2019). This dissimilarity is evaluated
by the parameter { > 0, which is given by

¢ = maxiep, [V Sy —V S1%

The convergence analysis is performed for the estimate
parameter |, 1(fiy) given in (15). We provide below
the statements without subsampling, i.e. S; = [n], given in
Appendix B. Recall that Q] _, (fiy) is provided in (12) and
denote A = E,, |lgo — Q7_,, (Hy)||?. The following results
hold with fixed train/calibration datasets (Dy;ain, Deal), and
define their union by D = Dypain U Dea.
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Theorem 4.1. Let v € (0,1], S; = [n] and consider the
stepsize 1 € (0,v/10]. Then, fort € {0,..., T —1}, k €
{0,..., K — 1}, we have

E[SL(Q]_or(fiy) | D] = SUQT_ (7))
< (MKT)'A + 14y '*K (o) + K(?).

The presence of heterogeneity among local datasets signifi-

cantly influences convergence dynamics, particularly when

the number of targets K, is significantly larger than 1. In

such cases, the term K2(? poses challenges by potentially

hindering the effectiveness of numerous local steps. Con-
~yA

sider the stepsize 7, defined by
1/3
7% = min X .
10’ 13K?T (02 + (?K)

Setting 17 = 7,, we obtain the following result.

Corollary 4.2. Let v € (0,1
the stepsize n,. Then, for any t € {0,...,
{0,..., K — 1}, we have

e im = E[SLUQY_o +(Tiy)) | D] — SLQT_o(By))
_ 10a 5 (02 + 2K) "/ A2/3
= YKT (VKT2)1/3

l, St = [n] and consider
T-1} k e

(16)

As shown in Corollary 4.2, Eép)tun increases inversely pro-

portional to . The smaller the regularization parameter +,
the smaller the stepsize n must be, and the more iterations
are required to achieve the same accuracy. However, the
error caused by the Moreau envelope vanishes for v | 07,
ie. Q]_,(fy) approaches Q1_n(fiy). Thus, there is a
tradeoff between the accuracy of the quantile approximation
Q]_., 7(fly) and the computational cost.

Conformal guarantees for DP—FedCP. We show that the
confidence set C (X} ) provided by DP~FedCP con-
stitutes valid coverage of Y. | ;. The theoretical derivations
and complete statements are given in Appendix C. For all
€ [n], denote by P, the distribution of V (X, Y*) where
(X;,Y;) ~ P, and consider Y&l ~ P&al,
Theorem 4.3. Assume there exist m, M > 0 such that for
any i € [n], P}, admits a density fi. with respect to the
Lebesgue measure that satisfies m < fi, < M. For any
a € 10,11\ Q, it holds

[P(V i €C) ﬁ(va*H)) = PV 1 € Cai( X 4))|

Py ()

log(N
< 6M Zyey (B[ Dirain] +7)
6 \/ mmlnyey w* [ 0pt1m| t ] +7
2Mlog N 4 Var(@3c.) QEwYﬁ*“ m +L
mN  N(Ew}..)? NEwy. 2NlogN N2’
where 6(()p)tlm is defined in (16).

This result illustrates an interesting tradeoff introduced by

the regularization parameter . As shown in Corollary 4.2,
()

optim
setting v ~ T'~*/“ ensures a convergence rate of order
T~/ for the optimization procedure. In this case, the error
term of order O(N~!log N) is guaranteed by choosing
the number of iterations 7' ~ N?. The condition o €
[0,1] \ Qs a strong but unnecessary assumption. However,
it provides a simple way to ensure that fiy has no jump at
level 1 — «. Interestingly, the same condition on « is used
in (Podkopaev and Ramdas, 2021, Corollary 1), where the
authors explain why this condition cannot be avoided to
ensure the consistency of the empirical quantile estimator.

€ increases inversely proportional to . Therefore,

1/2

Differential privacy guarantees. The (¢, 0)-differentially
private nature of DP-FedAvgQE relies on two components:
the additional Gaussian noise, combined with the bounded
gradient which avoids extreme values/outliers. The parame-
ter e controls the level of privacy protection provided by a
differentially private algorithm, by limiting the probability
of inferring any information about an individual in a given
dataset. However, there is a small chance that the algorithm
may leak some information, even though this probability is
kept under control by the parameter §. Based on the Rényi
differential privacy (Mironov, 2017), joined to agent sub-
sampling mechanism (Balle et al., 2018), we establish the
(e, 0)-DP property following similar ideas to those of (Noble
et al., 2022, Theorem 4.1). Detailed proof and definitions
are provided in Appendix D.

Theorem 4.4. If there is a constant number S € [n] of
sampled agents, i.e., Sy = S, for all t € [T). Then, for all
e>0andd € (0,1—(1+/€)(1-S/n)T), the Algorithm 1
is (¢, 0)-DP towards a third party when

245/T log(1/3) )

g > 2
9= en

Kmaxie[n] )\;,
1
c +
. 1_§\ YT
1+ /e '

5. Numerical experiments

5=

where

0|3

We conducted the experimental study of DP-FedCP us-
ing both synthetic toy examples and real datasets. To per-
form a comprehensive evaluation, we compared our method
with relevant baselines, namely Unweighted Local
and Unweighted Global (see Appendix E for details).
The Unweighted Local method computes the quantile
based on the local validation data of the agent x and derives
the local unweighted prediction set with (1 — «) confidence
level, given by

Cooe(x) = {y € V: V(x,y) < Q1o (Ay°*)},
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where g\°* = = S Sy ~+101. This method
is the adaptive classification technique with split-conformal
calibration applied to agent %, as introduced in (Romano
et al., 2020) and also described in (Angelopoulos et al.,
2021). On the other hand, the Unweighted Global
method estimates the quantile based on aggregated non-
conformity scores from all the agents, without taking into
account the shift between calibration and target distributions.
This method computes the (1 — «)-quantile in an analogous
way to the “classical” conformal method recalled in (2).

For our experiments, we apply split-conformal calibration
on the entire dataset, which requires all agents to report their
non-conformity scores to a central server. We use the same
non-conformity score V' (z,y) as considered in (Romano
et al., 2020; Angelopoulos et al., 2021). Given the covariate
x, the predictor f : X — A|y, estimates the probability
of each class, and orders them from the most to the least
likely label. The non-conformity score is then computed as
the sum of all the probabilities greater than the true label y.
Formally, the non-conformity scores are given by

PX4: Y5 = 2y T L 5 ox i Fxi vy
VXL YE) = p(X, Yi) + U x f(XDIY],
where U} € [0,1] is a uniform random variable.

Simulated Data Experiment. In the first experiment, we
demonstrate that it is necessary to consider label shifts be-
tween agents to obtain valid coverage of prediction sets.
We consider a simple classification problem with 3 labels.
The conditional distributions of the features given the class
label are 3 two-dimensional Gaussian distributions with
means 6, = [—1,0],02 = [1,0],05 = [1, 3] and with iden-
tity covariance matrices. We consider n = 2 agents with
the distribution of labels { P} (y)},ez = {0.8,0.1,0.1}
and {P¢(y)}yem = {0.1,0.1,0.8}. We use the Bayes
classifier and consider calibration data with (N, N?) =
(1000, 50). The inference is performed for agent 2.

We run independently 1000 experiments with different splits
and record the obtained empirical coverage each time. Fig-
ure la shows the distribution of non-conformity scores
for the different labels, and Figure 1b shows the empir-
ical coverage of (1 — «) prediction sets with & = 0.1
using the DP-FedCP method (Algorithm 2) compared to
Unweighted Local and Unweighted Global. We
also included results obtained with oracle-weights,in
which the conformal prediction sets are obtained using (85),
i.e., assuming that the exact ratios {wj },cy are known.

The quantiles calculated via the Unweighted Global
method are mostly due to the non-conformity scores from
agent 1. This is due to the larger local dataset of agent 1,
whose label distribution is very different from that of the
target; see Figure la. The Unweighted Local method

I Unweighted Global Oracle Weights ™ JUnweighted Local EE®DP-FedCP ------ Nominal Value

led

5 Class 1
Class 2
4 Class 3

0 ol Y

05 0.6 0.7 0.8 0.9 10 075 0.80 085 090 095 1.00

(a) Non-conformity scores (b) Empirical coverage

Figure 1: Simulated data experiment with 2D data. Target
confidence level (1 — «) = 0.9.

@ Unweighted Global @ Unweighted Local EZ—1DP-FedCP ------ Nominal Value

Figure 2: Empirical coverage on the CIFAR-10 data.

computes the quantiles based on the local data of agent 2,
which has too little data to produce robust prediction sets.
Therefore, DP-FedCP yields much better conformal pre-
diction sets (see Figure 1b), which are little different from
those obtained using the adaptive prediction set methods
with oracle weights of (Podkopaev and Ramdas, 2022).

CIFAR-10 Experiments. We investigate the performance
of DP-FedCP on the CIFAR-10 dataset. We use a ResNet-
56 (He et al., 2016) pre-trained on the CIFAR-10 train-
ing dataset as the underlying classifier with temperature
scaling T' = 1.6. We also randomly split the CIFAR-10
test dataset into a calibration dataset and a test dataset,
each containing 5000 points, and repeat the experiment
1000 times. The number of agents is n = 10, and the
prediction set is learned for the agent x = 4 that has the
smallest number of data points. The distribution of labels
for agent i is P} (i) = 0.55 and P}.(y) = 0.05 for all
y € [10]\{¢}. We set the validation size for agent * to
N* = 50, and for agent 2 the validation size is NV 2 = 2150.
The remaining agents have the same validation size of
Nt = 350 for all i € [10]\{2,4}. The significance level
o is set to 0.1. In this configuration, both Unweighted
Local and Unweighted Global methods perform sig-
nificantly worse than DP-FedCP; see Figure 2.

ImageNet Experiments. We use a pre-trained ResNet-
152 (He et al., 2016) as a base model with temperature
scaling T' = 10. We perform 1000 runs with different splits
of the 50K ImageNet test dataset into calibration and test
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(c) Distribution of the empirical coverage for the methods as a function of the shift

Figure 3: ImageNet experimental results: (a) Empirical coverage comparison of DP-FedCP with unweighted baselines
(b) Empirical coverage comparison of DP—FedCP with non-DP version at different privacy parameter values (c) Effect of
distribution shifts on empirical coverage for DP-FedCP and unweighted baselines.

datasets of size 40K and 10K samples, respectively. The
calibration data is split into 11 agents. For agent 7 € [10],
the size of the calibration dataset is N* = 3950, while
we N1 = 500. For ImageNet, the distribution of non-
conformity scores V (f(X),Y) varies significantly as a
function of the given label Y = y. In this experiment,
we distribute the data between agents to ensure distinct non-
conformity score distributions across agents, illustrated in
Figures 6a and 6b. For this, we compute the mean of the
non-conformity scores in function of the given label. We
call 1 the set of the 500 labels with the lowest means and
G+ the set of the remaining 500 labels. Agents ¢ € [10]
(Low-score group) take 90% of their data from G; and
the remaining 10% from G5. Agent 11 takes 90% of its
calibration data from G5 and the remaining 10% from Gj.

We construct a prediction set with significance level « = 0.1
for the distribution of the 11-th agent. Figure 3a shows the
empirical coverage of the prediction sets. In contrast to
unweighted alternatives, DP-FedCP achieves valid cover-
age. In Figure 3c, we evaluate the sensitivity of the different
methods to the shift between G; and G. We repeat the
previous experiment varying the shift parameter (90% in
the first experiment) with 100 runs for each coefficient and
show the Violin plot of the obtained empirical coverage.
The experimental results show that DP-FedCP overcomes
the challenge of obtaining valid conformal predictions in
the presence of label shifts at a federated level compared to
alternative methods.

Differential Privacy Experiments. We explore the trade-
off between privacy and coverage quality. We conducted the
ImageNet experiment with different values of o in the set
{10, 30,60, 100}. The results of the experiment are shown
in Figure 3b, which illustrates the tradeoff between the dif-
ferential privacy parameter o, and the robustness of the
method. In particular, we observe that as o, increases, the
robustness of the method decreases.

6. Conclusion

We present a novel method called DP-FedCP, which is
designed to construct personalized conformal prediction
sets in a federated learning scenario. Unlike existing algo-
rithms, the proposed method takes into account the label
shifts between different agents, and computes prediction
sets with a prescribed confidence level. The resulting sets
are theoretically guaranteed to provide valid coverage, while
ensuring differential privacy. Finally, we illustrate the strong
performance of DP-FedCP in a series of benchmarks.
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A. Moreau Envelope for Quantile Computation

ITEX root = ../icml-2023.tex

A.1l. Federated quantile using the Moreau envelope

Lemma A.l. Let o € [0,1] and (v, q) € R?, the Moreau envelope of the pinball loss with regularization parameter y > 0
is given by

(1—a)(v—q) - W52 2=0 5 1 g,
S2 () = ¢ Lz, 0<4l-a<l, a17)
a2 —v
alg —v) — 15 qT>Oé~

Moreover, its gradient is given by

1
V‘S‘g,v (Q) = _(1 - O‘)]l{q<va(lfa)} + a]l{q>v+'ya} + ;(q - U)]l{vf'y(lfa)<q<v+7a}-

Proof. Forall a € [0, 1], (v,q) € R?, recall that the pinball loss and its subgradient are given by

7(1 - Ol), qg<v
Sa,v(Q) = (1 - O‘)(’U - Q)]l{qu} + a(q - U)]l{q>v}a aSa,U(Q) = [_(1 - a)’a]a q="uv.
a, q>v

12
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Note that, by construction

1 1
v o ~ =82l s _ . ~ ~ B SN2
S7.,(q) = min {Sa,v(q) + o (@—q) } min {(1 a)(v = QLy>gy + (@ —v)Lp<gy + 5 (@—q) } :

Denote ¢, = arg mingcp{Sa,»(q) + %(d — )%} which exists and is unique (the function to be minimized is coercive and
strongly convex). The stationary condition for the Moreau envelope is given by:

1 _(1 - a)a qg<wv
0 € 08a,0(qx) + —(qx — q), with  9S,(¢) = ¢ [-(1 —a),a], g=v.
7 a, q>v

Considering the 3 different cases, we find that:

g+v1—-a), g<v—7(1-a)
G =4V, g€ v—7(1—a)v+ya.
q—a, q>v+ya

We conclude the derivation by using the identity from Moreau envelope: S7 ,,(¢) = Sa,v (¢x) + % (¢, — q)° and plugging
in gy. O

To simplify the manuscript presentation, we now provide the definition of the local loss function Siﬂ: qg € R —
Eva; [Sa.v(9)] € Ry Recall the weights py . are given in (7), and also that

y o ONYYY ng’,y'
k=1

Therefore, for ¢ € R, we have
% ~

) Nip Nop
S(q) = <3280 @)+
)\YN k=1

Yy oy

A.2. Moreau’s approximation error

In this section, we consider fixed parameters a € (0,1), v > 0, {vx }ren) and {px }re(n € [0, 1]V satisfying >oepe =1
We define F := Zivzl PrSa,v, and F, = chvzl PkSY 4, » Where Sy 4, and S, are the pinball loss and its Moreau
envelope defined for v, ¢ € R by (17). Without loss of generality, it is assumed that {v } [y is increasing since we can re-
index {vy, } pen) and if there exist (j, ;') € [N]? such that j # j"and v; = vjr, we have p; S, v, +Pj'Saw, = (Pi+P))Saw;-
Finally, for & € [N], denote

Iy = [, —v(1 — @), vk +va] . (19)

Lemma A.2. If (1 —a) ¢ {Z;;l Di}keln) then F admits a unique minimizer. Moreover, this minimizer belongs to
{vk}ken) and we denote k, € [n] its index, i.e., vy, = argmin F. In addition, F is decreasing on (—oo,vy,] and
increasing on [v, ,00). The function F., also admits a unique minimizer denoted Q|_,, € R, and F., is decreasing on
(—o0, Q]_, ] and increasing on [Q]_,,, 00).

Proof. Note that F' is differentiable on R \ {vy}re(n), and forall ¢ € R\ {vg }xeny, we have
Fllgg=a Y p—(l—a) > p= > m—(1-a)
k:vp<q k:vr>q k:vp<q

Since o € (0,1) with (1 — o) ¢ {Zle Pi}re[n]» We deduce that there exists a unique vg, € {vg }re[n such that, for
q € R,

0 if ,
X nea w {0

K onea >0 ifg>wvg,.

13
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Thus, from the continuity of F it follows that F' is decreasing on (—oo, vy, ] and increasing on [vg, , 00). Moreover, since
F! = F"on R\ {Upe[n Ik}, its minimizer lies in Uy Ix, Where I}, is defined in (19). Finally, the strong convexity of I,
on Uge(nIi shows the uniqueness of Q]_, = arg min F, and also that F’, is decreasing on (—o0, Q{_ ] and increasing
on [Q]_,,0). O

Denote by OF subgradient of F. If F is differentiable at ¢ € R, then 0F (q) = {F’(¢q)}. When 9F(q) is a singleton, by an
abuse of notation, we use the same notation for the set and the unique element it contains.

Theorem A.3. Assume (1 —a) ¢ {Zle D1} ie|N] then the unique minimizers (v, Q1_,) resp. of (F, F,) resp. satisfy
|Q’1Y7a - ,Uk'*| S ’Y'

Proof. First, for any k € [N] such that v;,, — (1 — «) € I, we obtain

v, — v — (1 —a) < {—(1—&) ifvp > v, , (20)

ol « else v, < vg, .

Since Lemma A.2 shows that F' is decreasing on (—oo, vy, | and increasing on [vy, , 00) where vy, is the unique minimizer
of F(vg, ), the convexity of F' implies that:

—00,0) ifg< ,
oF(q) c { (-0 0) g <. 1)
(0,00) ifg>wy,.
Thus, (20) combined with (21) give that
Ey (v, =7(1 =)
, (vk, —vx —7(1 = a))
= Z kaa,'Uk (’Uk',( - 7(1 - CY)) + Z Pk
k: v, —y(1—a) &I k: v, —y(l—a)€l} v
<a Z pr—(1—a) Z pr = OF (vi, —€) <0,
k: v <vg, k:vg>vg,

where ¢ = 27 minj ' {vy41 — v }. A similar reasoning shows that F(vg, +7ya) > OF (v, +¢€) > 0. Since F, is
decreasing on (—oo, Q]_, ] and increasing on [Q]_,, 00) by Lemma A.2, we have F, < 0 on (—o0,v;, — (1 — )] and
F§ > 0 on [vg, — ya, 00). Therefore, we deduce that Q]_, € I, . Using that the interval I, is of length ~, this implies
that [Q7_,, — vk, | <. O

B. FL convergence guarantee: proof of Theorem 4.1

In this section, we suppose that {S; },¢[7) is a sequence of i.i.d. random variables, such that, for any (i,4') € [n]?, i € S
and i’ € S, are independent if ¢ # i’. For any i € [n], let {z{ ,: k € {0,..., K}}]_, be a sequence of i.i.d. standard
Gaussian variables. Moreover, consider the local loss function F* : R — R and denote, for t € {0,...,T},k € {0,..., K}

n
F=) NF, Gis = VE' (G + 2L
=1

In this section, we establish the convergence of the iterates given by Theorem B.3 under the following assumptions:
H2. The function Y, A;Fi admits at least a minimizer in R, we denote g, one of them, i.e., ¢, € argmin{> . , )\;Fl}

H3. For any i € [n], F' is continuously differentiable and convex, i.e., for any ¢, G € R,
F'(q) < F'(q) + (VF'(9),4 — q)-

H4. Foranyi € [n],t €{0,...,T},K €{0,... K}, VF'is continuously differentiable. In addition, there exist H® > 0
such that the function VF* is H’-smooth, i.e., for any ¢, § € R,

VF(§) < VF'(q) + (VF'(q),d — q) + (H'/2) |§ - q]|*-

14
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Moreover, denote H = max;¢[,j{H"}.

We introduce the key assumptions appearing in the theoretical derivations below.

HS. For any i € [n], the variance of the gradients is uniformly bounded, for all ¢ € R, we have
2
] <&

H6. The heterogeneity denoted ( is bounded everywhere
max {IVF' = VF|l} < ¢
€N

2

[H Tics, VFZ(L]) . VFz(q) VFz(Q*) VF(Q*) < 53

’LESt

We prove Theorem B.3 using Lemma B.1 and Lemma B.2. Note that these results are close to Woodworth et al. (2020,
Appendix C). However, we treat partial participation, i.e., Sy C [n] and consider an objective function defined by importance
weights {\} };c[n). Attime t € {0,..., T}, denote

G = MNo(Lg,  (1)/P(i € Sp11))gi s

i=1

the average of the local parameters defined in Algorithm 1. Finally, we introduce the following stepsize:

1 1 n (PGieS)
Ny = 0 min (H l’lnl{l {A;HZ . (22)
Lemma B.1. Assume H2-H3-H4-HS5 and consider n € (0,nq]. Then, foranyt € {0,..., T — 1}, k€ {0,..., K — 1}, we
have
E[F (Grr) — Fgi)] < E |Gt — aell® — *E e a1 — ael” + QHZ MNE |Gk — af kH
i=1

2.,,2 2
+3n&;, +no ;]P’(iest+1)'

Proof. Developing the squared norm, we find
2

n . 2
E |G ps1 — gl = E||Gep — ZM VF (¢ ,) — ¢l +1°E ;Aiy {(]isgs(ti)l) i~ VEF (g )} (23)
We start by upper bounding the first term, we have
2
Gk — wa Lk)
n n 2
=E |G — q:l” = 20 NE (G — 05, VF' (q1)) + "B | DN VF (¢1,)] - 4
i=1 i=1
Using H4, we know that F'* is H'-smooth and thus F' = 7" | A F'* is H-smooth, where H = }_"" | A}, H'. Following
(Nesterov, 2003), the smoothness and convexity of F' imply that
IVF (@) = VE(@I* < 2H (F (@x) = F(a0)) -
For any a, b € R, using that ||a + b||? < 2||a||? + 2||b||?, the last term of (24) can be upper bounded as follows:
n 2 n 2 n 2
E Z/\;VFi (gi1)]| <2E Z/\; {VF' (¢i1) = VF" (@x)}| +2E ZA; {VF" (Gr) — VF" (¢:)}
i=1

i=1 i=1

15
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<2N NE||VF (¢ ,) — VF (e)||" + 2B |VF (Gr4) — VF ()]
i=1
T prin2 i i = 2 5 =

< QZ(H) /\yEHqt7k —Qt,kH +4HE [F (Ge,r) — F (¢.)] - (25)
i=1

Regarding the inner product in (24), H3 and H4 show

*Z)\]Efbk G, VF' ( ZX (dhx — a0 VF (g ZAZ (@) — G@r, VF' (i 1))

i=1

n . H )
Z§ [F* (a1) — F* (ax) +Z/\Z [ (4t 1) FZ(Qt,k)Jr2E||‘1§,k—qu||2}

< —E[F(Gr) — F(q)] + 3 ZHU\@ llai 1. — (it,kHQ- (26)

i=1

Moreover, recall that the estimator (1, (i)/P(i € Si+1))VF" is unbiased, i.e.,

]15t+1() i i i (0 —
E [(zEStH)VF (¢) — VF (Qt,k)‘| =0, (27

and we also have

WVF’( )~ VE(gy) = {(Ilst*mVFz (g:) = VF' w}

(’L S St+1 1€ St+1)

+ val (Ger) — MV}W( W) = VF (Gur) + VF (q.)
]P)(Z S SH-I) ' (Z € S'H'l) 7

]15f+1(') i g ]]'Sf-%—l(.) i~ i g i(=
+{(zeSt+1)VF< W) =BG e 5y L @) = VI (ghe) + VE <qt,k>}. (28)

We now upper bound the second term of (23). Since for all random variable X, E[| X — EX||?] < E|| X ||?, combining (27)
and (28) gives

2 2
- v ]ls’“rl <Z) i (i _ . i\2 ]lst+1 <Z) i (1 i (1
. 2
+ i()\z )2]E St41 (Z) i
=Y || PG € Si) ™
n ()\’L )2(1—P(i65t+1 ) il i P . 2
= 3111 - P(i € Sii1) {]EHVF (qt,k) VE ( || +E||VF Grk) — VFE (Q*)H }

- ( .;)2 i\2 i R - ()\;',)2 i i = i
S 3Zﬁ H) EHqt,k;_qt,k:H +6;mHE[F (qt,k:) - F (q*)]

16
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()
2
+3 +o E o (29)

Plugging (25)-(26)-(29) back into (23) with n < nq, it holds

E|g — . P <ElGr — q.l? 1+2nH +3n—>— | X H'E||l¢! . — g,
[@tk+1 — @ll” < E[Ger — a4l +77;< +2nH" + TBlie Sy | Y [

<4nH+6nmax{()‘I)Hl)} _2> E[F (Ger) — F ()] + 302€2 + n? UQZPZ(L)

P (i € Siy1 € St+1)

2
- i i R _ )
SB[k — a4 250 S N E |y — o]~ EF (@) — F (0] +37€ + 7207 3 m
= =1

O

Lemma B.2. Assume H2-H3-H4-H5-H6, and for all t € [T, suppose that Sy = [n]. We consider n € (0,2/ 37" | A H'].
Then, foranyt € {0,...,T — 1}, k € {0,..., K — 1}, we have

SONE |y — dn]|” < 6K (02 + €2+ KC?).
=1

Proof. Lete > 0, for any 4,7’ € [n] and any k € [K],

Equk - qilkl\Q - 2772(02 + 52)

. ./ . -/ 2
=E qg,kq - qé,H =" (gi,;H - 92,1@71) H - 2772(02 + 52)

i i’ i 0 i’ d! 2
=E Hqukq ~ 11 (VF (4o—1) — VF (qukq)) H

. . - ./ . -/ 2
+1PE||(VF (ghim) = VF (6f4m)) = (9101 — 9hamr )| — 20°0% + )

) . ) . ) . . g 2

<E|gi_ — i~ 0 (VF@i) - VF@)) + 0 (VF(iy) = VF'(giy) = VF() + VF (¢l)) |
1 i i i i 2

< (1 + e) Ellg_1 —gqi-1—n (VF(Qtfl) - VF(Qtfl)) H

. . . -/ -/ -/ 2
+ (1L+ PE | VF(gi_y) = VF'(g}y) - V(i) + VF (gl

1 , L2 . o
< (14 )& et a4 0+ PRIV - VPG
. . 2
+(1+ B | VF@E) - VF ()|
—2(1+n’E <VF(q§_1) — VFi(g;_,),VF(q_y) — VF" (qil_l)> : (30)

The third inequality is implied by the co-coercivity: n € (0,2/ Y"1 AL H'], ¥(q, §) € R?,

lg—d—n(VF(q) - VF(@G))|?
=lg—al*—n|2(a— 4@ VF(q) — VF@) +n|VF(q) - VF@|*| <ld—al*,

and we also have

ZZXV <VF Qt 1) — VFi(QZ'_l),VF(Q§l1)*VF’(QZ/_O>

i=11¢'=1

n 2

>N (VF(g1) = VF(gi_1))

i=1

17
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Therefore, summing (30) gives that

Z Z NAVE]|ai x — gl < ( ) > Z NAVE ||gi_y — g ||* + 207 (0% + € + (1 +6)¢).

i=11¢=1 i=11¢=1

. .. . -/
Set e = K — 1, since for any 4,4 € [n], 2} , = x} o, we get

. K-1 K’
ZZHZEHq;k g |” <20 (02 + &+ (1+e) Z( )

1=114'=1 k’'=0
< 6Kn? (02—|—£2 (l—i—e)Cz)

Since Y i, )\g, = 1, the Jensen’s inequality yields that ). | )\;]EHthk — q‘t,k||2 <3 yn )\;,/\g;IEHqgk — qti:k||2,
which concludes the proof. O

In addition, with the previous notations consider the stepsize

. Ellg—al® \"*
e {770’ (14HK2T 02 + K§2]> } ’ G
and define the average parameter
T G I .
QT:T;{;)\;’ [Kkz_oqz,ku- (32)

Theorem B.3. Assume H2-H3-H4-H5-H6. We consider n € (0,n0] with Sy = [n], for all t € [T]. Then, for any
te{0,..., T -1} ke {0,..., K — 1}, we have

~ E (g — g 2 2, 2 ;
EF —F(g) < =20 49 H(K HK AL
(gr) (qx) < KT +2n7 |6H(K()"+0” (6 +1sz61?;1)]( y

where 19, Gr are given in (22) and (32). Moreover, for n = 0, defined in (31) and H > K—! max;e(n] )\i,, it follows

_ _ 1/3
Elldo— 0.l , 5Elw - ") [H (* + K¢?)]

i) — <
EF (qT) F(Q*) = nOKT (KT2)1/3

Proof. For any n < ng, using Lemma B.1 we have

E[F (Gix)] — Fgs) < EHth—Q*H —*EHthH—q*II +2HZ>\”EHM qtkll + 20 %%ﬁ{/\@}- (33)
=1

Moreover, by Lemma B.2 it follows that

n
S ONE|lghy, — auk]|” < 6Kn* (02 + K¢?). (34)

i=1

Combining (33) and (34), we obtain

1 1
E[F (q,x) — F(gs)] < E]E 1Ger — a:l” — #E G k1 — g:l” + 12H (Kn¢) + 2(no)? (GHK + rrelax{A }>
Moreover, telescoping proves that

T-1K-1

S>> [E gtk — @ll* = E |G ks — q*||2] <E|g — a.l”.
t=0 k=0

Therefore, the convexity H3 gives that

1 KT 1 T—-1K-1
E\F| =) k| —Fla)| < = E[F - F
(KT ;Qt,k) (@) | < 707 ; 2 [F (G,x) — F(q4)]
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EH%—Q*HQ 2 2
< ——7" 12 H(K HK +m .
- nKT 0" (6H(KC)" + 6 16?73]({)\ }

Finally, the choice of 1 provided in (31) ensures that

Ella —al” , 5(Elldo — a.*)*/* [H (o + KC)]
’I](]KT (KT2)1/3

1/3

EF(gr)] - Fg) <

O

Now, we denote « € (0, 1) the confidence level, and consider the functions defined for ¢t € {0,...,T},k € {0,..., K} by
y y
F=S5 iy =S5

ozuy

=" A 6”Y i which always exists. with the following variables:

Denote by ¢, the minimizer of S N

Ty
]
H = —,

~’

(= grel%IIVSiﬂ —V S| (35)

Corollary B4. Let y € (0, (max;c,,) A,) ™' K] and consider the stepsize no = ~/10. Then, for any t € {0,...,T — 1},
ke {0,...,K — 1}, we have

do — ¢||° 2 N1/3(m e o (12)2/3
EST . (Q ) S (q*) < EH(]O CI*H 5(J + K¢ ) (EHCIO q*” ) |
o,y a,fiy WOKT (’YKT2)1/5

where qr is provided in (32).

Proof. Since H2-H3-H4-H5-H6 are satisfied with {H i}ie[n], ¢ provided in (35), applying Theorem B.3 concludes the
proof. O

C. Theoretical Coverage Guarantee

C.1. General coverage guarantee

Consider an increasing sequence {v; }re(n41] € (RU {+00})V T and {py }re(n+1) € An+1. Forany o € [0, 1], recall
that

Qi-a (Ek pkévk) = inf {t € [-o0,00]: P(V <t)>1—a, where V ~ ZN“ pkévk}.

Lemma C.1. Let {v}icn41) be an increasing sequence and {pr}icin4+1) € Any1. If V ~ Z;thplévl, then, for all
a € [0,1), we have

1—a<IP’(V<Q1 Q(Zk pkéuk)) <1—a+maxk+1{pk}

Proof. Fixa € [O 1) and by convention set Zk 1 Pk = 0. There exists k € [N +1], such that 1 —« € (Zl 1 Do Ef:l pil;
hence Ql,a(zlzl P10y, ) = vg. This last identity implies that

1-a<P(V<Qia(Z mon)) = Siym <1 - a+maxi {m}
0

Denote {(Xp, Yx)}kenv+1) a set of pairwise independent random variables and for k € [NV + 1], denote Z;, = (X, Yz),
Vi = V(Xy, Yy). Let & 41 be the set of all permutations of [N + 1] and consider &%, = {0 € Sn41: o(N +1) = k}.
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Moreover, write f the joint density of { Zx }.e[n+1), and for all & € [V + 1] define

LNt N}Fl if ZUEGN+1 f(za(l);"'uzd(l\/—i-l)) =0 6
P =14 Yocek Fo@)mzo(nin) . . 36)
k SN+l otherwise

Z"EGN+1 f(zd(1)7"'5zo‘(N+1))
Lemma C.2. Forany « € [0, 1), we have

/]I’UN+1<Q1 a( N+1pzl N+15Uk)f(21,...,ZN+1)d21'-'dZN+1

k k

Ry dz dz
FLN+1 . 1 UAZN+1
/[ZP L <@ioa (s 415, ) > Goy s zovin) (N +1)!

cESN41

Proof. First, let’s show the invariance of 0 € G4 Ql,a(zljjﬁl pj”(zl)“’“””éva(k)) € R. For that, fix
& € OSni1. The invariance is immediate when EaeGN+1 f(Zo(1)s -+, Z0(n41)) = 0. Therefore, assume that
ZU€6N+1 f(Zo(1) -+ 5 Zo(N+1)) 7# 0. We get
N+1 N+1 M cr(lc) Z 2
Z pzd(l) a(N+1)5 Z o(1)s s #o(N+1)
k V5 (k)
k=1 7w ZU€6N+1 f

N+1
+ ZU€6N+1

k=1 ZO’EGN+1 f

Zo(1)s -3 Ra(N+1)

)

Zo(1)s - - -7ZG(N+1)) o
+

) Z 21 N+16

2o l)a---aza'(N-i-l)) e

Moreover, we can write

/]lUN+1§Q17a(ZZkV+11 pzl N+15vk)f(zl’ e 7ZN+1)dZI ce dZN+1

dzg(1y -+ dzg(vi1)
Z 'Ua(N+1)<Q1 . (ZN+1 Zo(1): “(N“)& B )f(zq(l), ey ZU(N+1)) (N ¥ 1)!

Gt =1 Po(ry Vo (k)
RS dzo1) - d2zo(v41)
Z Z 'UU(N+1)<Q1 &(Zle ic(YI(C;) U(N+1)5 ()}))f(za(l), e ,Za'(N-‘rl)) (N + 1)'
k=1 seck
o le cee dZN+1
= Z L @i a(si s, ) Y foqy s Zoven) CES
aEGﬁ,_H
N+1
. le s dZN+1
21
- Z/ e <Qi-a (XN p" N+15%)pk1 M Z f(Zo(1) Zo(N+1)) 7(N+1)! :
cES N4+
O
Givenz = (x,y) € X x ) define
N
Iy Y
D% = (21,...,2N,2), pd =0+ Y P Vv,

k=1
and consider the prediction set given by

Coyn(x) ={y €V: V(x,y) < Q1-a(1y)} -

Theorem C.3. Assume there are no ties between {Vy, }.c(n 1) almost surely. Then, for any o € [0, 1), we have

1—a<P (YN+1 S COMLN (XN+1)) <l—-a+E {%g%{pflzNJrl}} 7

20
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where pfl:N“ is defined in (36).

Proof. Let abein [0,1) and for any (zy,yi) € X x Y, denote z, = (zk, yr), vk = V (2, yx ). First, we can write
P (Ynt1 € Copv(Xn41)) =P (Yns1 € {y € V: V(Xn41,y) < Qial(p))})
=P (V(XN+17 Yni1) < Q1—a(u¥N+1)>

©p (V(XN+1aYN+1) < @i (Z"NH S )>

- /(Xxy)N+1 ]l”N-%—lSQl—a(ZkI\HT le N+15Vk)f(zl, sy ZN+1)dzl coedzygr-

Where (%) holds since

(VN+1 < Qka(ﬂgNH))

DEVXN+1 YN4+1) D(XN+1 YN+1>
— Pni1 51<VN+1 + Zk lpk Vk<VN+1 =

\_/

D(XN+1 YN+41) D(XN+1 yYN41)
s N
PN 6VN+1<VN+1 + Zk 1 pk 5Vk<VN+1 <a

N+1 7,
= (V(XN+17YN+1) < Qi-a ( A pkl'N“(SVk)) -
Define the set £ C (X x V)N+1L of points such that the non-conformity scores are pairwise distinct:

={(21,- - 2n1) € (X X V)N T (v(@k, yi) — v(@e, ye)) # 03,
= (X x )N\ E,
(

21, 2n41) € (XX VN S o FEeqys - o) # 0}

In addition, combining Lemma C.2 with the no-tie assumption on {V} },c[n41] gives that

F={

/]lvN_Hng_a( N+1 pzl N+15 k)f(zl, ey ZN+1)dzl e dZN+1 (37)

k=1

ol dz dz
= PR | : dzi---deng1
/EQF [ Py 0 <Qr-a (i Pt N“avk)] Z fZoqys s Zo(ntn) N+ 1)

k=1 cES N1

: . N+1
Consider the random variable V ~ "7 /' pr*¥*14,, , we have

N+1 N+1
Z1: N+1 _ Z1:N+1
(V <Qi-a ( § pr >> = Py ]lUkSQl—a(Egjll p;l:N+16UE).

k=1 k=1
Therefore, applying Lemma C.1 on (21, ...,2ny41) € E N F implies that

N+1

Z1:N+ Z1: N+
L=a 30 o (o a,) S 1 @ R, (38)
k=1

Lastly, using that

le--'dZN+1
/EHF[ Z f(za'(l)v"'azo(N+l))‘| (N+1)'

ocES N1
le s dZN 1
/ [ Z f ZU 1),...7ZU(N+1)) W:ly (39)
cES N1 ’

and combining the bounds (38)-(39) with (37) yields the result. O]

21



Conformal Prediction for Federated Uncertainty Quantification Under Label Shift

C.2. Proof of Theorem 2.1

First, recall that
I={(xN"+1)}U{(i,k):i€n],ke[N]}.

For any {(x},v%)}imer € (X x V)N T, we define the set
(XN*a1sYN*11) i i . i
DN = {(xgvi): 1 € [l k€ [N U{ (kA 0, v A ) -
We consider a bijection (¢, ¢) between the set [V + 1] and Z. This bijection is defined for any k € [N] as follows:

. 1 i j i
(4,0) if1<l:=k-YJ"] N<ZZ:1N.

(6(k), p(k)) = {(*, N*+1) otherwise

Recall that Vi € [n] and y € ), the likelihood ratio is given by

wt = Py (y)
Y PE(y)
and for all (i, k) € Z we write
Pi = {0 € Sy o (N+1))= Lp(o(N +1)) =k},
ST - (40)
TGS o) | ()
06‘43‘ =1 Vet
Given the set of points Dg\’,"y), for all (4, k) € Z define
WD)
Pik = NAT o0 (pley)y” “h
-1 Wow (Dx)

Finally, define the probability measure and the prediction set given by

n N
= Pinesa0 YD Pl

i=1 k=1
Ca,p,* (X) = {y S y: V(X>Y) < Qlfoc(ﬂ;)} .
Theorem C.4. If HI holds, then for any o € [0, 1), we have

1—a<P(Yyiy €Coap(X{iq1)) S1—a+E [(Hié)lxz{m z}:|

where p} ;. is defined in (41).

Proof. By independence, the joint density f of {(Xg , Yéj ): (J,£) € I} with respect to (Px|y X P{}al)®(N +1) is given for
{(z8,y8): (i,k) € T} € (X x V)N +1 by
n NI

f((x%ay%)a'"?(x}\/'lay]l\fl)w"v(x?vy?)v"'a(x?\ﬂhy]r(‘/'"%(xy\f*-}-l)y;\[*-&-l = yN*+1HHwy

j=10=1 °°

Using the definition of pj ; (41), for all (4, k) € Z we have

pfk — Wlf:(DN+1)
Lk T SN+ ‘
Al Wféz;(DN+1)
¢poo (1) ¢oo(N+1)
ZUE‘B’}C f(zwog(1)7 L) Z!,DOO’(N-‘,—l))
N poa (1) poo(N+1)
ZU€6N+1 f(Za,oz.‘u:r(l)7 e ZL,OOO’(NJrl))
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¢oo(1) ¢oo(N+1)
ZUEGN+1: o (N+1)=(¢,)~1(i,k) f(%ogu)’ e ’%OJ(NH))
N $oo (1) doo(N+1)
ZU€6N+1 f(ztﬂoa(l)’ T ZSDOJ(N-‘:-l))
Therefore, applying Theorem C.3 concludes the proof. O

C.3. Proof of Lemma 2.3 and Equation (2)

In this section, we consider a probability measure P¢*! dominating P} and suppose that the likelihood ratios are giy\en by
wy = Py (y)/ Py (y). Let {@} },cy be fixed, and Vy € Y, define v, = > gey @‘éP;al(gj)]*l@;Pffal(y). Denote Y3
a multinomial random variable of parameter v independent of the calibration dataset {(X LY ke [N }Z €] and write
P(Y) the partition of the set J. Moreover, denote Py the probability distribution of Y. , ;, and consider X ., ; such that
()A(J*V*Hv?ff*ﬂ) ~ Pxy X 131*/

Lemma C.5. For any prediction set C: X — P(Y) independent of (X3, Y+ 1) and (X Ne 41 YI\*[*H), we have

;P (y)

* * 1 T x 1
B 1 € OO 10)) = BT € C(RRe ) < 5 D0 S|
Yy

yey

Py(y) -

Proof. Developing the left-hand side as follows, we get

‘11» Vieg1 € C(X3in)) — P (Vo € C()?;M))]

’E [ N*+1€C(XN*+1):| -k |:]1Y1§*+1EC(XN*+1):| ’

cal wy
- Z ( Z yﬁ}fp}c/al(g)) /E]lyec(ﬁ)dPX|Y:y<x)
S g

yey
< 1 Z Pcal( ) * {U\;
S5 y W Wy — << peal i~ | -
256 T Ty i)
Finally, using that P! (y)w} = P (y) concludes the proof. O

Remark C.6. 1f for some probability atoms {m;}ic(] € An, we know good approximations w; of the likelihood ratios
(P =1 (>0, miPi)](y). Then, Lemma C.5 implies the following result:

‘P (Yarey1 €C(XNegr)) — P (?Kf*ﬂ € C(va*ﬂ))‘

<dry (P%ZmiP;) 32

i=1 yEy

i P (y)
ZmZPY . . orPal ()|
Zyey wy Y (y)

Lemma C.7. If|Y| > 2 and M € N*, then we have

_ . cal 210g D}|
Doy (-Mpig(' )} ) A1 < \/aogz)M minyey (P ()}

Proof. Introduce the set E = {2log |Y| < Mminyey{ P (y)}}, we obtain

| V| exp (—I\/I rynelarjl{Pﬁal(y)D ANl <1gexp (—I\/I gréilrjl{Pf/al(y)}ﬂ) + 1 ge. 42)

We also have that for all 2 > 0, thate~* < 1/4/x. Using this inequality on the first right-side term implies that

_ . cal 10g D}
o (M7 0)2) < \/ ey (P = | Tog? ¢ Wiy (P01
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Moreover, remark that

2log |V
Tge < 1pe : L
Mmin,ey{Py*(y)}

Finally, plugging the two previous inequalities in (42) concludes the proof. O
Recall that M; denotes the number of training data on agent ¢ associated to label y € ). Consider the total number of

local data M* = >~ yey M , the number of training data with label y is given by M,, = >, M;, and the total number of
samples on all agents is wrltten by M=} M, . Recall that the likelihood ratios and the weights are given for any labels

9 yey
(y,y) € Y* by
oo e M, =1 s MM, Ty
Y 0 otherwise ~ YWY ME 4 (M3 /My) - D>t

For any y € ), we also consider v € A V= ={p' e Qm t > yey Py = 1} defined by
)y @;I?I(y)l .
dey wﬁpicfa (7)
For any parameter p € A%’I , denote M, a multinomial random variable independent of the training/calibration datasets, and
define XA/J\*,*_H = M,,. For any set A in the partition of ), we have M, 1(A) = Upeal, {v='({p}) N M, ' (A)}. Therefore,

SA/K,* 1 is a valid random variable. Given the target coverage level 1 — o, recall that the prediction set is defined for any
x € X by

Ay =01+ 0 S B v
Coz,ﬁm.r. X - {y V X7 Y) S Ql—a (A;/LL)}

Since the considered likelihood ratios are now depending on the training dataset, it is no longer possible to apply Lemma C.5.
However, conditioning by the training dataset, a similar reasoning shows that

> > 1 wy Py (y)
]P Y** 6 Ca TJMLE X* * — ]P) Y** € Ca TIMLE X* * ’ < — E P* —_ yA— . 43
(Y1 g (X)) = P(YReg e (XNeg))| < 2 yezy v () Sy 93P 5) (43)

By utilizing the following lemma combined with (43), we can control the difference between the probabilities of the events
Y31 € Capr(XFey) and YN* 1 €Ca, M\M(XN*H)

Theorem C.8. Forany o € (0,1), we have

wy Py (y) 6 log | Y| + log M~*
E|Ps(y) — = | < +12 , SR
g, ey D PF(@)| T VM* M miny ey { Py (y)}
Proof. For any y € ), introduce the following quantities: f; = My/M*, f* = {Py(y )}yey, {f }yey, and

7= {(P#(y)M/My)1m, >0 }yey. We denote  the Hadamard product, i.e., for any vectors a,b € RM, a ® b is the vector
of the component-wise product between a and b. We now bound the quantity in the right-hand side of the previous inequality,
we obtain

a3 PE) T
EPy(y) - === E\ff —f0+fi— =—"——
;6; > ey U PF(Y) y%;, v > ey f3Tg
N
SE f*_f*—I_f*_'f’\—(D,\r
L+ (f~7r=1)|,
-1 - froF-1)

<E|f* - f*lh +E‘

1+ (f~,7—1)
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First, we establish the following equality that will be injected in the computation of E|| f* — f*||;.

x _ x| — * _ f* — * _ fx
I = Flhe= | ma 7= Froud 1/2) = max ) (f7 = [ u). (44)

Then, using the result provided by (Agrawal and Jia, 2017, Lemma C.2), for any § € (0, 1), we get

2 —2logd
P <ue?3i’fy<f - = = ) <. (45)

Looking back to E|| f* — f*||; and using the two previous identities, the following lines hold

Blf =l = [ (1= flh > )

<ot [ P(Ir-fhze)a

<o+ / exp (—M*t?/2) dt using (44)-(45)
>4
1
<5+ exp —t2/2 dt.
VM* Ji>svme ( )
After optimizing for 6 > 0, we can retrieve the following upper bound
p 1.4
E * * < .
If* =l < NG
Let € € (0, 1/2], we have that
-1 - froFE-1 2¢
1+ (f*,r=1) . = 1—e

Taking the expectation for both sides, it shows
-1 - froF-1)
L+ (ff, 7 — 1)

We now upper bound the first term in the right-hand side of the inequality, we obtain

P () tv,>o | o 6)
< ZP(

M, /M
> e)
yey

P)sal(y)]lMy>0
M,  Py(y)im,>o M, _ P&l(y)
< Y Y Y e’ Y .
Z{P<M< e +IP’<M>1_€) (46)

2e
1—c¢

E <P (|F-1|, > €+

1

]P’(||?]l||oo>e)—]P’<max -1

yey

-1

My/M
yey

Since the random variable M,, is the sum of independent Bernoulli random variables, using the Chernoff bound it follows
that

P (My/M < P(y)/(1 +¢)) < exp (—22 NP (y)/9)

47
P (M,/M > PP (y)/(1 - ) < exp (4 NP (y)/3) @

Therefore, combining (46) with (47) gives

P(IF =1, >€e <> [P(M, =0)+2exp (~NP(y)/5)] .
yey
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Putting all the previous results together, we obtain

Yx

< +de+4Y exp (2NP()/9) + > (1= P (y)M. (48)

yeY yey

Z cal _ Wy 1.4
Zyey w*Pcal( ) /M*

yeY

Consider the following quantity

€_§ 2log | Y| + log M*
Mmin ey { P (y)}

If e < 1/2, it yields that

> exp (“2NPP()/9) < 3 exp (—log [ V] — (1/2) logM*) =
yey yey

1
N

Therefore, combining this last inequality with (43)-(48) implies that

S 3 2log | Y| + log M~*
]P Y** E Ca TIMLE X* * - ]P) Y E CO( TIMLE X* * ’ < — 3
(¥iie41 € Cane(Xipe2)) ~ PI¥ € Cogps (X )| < o+ \/ o (Po]

M
(1m0 ) A

Otherwise, if € > 1/2, then, the last inequality immediately holds since the right-hand term is greater than 1. Lastly,
applying Lemma C.7 concludes the proof O

C.4. Proof of Theorem 4.3

First, for all i € [n], denote by F{, : uw € [0,1] = P(V(X,Y) <wu) € [0,1] the cumulative distribution function of
V(X' Y"), where (X%, Y?) ~ Pl Recall that N = Y"1 | N', T = (i,k): i € [n],k € [N]U{(x, N* + 1)}, and also that
there is almost surely no ties between the {V (X}, Y}!) }(i,x)ez- To simplify the notation, we re-index { (X}, Yy, Vi{) }ixyez
into { Xy, Y&, Vi }re[n+1)- sorted such that {V} }recn41) is non-decreasing.

Now, we consider « € [0, 1]\ Q. Using Theorem A.3, this condition ensures the existence and uniqueness of kopy € [IV + 1]
such that Vi, , = argmin cp {Ev .z, [Sa,v(q)]}. and this condition also proves the existence and uniqueness of Q7 _,,
minimizing {Ev -z, (S 1/(¢)]: ¢ € R}. Moreover, for any k € [N + 1] \ {kopt }, define

~ {Z@: Vee (Vi

oy, o k> k
pkc _ opt ? ] Yg,Y pt (49)

2 We[vk,vkopgpn,mm’ if k < kopt
Lemma C.9. Let o € [0,1]\ Q, forany V}, € [min(@?_%T(ﬁy), Viops )5 maX(C/;)\Y_%T(ﬁy), Viope )], We have

Qi) = Vil < 7 (SUQTa (i) = SH@Q1_a@iy) + P17,

where py, is given in (49).

Proof. First, suppose that Vi, < Vi < Q1 o1 (Hy)- Since Sa z, (Vi) = Pk, + 0Sa,a, (Vi,,, ) the convexity of S, 5,
implies that

Q1) = Vi < 5 (Sty (QUa (i) = Sy (V1))
< (SU@1 o) = SUQLa(y))) + 717 (50)

The last inequality holds since ||S}, —Sq. 7, [|oc < /2. Moreover, (50) is immediately satisfied when V}, = @La,T(ﬁy)
Therefore, (50) holds for all V;, € [Vkopt,@'f_a 7(fy)]. Finally, the same lines show that (50) is also satisfied when

@’lyfogT(ﬂy) S Vk? S Vkopt' O
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For any v > 0 and T € N*, recall that Q]_, (1) and @Y—(X,T(ﬁy) are defined in (3), (15). Consider

AN Y ey PV (W)

Ch = _ {]ES” 07 o)) —SY(OY (@ } 51
T minyey wy al 17a,T(/‘y)) a(Ql—a(My)) + (629
and define
ope + Bt (\/FCE ) if hope + Ent (\/@) <N+1
ke = T : (52)
Kopt — Ent ;nlog L) otherwise

Lemma C.10. Assume there exists m > 0 such that for any i € [n], P{, admits a density f{, with respect to the Lebesgue
measure that satisfies m < fi,. Fix a € [0,1]\ Q, and suppose that C}. < 2m~ N log N. We have k. € [N + 1], and with
probability at least m(2N log N)~' + N ~2 the next inequality holds

2C7} log N N 2log N

[Viee = Vi mN mN

<

opt

Proof. Since we suppose @ € [0, 1]\ Q, we can apply Theorem A.3 to prove the existence and uniqueness of kopy € [N +1]
such that Q1_q (fiy) = Vi, . Since by assumption we have

opt *

mNC7.
N +1)2
2log N <(V+1)
Therefore, it holds that
NCY,
Ent matr < N.
2log N
Hence, we deduce that k. € [N + 1]. Next, consider
2log N

N7 TN

and denote by Py the partitioned obtained by splitting the interval [0, 1] into intervals of length L . Finally, define
Ay ={VS € Py,3(i,k) €T,V € S}.

Note that |Py| = [1/Ly]| < mN/(2log N) + 1 and log(1 — mLy) < —mLy, thus

P(An) < > I P(Vi¢9)

SePn (i,k)eT

Z ﬁJP’(Vf ¢ S)N"#n*(z’)

SePn i=1

IN

S |PN‘(1 — mLN)N“
< (mN/(2log N) + 1) exp (—m(N + 1)Ly)
< m n 1
~ 2NlogN N2’
Without loss of generality, we can assume that kopy < kc. Denote K = {kopt, - - - , ko } the indices between k. and kopt.

Consider S = {I € Py: Jk € K,V}, € I}, on the event Ay we get

|ch - Vkopt| S Z |I|

IesS
< L ([ke — kope| + 1)
mNC7.
Ly =+/CLL L
N 210gN+ N LN + LN
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O

Lemma C.11. For any (i, k) € Z, assume that (X}, Y}) is distributed according to Pxy x P and suppose the random
variables are pairwise independent. We have

. mingey w 4 Var(0y-ca) 2]EwYKr*+1
min ’
yeY py, Yirga 2N 2 yey Pcal( Jwy ) = NEWS.)?  NEw..

Proof. First, recall that I = {(i,k): i € [n],k € [N?]} U {(*, N* + 1)}. We have

E| Y @y =) > (N +1.0)) P (y)@;

(i,k)ET i=1yey

=Y Py + N <Z mpg‘/(y)> @

yey yey

=Y [Pry) + NP (y)] ;.

yey

Therefore, using the Bienaymé-Tchebytchev inequality implies that

P I b < mlnyeyw
SRR Py, AN, ey PEy) Ty

mingey w .,
=P | min {@03, Wi
(i, k)eI{ < 2N ey PCal (y)wy (z%:el i

<P| > @y, > 2N > P(y)w;

(i,k)ET yey
n Ni N
1 ~ 1 S
<P (ww wyf) > ZP&“‘ Gy |+ P\ @y, > ) B ),
i=1 k=1 yey yey
4 Var(03yca) QEwY&*H

= N(Ew}...)? NE@} .
O

Theorem C.12. Assume there exist m, M > 0 such that for any i € [n], P‘i, admits a density f{, with respect to the
Lebesgue measure that satisfies m < fi{, < M. Let a € [0,1] \ Q, and suppose that C}. < 2m~'Nlog N. It holds

* ~ * * * 207 IOgN
PV 1 € € a(Xives1) = PV g1 € Ca(Xieosn))| < 3M 1 =128
N 2Mlog N 4 Var(w}....) QEng*H m__ 1 (53)
mN " N(E@y.)? ' NE@y..  2NlogN ' N2’

where C7. is defined in (51).

Proof. Using the definitions of CAl 7(XX11)> Caa (XX y1) provided in Algorithm 2 and (8), we can write

P(Vie 41 € C)a(X5e 1) = PR 41 € Cat(Xie 1))
=P (VX0 Yoo 1) £ Qariy)) = P (VX i1, Vi) < Qualiiy)) - (54)

28



Conformal Prediction for Federated Uncertainty Quantification Under Label Shift

Recall that ko = arg minge(n 1) Evap, [S7 (V)] is a random variable and consider the event

By = [Vie = Vool <4/ CFLn + Ly ¢ N minpy > minyey 0
o= Ve = Vil S ORI Ly O BB 2 B R

Y

and denote by BY; its complement. Since V (X3, ;, Y3+, ) and {@Y_%T(ﬁy), Q1-a(fy)} are independent, we have

POV (X1, Y1) < Qi) = PV (X0, Vi) < Qu-aly))|
- ‘]E []lv(x* Vi )SQar(iy) ﬂV(XfmlvY&m)SQl—a(ﬁy)}‘

<P (BY) +E [Lay [ (Q1ar (i) = P (Quoaliy))]] - 655

The following inequality holds

[Py @1 iy) = P (Quoaly))| < IFv- (- + Q1o riy) = Qu-aliy)) = Fy+ oo

Thus, using that Fy -« is M-Lipschitz, we get
E [yl Fv- (- + Q1o r(fiy) = Qaliiy) = Folloc| < ME [15,10] o 2(fiy) = Qu-aliiy)l] - (56)
Furthermore, we have
E (1541010 r(iy) = Qu-aliiy)l]

oy R
S ]EI:]IBN |ch - Vk()pt H + E |:1che[min(éY—a,T(ﬁy)vvkopt)7max(@’1y—a,T(ﬁy)7Vkopt)]|Q1_a’T(My) - VkC|:| '

Applying Lemma C.9, this implies that

~ . 07 A
Ly etmin(@7_ o () Viops ) max(@7_ o 1 (iy) Vigp N [ Q1—a () = Vi
B (U@ () = SH@QTa(y)) + By i ke # Kopt
o otherwise

where recall that py, is defined in (49) and also that Z = {(i,k): i € [n],k € [N']} U {(x, N* + 1)}. Moreover, on the
event By, we immediately have that

|kc - koptl minyey {U\;
2N ey B (0)0;

Finally, recall that k. is given in (52) and suppose that C]. < 2m~'Nlog N. Therefore, using the bound provided in
Lemma C.10 implies that

~ _ . ~ i
Pre = ke — Kopt| (z’{%relz{pyls*yz\*z*ﬂ} 2

E (15,107 0 1(Ay) ~ Qua(Ay)l]

(BSH@_a (i) — SUQT_afiy)) +7) Lrcth
NS ey P (0)@3) e — hope| minyey @

<E[lpy |Vic = Vi |] + E

opt

2071og N 2logN  Cllpncy>2105 N

- mN mN + mNOT
Ent 2Tog N

(57

Combining (54)-(55)-(56)-(57) shows that

) N . . . . 2CTlog N  2log N
P(YN*+1 S Cl,ﬁ(XN*+1)) - ]P(YN*+1 S C(X,ﬁ<XN*+1))‘ é IP)(BN) + M (3 Z:]’),N + mN ) . (58)
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Using Lemma C.11 gives that

4 Var (W3, 2E w3, 1
oy < D) B m 1
N(E®}..)> NE@}.. 2NlogN = N2

Lastly, plugging (59) into (58) concludes the proof when C7. < 2m ™! N log N. However, if C7, > 2m~! N log N then (53)
immediately holds. Thus, (53) always holds. O

C.5. Proofs of Theorem 2.2 and Theorem 2.4

Recall that {m;};c[n) € Ay and P = 37" | 7 P! Moreover, draw ()/(\'1*\,*+1, ?JG*H) according to Py|y X ]33’5 where

]3{} is defined in Appendix C.3 and denote ‘A/NH = V()A( Neg1s f/ﬁ* +1)- In the following paragraph, we explain how to

construct a sequence {Vj }e[n) of i.i.d. random variables distributed according to P(V) — see Lemma C.13, where

Peal(V) denotes the distribution of V(X,Y) with (X,Y) ~ Pl We also explain the construction of a bijection

¥ 1 {(i,k): i € [n],k € [N']} — [N]. For all k € [N], draw M, according to a categorical random variable with

parameter {7;};c[, and define Nj = 327 11y (M;). If NM* < NMk then define (Xj, ) (ngjc,k,Y]g{(;k) and
k k

Y (Mp, N,fw’“) = k. Else Né”’“ > NMk_ then draw (X}, Yy ) according to PM+ — where we recall that PM* is the distribution
of calibration of agent My, € [n]. If there exists k € [N] such that NV, ,?/[ # > NMx_ consider

Jo = {k € [N]: NMx > NMk}, Ty ={(i,k) € [n] x N: Niy < k < N'}.
Since the following inequalities hold:
Card(Jy) + Zmin(Ni, N§) =N, Card(Jy) + Zmin(]\ﬂ, N§) = N,
i=1 i=1

we deduce that Card(.Jy) = Card(J;). Moreover, using the existence of k& € [N] such that N ,?/[ * > NMk we deduce that
Jo # (). Therefore, there exists a bijection ¢ : Jo — J1. We have previously defined 1 on {(i,k): i € [n], k € [N]} \ Ji.
For any k € Jo, define (¢ (k)) = k. Remark, ¢ is now correctly defined on {(i,k): i € [n],k € [N%]} — [N].

Lemma C.13. Denote P°* (V) the distribution of V(X,Y) with (X,Y) ~ P The sequence {V} }cn] is a sequence
of i.i.d. random variables distributed according to P**(V/).

Proof. Leth : RY — R be a continuous and bounded function, we have

N
]E[h(vl,,VN)]: Z (Hﬂ-lk'>/h Ulv"'7UN)HdPik(Uk)
k=1

i1,..,iN E[n] \E'=1

> (Jhlwk)/ (v1,...,v HdPZk (vg) (ZmdP>

il,...,iN_le[n] k'=1

N-1
(H 7Tik,> / 121, H dP’Lk Pcal(vN)
[n]

I\

D1 4eens IN-1€ k'=1
N
= . :/h(’Ul,...,’UN)Hdpcal(’Uk).
k=1
This last line concludes the proof. O

In the following, we consider general likelihood ratios {@}},cy and recall that w} = P§(y)/Py* (y). In addition, let
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N € [N], denote forany i € [n],k € [N* A NL], k' € [N], Vir = V(Xp, Yir) and define

D v * . i A ATE
Do 1\*, _{YN*-‘,-I}U{Yk‘ ke [ ]} D"}\*,*+1 —{YN*_,_I}U{Y/CZE[TL],/CE[N /\NN]}
D¢ 0 Doy W
P YReqp1 _ Wy, P, YN*41 Yy (60)
Yk/ - N ~, ' Y - Nj/\Nj
* * k o~ n N~
W5 w * N 5%
Yieia N Zlil e Wy + ZJ=1 Zl_l Y/
N*+
g Yix 41 N 1 ﬁ‘?ﬁ +1
« - ,\* Pag s - .
Moreover, consider p, = wp, (W5, + >n wy)"' and P, wy, (w5, +
N*+1 N*+1 N*+1 N*+1 N*+1 N*+1
NJ/\Nf ~ _
S ey N ) !. Lastly, define
N —
DA*
Y
o — YN* 41
X = Zpyk Vi<Vni1?
k=1
NiANL =~ N ©61)
n N o N
Y
_ ~ TN*41 N* 1
0= Z Y ]lV L<VNit1 Zpyk 1Vk<VN+1
i=1 k=1 k=1

Lemma C.14. For any {7;};c[n) € Ay, it holds
~ NI/\NN ADAJ(}*JA AE?N*+1
—e—PU< - <P (Vi SQuoa | Xisi Xt "By Oy +0p, N ) | — 14

. Do 7 x
SE[%E%{ID N*+1}]+e+P<aze>,

Dg *
where ;EY:N "+ and ﬁYjN "+ are defined in (60).
k

Proof. By the definition of the quantile combined with (61), we get

>b>

>.<

N*+1

D
(VN+1 < Qi-a <Zl Dol /1\NN Py N*H‘sw +D. *N*“(sl)) = (X+d>a).

Therefore, it holds that
b, N
=~ NiANL Ve,
P (VN+1 <Qi-qa (Zl 1D ke ? pr A oy +pA e +151)) =E[lxsa] +E[lxis5a — Lx>al- (62)
* 41
Remark that

]1X>o¢+e - II-X>a - ]165—5 < ]]-X+5>a - ]]-X>a < ]1X>a—e - ]1X>(x + ]1(526' (63)

Thus, combining (63) with (62) gives

P(X>a+e)—P( < —e)

P<?N+1 < Q- (Z SN sy e >)
= = ed i=1 Lsk=1 Y} A% 1

)

Zx»

* 41
<PX>a—-€e+P(6>¢€). (64
Consider & € (0, 1),

(X >a) < (VN+1 <Qi-a (ﬁA*N*H(s + Zk 1Dy, N*+1§Vk>> .

N*+4+1
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~ Dy D
Hence P(X > &) =P(Vyy1 < Ql_&(f)?*m“cﬁ + Zk 1 pY *14y,.)). Applying Theorem C.3 gives that
N*+1

% —D?Kr*+1 N 7D‘71t1*+1 ~ Dy Y3+ 41
0<P|VNy1<Qi-a Ps. o1+ 2 Py, v, —l+a<E maX{pY H -
N*41

Therefore, plugging the previous inequality into (64) concludes the proof. [

Recall that (w3, — Ewy, ) is o-sub Gaussian if for any s € R, the following inequality holds

1 1 o2g2
/ exp <5 {w; - / Wy, d P (y’)]) dPy* (y) < exp < 5 ) .
yeY y'EY

Lemma C.15. Assume the random variable (wY — Ewy ) is o-sub Gaussian with parameter o > 0. For any ¢ >
80%log N/(NE[w},]?) and {m;}icjn) € An, we have

to . . Ne\ 4Var(@p,) 1
IE”(|5|>e)§IP’< - N >>+1+7
;( R Y A= @y ] N

where ¢ is defined in (61).

Proof. First, denote Jy = Jo N [N] and remark that Card(Jo) = >_;; (N — N*),.. Moreover, recall that § is defined by

n NANY /B o Dy,
PN SRR § S ) _ YR N
Z Z le pr(l k) ]1V1§<VN+1 Z Dy, ]IVk<VN+1'

keJo

Using definition of the weighs ﬁD given in (60) and the definition of ¢ provide at the beginning of this section, note that

Nk
N*+1 R ZkEJo Wy,
Z pYLp(z k) Vk<VN+1 < 5 + ZN ~ (65)
keTo waG* ) 1=1 Wy,
Dy, v
From the definition of p,,; *"** and pr( +1 provided in (60), we obtain
k

n N'ANY = n N'ANY Sx ) Sk )
2: 2: (ﬁ Nwl_ﬁmle wW1W<WH1 _ wWﬂW<WH
vi Yw(z‘,k) V <VN+1 Sk TL ok * N ~%
= = = = we, F 2 i1 2iel; We s AR D DA s
N*+41 1 YN*Jrl !

1 1 oy
- - ~ - ~% ~% 2 : ka]lei<VN+1'

e\ B Ltelv+inge U T 2ieg, B kE[N\Jo

Therefore, we know that

n N'ANY 5 = ~
Do *
§ : § : ~ N*+1 = Y311 1 < Zkejo ka
pyz pyw(b k) Vl<VN+1 =

i=1 k=1 Wy +Zl 1le
N* 41

Hence, plugging the previous line into (61) combined with (65) gives

~%
2 ZkGJn Wy,

(66)

Moreover, define the following event:
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Next, using the event En;, we decompose the following probability

(et

keJo

%
Zkejo ka E
~x ~ — 92’
ws + Zl 1 Wy,
1

\%

+P | @, +Zwy, M 67)

N*+1

Since the {@y, }re[n) are o-sub Gaussian, the first term of the previous right-hand side inequality is upper bounded thanks
to Hoeffding’s inequality

(e ) {1 o

kETo keJo
(eN/4)*E[w3, ]2 1
< oxp ( 2Card(Jy)o? = N’ (68)

where the last inequality holds by setting € > 802 log N/(NE[@}, ]?). Moreover, since @3, > 0 almost surely, from the
Chebyshev inequality we deduce that

NE [w{d 4Var ( )

ws,  + Wy 69
be s Z W< NE [y ] (69)
Therefore, combining (67), (68) and (69) shows
Wy 1 4Var (0%
P — Zkejo A},/k — >i»EN SN‘F_EYQ- (70)
wg, + 2o Wy, NE [@ %]
N*41
Lastly, using (66) we derive the next inequality:
,&5*
P(|6|>e) <1—-P(Ey)+P Likeds = > S By
Sk Sk 2
ws, + 21— Wy,
N*41
Plugging (70) into the previous line completes the proof. O
Lemma C.16. For any i € [n), consider m; = N'/N and 2N < N. We have
i i 7 ; 1
P Z( N—N)+>Zlog(nN) Z VN7 <+ (71)
i=1 j: NTJ<log(nN)
Proof. First, define € = 7[log(nN)/N]3 ;. 4 VN7 where we consider the following set
A={ie[n]: N' <6log(nN)}.
If A+ (), forall i € A take
ST
oG = =
ZjeA VT
Using the union bound, we get
n
\Ti i Ne i i i i, a;Ne
IP( (N—N)+>4>§ ZP(NNEN)+ZIP’(NN2N+4>. (72)
i=1 i€[n]\A i€A
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If i € [n] \ A, then applying the Chernoff bound gives
N 1 5 (N - N) 7TiN 1
P(Ny >N < — = — | < - < —. 73
(N 2 )eXp( 1+2N/(N—N))6Xp( 6 ) (73)
If i € A, then applying the Bernstein inequality gives

OéiNE

4 2
P <N;'V N (o Ne/4) ) . %)

< ——
>_exp( 2N7;(1 —m;) + a;Ne/6

Moreover, we can suppose that n > 2 otherwise (71) immediately holds. Thus, n/N > 4 and using the fact that 2N < N we

deduce that
2 | 2N
41 = — | <7
<3 + Nlog(nN)) =7
2 2N -
Ne > 41 N)| = _— VNI,
€ 2 4log(n )<3+\/N10g(nN)>§4

The last inequality is enough to ensure that

Therefore, it follows

(Ne)?/8
AN/N)(Xjea VNI + Ne Y4 VNI /3
Moreover, using the definition of a; implies
_ (a;Ne/4)? S (Ne)?/8
ANTi(1 = mi) + aiNe/6 — 4(N/N)(Y;e4 VNI)2 + NeY ;e s VNI /3

Hence, combining (74) with (75) shows that

> log(nN). (75)

< — (76)

Finally, plugging (73) and (76) into (72) yields the result. O

P (va > N + O”ive) !

Doy ~
Lemma C.17. Recall that {ﬁYkYN*“ Y is defined in (60) and for the sake of simplicity define Y1 = Y. 1. If
|@||oo < o0, then

N+1 —DYN+1 2”’&)\”00 4 -~ Va‘r(ﬁ;YNJrl)
< N 7 N T — .
{I;?ffpn ] S NEay, T NEay ) (VEn)+—g

Moreover, if the random variables (Wy, — Ey, )yc(n41) are o-subGaussian with parameter o > 0, then

E |:N+1 DyN+1:| < U\/810g(N—‘,— 1) 4 2 <1 v E@YNJA i 2Var(@y1) 2Va1‘(’&)\yN+l)> .

max
g Py

NE®y, N

IE'U/}Y1 (EU/}Y1 )2 N(E@\}ﬁ )2

Dy
Proof. By definition of the probabilities {ﬁYkYN " Yee[n41), we have

_ = N+1 g~
Dy ax; _
B |y} < [m X‘xifi””k}] ~
bt 2= Wy,

The expectation is split by introducing Ay 1 = {Zf\f{l Wy, < (NEwy, + Ewy,,,)/2}, we obtain

N+1 g~ _
max; _q {ka} 2 .N+1 —~
[ ME L,k () 4P (). )

Using the Chebyshev’s inequality it follows that
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N+1
P(ANJrl) =P|2 Z @Yk < NE{U\YI +E{U\YN+1
k=1
4
< TR Ty
N(Ewyl +]EwYN+1/N)

Var(@_yﬁ+1 ) > Ca®)
N

<Var(ﬁ3y1) +

When @ is bounded, combining (77) with (78) gives

N1, Deg. 2||@]|so
E N < S P(A
ik, )| < Sl 4P (v
2”@”00 4 ~ Val"(@YN 1)
d _ \ RSl FEVA
S NEay, T NEay e (VE@n)+—g

Otherwise, if we suppose that the (Wy, — Ewy, ) ke[N+1) are o-sub-Gaussian, then applying the result given in (Boucheron
et al., 2013 Section 2.5) combined with (77)-(78) concludes the proof since it follows that E[man 11{U}yk H <

maxk HEdy, } + ov/2log(N + 1). O

Finally, for any point (x,y) € X x ), define the following measure and prediction set

NANE /\D
l‘y*py IR DD DA 5\/1

Con(x) ={y € V: V(x,y) < Qlfa(uy)}
Theorem C.18. For any i € [n], let 7; = N*/N and consider N = | N/2|. If | ©*||oo < 00, then it holds

. N 1 N ’\*pcal( )
P (Y31 € Can(Xiny1)) — 140l < 3 > P y) - W
yeY geY
6 36||w||2,  2log N [ 3|w|% .
2 , NIV A
N7 N(Ewy, )? N (Ewy, )2 VT2 g con
Proof. Using Lemma C.5 implies that
~ - wy,
P (Ve i1 € Ca(Xiesn) = P (Vs € Cag( X )‘ Pe( . (79
’ ( N*+1 p\AN*41 ) N*+1 HPAAN* 41 Z Zyeyw*Pcal( )

Since {@}},cy are bounded, we deduce that @3, is o-subGaussian with o = 27! (max,ey{W}} — minyecy{@}}).
Therefore, the inequality derived in Lemma C.16 combined with Lemma C.15 provide an upper bound on P(|6| > €) with

8o? log N 710g(nN) Zj: NT.j<log(nN) N
NE[T, ]2 N '

€ =

Plugging this result into the bound derived in Lemma C.14 shows that

2 4Var (@%,)

~ ~ Dy Dy
‘IP’ (Y](‘,Url € Ca,ﬁ(XX,*H)) -1+ oz‘ <E [ 17]\*,N 1y I]?ax{pyk YR +1}] = i EDL Y
Y1

8o2log N T108(nN) X2, xi oy VIV “
NE[@y, 2 N (80)
Moreover, applying Lemma C.17, we deduce that
Dy . 2| 1 Var(@p. )
Elp. N+t y % +1 00 _ Var(@ VR ) .
|:pYJG*+1 max{p }} NEGy, | N(Edy, )2 ar(Wy, ) + i (81)

Therefore, combining (80) with (81) implies that
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2<N |3 , 4 Var (@},) War(w?ﬁ*“))

P (V511 € Ca(Rign)) — 140 < ] — N
P (7 < ConBion) 10 < 5 Edy,  (E@y,)” N(Ewy, )?

7\ ¥

802 lOgN 1410gNZ] NTj<log(nN) NI
N(Ea;,)? N |
If N > 6, then remark that N/N < 3. Thus, we deduce that

26 () Nl , 4Var (@) Vel )

v\ Eay, T EE T @

[P (741 € Ca(Xios)) = 1+ 0

<.

240’210gN 1410gNZ] %<logN
N(Edy, )2 N

(82)

Finally, using the next inequality combined with (79) and (82) concludes the proof
PR« 11 € Can(XNe11) = P(YRe i1 € Caa(Xpe 1)) = P(YRe 41 € Cop(XRe 1)) + P(YR 41 € Caa(XNe41))-
O

The proof of the following result is similar to that of Theorem C.18.

Theorem C.19. For any i € [n], let ;; = N'/N and set N = | N/2]. Moreover, for y € Y consider @, = wj. If
[lw*]|eo < 00, then it holds
6 36+ 6logN

|IP (YJ\*/*+1 € Ca,ﬁ(XJ*v*H)) -1+ O‘| S N + THw*IIio +

14log N —
N Zj : % <log N NJ.

Proof. First, fory € Y recall that wy = (Py/ P& (y). Thus, we remark that Ewy, = 1. Therefore, applying Theorem C.18

concludes the proof. U

D. Differential privacy guarantee: proof of Theorem 4.4

In this section, we recall the definition of being (e, §)-DP (Dwork et al., 2014). The idea behind differential privacy is
to ensure that no attacker can determine with high confidence whether a particular individual’s data is included in the
dataset or not. Often, a controlled amount of random noise is added to the data, so that any individual data point becomes
indistinguishable from the noise. This ensures that the probability distribution of an algorithm’s output does not change
significantly when a single individual’s data is added or removed.

Definition D.1. For any € > 0 and § € [0, 1), a randomized mechanism .4 is said to be (e, d)-DP, if for all neighboring
datasets D, D’, and for any event E:

P (A(D) € E) < exp(e)P (A(D') € E) + 6.

The following result gives the noise level sufficient to ensure the (¢, §)-DP regarding the third-party attacker. This type
of attacker is an external entity who does not have access to the private data but can observe the algorithm outputs. This
attacker tries to infer sensitive information about individuals by analyzing the output.

Theorem D.2. Assume there is a constant number S € [n] of sampled agents, i.e., Sy = S, for all t € [T]. Then, for all
e>0and§ € (0,1 — (1++/€)(1—S/n)T), the Algorithm 1 is (¢, 5)-DP towards a third party if

K i€[n Al ) 5 _ o
vy > 2 max;en] Ay <1+ 245\/Tlog(1/5)>7 5" [1_ <15) ] .
S 1+ +/e

€ €en

Proof. The loss function V.S%;” has a sensitivity of 1. Therefore, for any & > 1, we know that V.S;” + N(0,07) is
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(&, @/202)-RDP (Mironov, 2017, Corollary 3). By assumption, note that § € (0,1) and for any ¢ € [T, consider

nKamax;e[y) /\i, 3 log &

T TR+ 1)Se2  a-1
2v/TSlog(1/6

Gt oy, | 2YTST801/0)
T\ nK maxiep, Ay

After K local iterations, using the RDP composition result, the mechanism becomes (&, K&/ 203)—RDP. Using the
aggregation step on the server, the mechanism is now (&, n.K & max;c(, A, /2(t + 1)So7)-RDP. Based on the RDP to DP
conversion, we know that the mechanism is (e;, )-DP. Define f: € R + log{1 + (S/n)(e* — 1)} € R. For any = € R,
we have
S
M) —
) = n+2x(n—2=5)

In addition, since the agents are subsampled, it yields the (&, St)-DP (Balle et al., 2018, Theorem 9), where we denote

-]
€ = 0 = —.
&= f(e), t n
Since f'(x) < S/n on R, we deduce that
. Kamax;ey, )\;, Slogd
=20+ )02 n(a-1)
For all a,b € R, using that (a + b)? < 2a? + 2b? gives that
T ~ i\2 T+1 <
< 2 (Kamax;ep) \,) 3 1 2T5%log(1/5) 3
e 404 2 n2(a—1)2

Plugging the definition of & into (83) combined with ZtT:Ql t=2 < 1 show that

ET: o (K max;epy, )\;)2 (1 . 302VTS log(1/6)>

nK max;ep,) AL

.2 - .
(K max; ey )\;,) N 3vTKSlog(1/6) mMax;¢|pn] )\;. 84)

4 2
O'g 7’LO'g

[ K max;ein A 5
5y > max;e () Al \/1 N 24\/T510g(1/6).
€ en

>2 . 303\/TSK10g(1/5) Max;e|n] )\i,.
n

By assumption, recall that

Therefore, we obtain
4.2
g

% S (K A\
16 =\ demn) Y

The previous inequality combined with (84) implies that
T
Y &g <éie.
t=1
Define the following quantity

Szi—l

[T (1—51)

Since 1 — (1 —N)YT < 6, <1 —[(1—6)/2]"/T, we can verify that § € [0,1] and also § = y/e. Using the assumption
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§<1— (14 /e)(1—S/n)T,ityields

T
e+o ! Zefge—i—lgeQ.
=1

Thus, we have

T
2Z€flog et+ot
t=1

Since (exp(&) — 1)/(exp(&) + 1) < &, we deduce that

Finally, applying (Kairouz et al., 2015, Theorem 3.5) concludes the proof. O

Note that the local loss function S57: ¢ € R vaﬁ; [Sg’v(q)} € R, is expressed as the expectation of pinball loss
functions. Since the sensitivity of these pinball loss functions is 1, we do not need to clip the gradient. It is sufficient to
add additional Gaussian noise N(0, o) to guarantee differential privacy. The value of o, is chosen to provide a suitable
trade-off between privacy and utility, balancing the need for strong privacy protection with the requirement for useful
output.

E. Additional numerical results

E.1. Algorithm design

The objective is to generate valid federated prediction sets for the testset by leveraging the calibration datasets of the agents.
In this section, we present four different algorithms that were compared in our experiments. The first two are unweighted
algorithms (Unweighted Local and Unweighted Global), while the other two are weighted benchmarks: Oracle
Weights which uses true weights, and Estimated Weights which employs estimated weights. Additionally, we
propose the DP-FedCP method, available in both basic and differentially private versions. The main differences between
these approaches lie in the way the resulting quantile is computed, such as the importance given to the set of non-conformity
scores and their corresponding weights. Moreover, the approaches’ ability to maintain coverage and privacy guarantees
varies.

Unweighted Local. The Unweighted method assigns equal weight to all non-conformity scores, regardless of the agent or
label. As a result, the resulting quantile and prediction sets are only influenced by the local scores of the querying agent.
Specifically, the Unweighted Local approach only employs the local calibration dataset of Agent x to compute the
corresponding prediction set. This approach is easily computable because it does not involve any exchange of information
between agents. Formally, the confidence set can be expressed as follows:

1 X 1
—loc,*
e NS5
a N*+1kz"k+N*+11’

Ca7ﬁloc’*(x) = {y € y: V(Xa Y) S Ql—a (ﬂloc’*)} .

Unweighted Global. The Unweighted Global approach calculates the quantile by using all non-conformity scores
gathered on the central server from all agents. This approach violates FL constraints since all non-conformity scores are
shared with the central server. Furthermore, each collected score is given equal weight, without taking into account any
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label shift. The corresponding prediction set is represented as follows:

N+1ZZ Vi JFN+1(S

i=1 k=1

Con(x)={y € V:V(x,y) < Q10 ()}

Oracle Weights. This approach utilize importance weights to compute the prediction set. The Oracle Weights
method has access to the true distribution of all the agents, enabling it to calculate the exact likelihood ratios. For this
method, a number of N = [ N/2] data points of the calibration dataset is randomly selected — denoted as (X, Y& ) e (57

This sumbsampling is based on a multinomial random variable with parameter (N, {N*/N} ;] ); more details are provided
in Section 2 (see for example Theorem 2.2). For any label y € ), the prediction set is determined by:

N
iy =Dy g0+ > Py, yOvi,
k=1

Coir(x) ={y € V: V(x,y) < Q1-0alii})} .

(85)

Estimated Weights. The empirical equivalent of Oracle Weights based on client label counts is Estimated
Weights. However, two sources of error are introduced: (1) the calibration subsampling and (2) the likelihood ratio estima-
tions (refer to (10)). Similar to Oracle Weights, we draw a multinomial distribution {N"}iep) ~ M(N,{N*/N}icpm)
and subsample N* A N* calibration data from each client i. The resulting prediction set is represented by:

Z/)\k _ (MZ/My) : ]lMyZl
v = My /My) - Ty o1+ Sgey Card({(i, &) € [n] x [N']: k < N%,Y; = y}) x (M3 /M) - Lyay o1
n NPAN®
ﬁ;F - py y51 + Z Z @kf,ﬁ,yév
i=1 k=1

Coz,ﬁ‘” {y V X y) < Ql « ( W)} .

E.2. Additional Details on Numerical Experiments

To provide a comprehensive overview of our experimental methodology, we present additional details about the federated
optimization parameters, along with supplementary figures to complement those presented in Section 5.

Optimization parameters. For all experiments, we split the initial dataset D across the clients (D;);c[,) and the test
dataset Dy as detailed in Section 5. Label shift is then simulated by resampling using the clients’ local distributions
{PY} yey- For ImageNet experiments, we also assume that we have labels sampled from the target client’s distribution for
weights’ approximation. The optimization parameters taken for DP—FedCP experiments are 7' = 200 iterations, v = le~°
regularization parameter, n = le™? stepsize, and K = 20 local iteration rounds. We sample all clients during each
communication round with the server.

Simulated Data Experiments. The generated data consists of 3 Gaussians, two of which significantly overlap each other,
see Figure 4. This data design is chosen such that we obtain different distributions of non-conformity scores for different
classes, which is directly related to the different degrees of model confidence for different data samples.

CIFAR-10 Experiments. Using the CIFAR-10 data, we demonstrate a comparison of the empirical coverage for all
considered methods: Unweighted Local, Unweighted Global, Oracle Weights, Estimated Weights
and the proposed DP-FedCP method version with (o, = 0), see Figure 5a. DP-FedCP along with weighted baselines,
shows valid coverage results, unlike unweighted baselines. At the same time, both weighted algorithms are extremely similar
in performance to DP-FedCP. Unlike weighted baselines, DP-FedCP is federated and privacy preserving.

ImageNet Experiments. The ImageNet experiment is designed to have very different score distributions across agents. The
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Figure 4: Simulated data distribution: 3 two-dimensional Gaussians with means 6; = [—1,0], 02 = [1,0],63 = [1, 3] and
identity covariance matrices.
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Figure 5: Experimental results with all benchmarks. (a) CIFAR-10 empirical coverage. (b) ImageNet empirical coverage.
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(a) Distribution of scores for labels in G1 (b) Distribution of scores for labels in G2
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(c) Privacy-Utility tradeoff

Figure 6: ImageNet complementary results. (a) Score distributions of the classes with the lowest non-conformity scores.
(b) Score distributions of the classes with the highest non-conformity scores. (c) Violin plot of the empirical coverage
distribution for DP-FedCPwith different DP regimes.

grouping scheme of clients into a Llow—score group (Figure 6a) and a high—-score group that consists of the querying
agent (Figure 6b) creates adversial heterogeneity, possible in real-life scenarios, under which unweighted methods are more
prone to perform very poorly. Comparing the DP-FedCP method with weighted and unweighted baselines on ImageNet
data, we note the same behavior as on CIFAR-10 dataset, see Figure 5b. Only algorithms that account for shifts between
agents’ data achieve the desired empirical coverage. There is an additional violin plot for the ImageNet differential privacy
study that demonstrates the effect of the DP parameter o, on the resulting empirical coverage; see Figure 6c.
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