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Abstract

Data balancing across multiple modalities and sources appears in various forms in
foundation models in machine learning and Al, e.g. in CLIP and DINO. We show
that data balancing across modalities and sources actually offers an unsuspected
benefit: variance reduction. We present a non-asymptotic statistical bound that
quantifies this variance reduction effect and relates it to the eigenvalue decay of
Markov operators. Furthermore, we describe how various forms of data balancing
in contrastive multimodal learning and self-supervised clustering can be better
understood, and even improved upon, owing to our variance reduction viewpoint.

1 Introduction

Deep neural networks have shown remarkable success at learning task-specific representations of
data when provided supervision from massive amounts of labeled training examples. Recent trends,
however, have shifted toward task-agnostic, universal representations that may be easily fine-tuned or
even have zero-shot capabilities out of the box. Supervised learning, stricto sensu, is too limited a
framework for these billion-parameter, data-hungry models, and a question at the heart of modern
machine learning is learning from unlabeled, partially labeled, or weakly labeled data.

This need has paved the way for the current generation of self-supervised learning (SSL) approaches
that circumvent the need for large amounts of “strong” labels. In SSL, a model is trained on a generic
pseudo-task suited for unlabeled data, such as relating image-caption pairs or augmentations of
the same image. Despite modern foundation models such as DINO [Caron et al., 2021] and CLIP
[Radford et al., 2021] being trained in this fashion, many aspects of SSL remain mysterious.

In particular, the training process of self-supervised models often transcends the rules of the standard
empirical risk minimization (ERM) toolkit. ERM combines two well-understood techniques: mini-
batch sampling and gradient-based optimization using backpropagation. On the other hand, SSL adds
clever, yet less-understood techniques to the training pipeline. To illustrate this, consider a minibatch
(X1,Y1),...,(X,,Y,) of training examples observed in X x ) (e.g. feature-label or image-caption
pairs) and let P,, be the empirical distribution of the minibatch. For a model parameterized by € R¢
with loss function hg, a standard stochastic learning algorithm involves computing the minibatch loss

1 n
Ep, [he(X,Y)] = EZhG(Xi;Yi) (1
i=1

and backpropagating through it to produce a minibatch stochastic gradient estimate. The algorithm
then proceeds with the stochastic gradient training or a variant thereof (e.g., Adam). Self-supervised
methods often modify this recipe by intervening on the optimization algorithm in a minibatch-specific
way. For example, SwaV [Caron et al., 2020] passes the minibatch examples through the model’s
encoder and clusters output vectors to generate pseudo-labels for a prediction task.
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In teacher-student architectures such as BYOL [Grill et al., 2020] and DINO [Caron et al., 2021], the
minibatch is passed through two networks, where the “student” network is updated via backprop-
agation and the “teacher”” network is updated by cloning the student’s weights in regular intervals.
In CLIP [Radford et al., 2021], a model optimizes the sum of two cross-entropy losses, where
the predicted class probabilities on example 7 is generated by comparison to all other elements of
the minibatch. While introducing such interventions into the procedure has clearly proven useful
practically, it remains conceptually unclear what exactly is being optimized by the learning algorithm.

In this work, we aim to gain a better theoretical understanding of the objectives and algorithms
underlying these empirically effective recipes. In particular, we want to shed a theoretical light on
their marginal benefits over traditional learning methods. In this work, we show that such recipes
often enjoy an unsuspected benefit: reducing the variance of the empirical minibatch objective.

To be more concrete, we formalize the broad steps of the training algorithms above as follows.
Let Zy,...,Z, be a minibatch containing data points of arbitrary type (e.g. unlabeled images).
Possibly using a model parameterized by 6, this original data source is mapped to another minibatch
(X1,Y7),...,(X,,Y,) of derived pairs in X x ). For example, in SwaV, each Z; is an image
with vector representation X; and pseudo-label Y; based on clustering. In CLIP, each Z; is an
image-caption pair and X; and Y; are the vector representations of its image and text components,
respectively. We may also use the parameterized model to compute a probability distribution P, g
over X x ), and view each training step above as exactly or approximately optimizing the objective

Ep, o [he(X,Y)]. 2

This reduces to empirical risk minimization on the minibatch objective (1) when Z = (X,Y) (each
data point is originally observed in X’ x V) and P, 9y = P, (the empirical distribution of the data is
used, regardless of the model). Beyond this setting, one specific example of P, ¢ has been applied
across various families of self-supervised learning (as detailed in Sec. 2), which we refer to as data
balancing or simply balancing, the primary subject of this work.

For a probability measure QQ on X x ), let Q) x and QQy be the respective marginals on X’ and ) and
let Q x|y and Qy|x denote the respective conditional distributions. Given an initial measure PO

over X x ) which may depend on the model®, and fixed marginal distributions Px on X’ and Py on
Y, balancing refers to generating the sequence P”, ..., P{*) by applying the operations

Q=Qx Qyx— Px Qyx and Q=0Qy Qxyy— v Qxyy, 3

in an alternating fashion. After enough iterations, the resulting probability measure approximately
marginalizes to Py and Py in each variable. When X" and ) are finite with |X| = m and || = [,
these operations reduce to rescaling the rows of an (m x [)-matrix by Px /Q x or its columns by
Py /Qy . This algorithm has a decades-old history and is known in other contexts as Sinkhorn-Knopp
matrix scaling [Sinkhorn, 1967], iterative proportional or biproportional fitting [Johnston and Pattie,
1993], and raking-ratio estimation [Thompson, 2000]. The marginals Px and Py can represent
auxiliary information or inductive bias from users, such as the desire for balanced clusters.

As we describe in detail in Sec. 2, both self-labeling and contrastive approaches in SSL implicitly use
P, o = P{® in (2) for different choices of P\”. In other words, they embed a learnable balancing
operation in their objectives, where the objective (as in (2)) or the stochastic gradient estimate depends
linearly on P, ¢. A natural question to consider is: if the marginals one uses accurately represent the
ones of the true probability measure P governing the data, are balanced quantities “better behaved”
than their unbalanced counterparts? If so, in what way?

Inspired by this question, we fix the model parameter # (thus dropping the subscript from the
quantities above) and analyze the fluctuations of the unbalanced and balanced objectives. The formal
problem statement is as follows. Let X and ) be two finite sample spaces on which there is an
unknown probability measure P with known marginals (Px, Py ). We observe independent data
(X1,Y7),...,(X,,Y,) ~ P, defining the empirical measure P,, = % 21;1 d(x, v, Let P\Y = P,
and P denote the output of £ > 1 iterations of data balancing (see Sec. 3 for the precise definition).
Finally, letting i : X x ) — R be a function of interest, we define the population parameter ( and

its k-step balanced estimator ¢!} by
o= Ep[h(X,Y)] and o = Epo [h(X,Y)]. @

n

2We hide dependence on @ for notational simplicity.



Our goal is to establish theoretical guarantees on the mean squared error (MSE) Ep[(0$ — ¢)?] of
estimating ¢ using ¢!, with an informative dependence on the sample size n, number of iterations k,
target marginals (Px, Py ), and test function h. We are particularly interested in its comparison to the
direct estimator based on the empirical measure (" = L 3™ h(X;,Y;), as to quantify the effect
of the auxiliary information (Px, Py-). Our analysis uncovers two surprising facts. Firstly, while
originally proposed for a different purpose, balancing reduces the variance of the empirical estimate.
Secondly, while the balancing iterations are nonlinear operations on the input measure, the variance
reduction can be precisely quantified using the spectral decay of two linear Markov operators: the
conditional means given X and Y, respectively.

Contributions. In Sec. 2, we clarify the mathematical connection between the classical data
balancing methods and the modern representation learning techniques mentioned above. In Sec. 3,
we prove a new upper bound on the MSE of the balancing estimator ¢{}”. The bound decomposes
into an O(n ') first-order variance term and an O(n~3/2) second-order term. The first-order term
is shown to have a strict improvement over the empirical measure baseline with a fine-grained
dependence on the spectra of two particular Markov operators. Our proof technique relies on a
recursion decomposition for balancing-based estimators, which may be of independent interest. In
Sec. 4, we illustrate how insights from our analysis can be practically applied to CLIP-type objectives
and evaluation setups.

2 Data Balancing in Practice

We now expand on the examples of data balancing applications mentioned in Sec. 1. To demonstrate
a precise connection to (2), we describe how a collection of training examples Z1, ..., Z, observed
in an original data space Z (e.g. grayscale images) is mapped to a probability measure P, g. Using
the framework introduced in Sec. 1, this amounts to specifying four components: 1) the map from
the original data into the derived sample spaces X and ), 2) the initial measure P”, 3) the function
h, and 4) the target marginals (P, Py ) for this measure to fit. From that point, the iterations of (3)
produce PV, ..., P{¥, and we set P,, g := P*. For ease of presentation, we hide the dependence
of P{® = P, ¢ and h = hy on the model parameter § when constructing ¢} as described in (4).
Note that the sample spaces X and )’ do not necessarily correspond to feature-label pairs in each
example below; each example given below corresponds to a different choice of &’ and ) (see Fig. 1).

Example 1: Self-Supervised Learning. Balancing is used in discriminative clustering and self-
supervised clustering; see [Jones et al., 2022, Asano et al., 2020, Caron et al., 2020] for variations
on this theme. We describe the swapped prediction task of Caron et al. [2020] for concreteness but
emphasize that clustering of this form is used as an intermediate step (or as the task itself) in many
SSL pseudo-tasks. At a high level, this approach involves passing elements of a minibatch through
two encoders to generate vector representations. These representations are then clustered separately,
and the features from one encoder predict the cluster label from the other encoders. Denote the
encoders fp, : Z — R" and fy, : Z — R", colloquially known as the student and teacher networks,
respectively. Here, we let {Z;},_, be a minibatch of n images, with

X={Z,....Z,} and Y={1,...,1},

where m = n and the elements of ) index learnable cluster representation vectors ¢y, ...,c; € R".
Thus, we consider the overall parameter vector to be 6 := (05, 60;,c1,...,¢). Given temperature
hyperparameters e, 7 > 0, the initial measure and loss function are given by the expressions

ofo @ Tey/m

.
B (o) o /000 and hlany) = log T
Directly optimizing >, , Py (z,y)h(z,y) without any constraints would lead to collapse, so it
is balanced before optimized. The target marginals Px and Py are given by the discrete uniform
measures on X and ). This formulation is often derived by solving an optimal transport problem
with the Sinkhorn-Knopp algorithm to assign soft cluster labels, the iterative solution result from this
procedure is precisely P¢*). The intuition behind the choice of uniform marginal Py is that each data
point has an equal amount of mass to allot to each cluster, whereas Py~ captures that the cluster sizes
are equal. The number of iterations k is selected based on optimization considerations.
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Figure 1: Data Balancing Examples: Each panel shows a possible distribution () on different
choices of (X', ))). The orange histograms are the target marginal Py-. Left: Q(z, y) is the affinity of
an image x for cluster y. Center: Q(x,y) is the similarity of an image x to a text caption y. Right:
Q(z,y) is the proportion of substring matches between a text caption x and a keyword y.

Example 2: Contrastive Learning. Contrastive Language-Image Pre-Training [Radford et al.,
2021], or CLIP, is an architecture with an image encoder and a text encoder that map to a joint
embedding space. Trained using image-caption pairs, the loss promotes representations such that
images and text that are paired in the minibatch are close, whereas those that are not paired are
far. The latter aspect (promoting dissimilarity of unpaired images/text) is what prevents collapse in
this framework. Our interpretation of the CLIP objective as an implicit data balancing procedure
is novel, to our knowledge. Under this interpretation, we demonstrate that the objective is in fact a
nonlinear function of P, g, whereas its gradient will have a linear form similar to (2). In this case,
each Z; = (X;,Y;), where X; is an image and Y; is an associated caption. We have that

X={X,...,X,} and Y={vi,...,Y,},

so that m = n. Consider an image encoder fy, : X — R" and text encoder fy,. : V — R” with
parameter vector § = (7, 67 ). The initial, unnormalized measure and the (in this case, vector-valued)
function h are chosen based on these encoded representations:

PO (z,y) o efor @ for &) and  h(x,y) = Vo(fo, () for (v))- )

While we usually interpret h as a loss function, we will show below that the CLIP loss depends
nonlinearly on P, 4, while the gradient has a linear dependence. If we believe, as in Example 1, that
the target marginals (Px, Py ) of the images and the text should be roughly uniform, we can apply
the balancing iterations (3) with the target marginals being the uniform distributions over X" and )/,
respectively. Because there is no preference for starting the iterations with the A’ or ) dimension
first, we may consider both orderings. Let !} be one iteration of balancing in the )’ dimension and
R represent one such iteration in the X" dimension. Then the original CLIP objective L™ can be
recovered (up to an additive constant) as

n

1 PO(X;Y; PO(X;,Y;
LSLIP E—— Z log n ((0)17 7,) + lOg n ((0) (2 7,)
2 20 Pu (2, Y7) >y Pn(Xisy)

=1
1 n
= -2 [log QP (X;,Y;) + log R (X;,Y;)] — logn. (6)
=1

[\V]

The measure P, g = %Q,ﬁj’ + %R;L” is constructed in this case by averaging the outputs of one iteration
of balancing under each modality. Taking the gradient of (6) with respect to # (whose dependence is
contained in (QY", R{")) recovers the expression for & in (5). The objective is often interpreted as an



average of cross-entropy loss terms, each representing the prediction of one modality’s original pair
from the other. In our formulation, LS™* can also be viewed as an average negative log-likelihood
under the Q" and R{]. It is also of interest to study the effect of using Q{* and R for £ > 0 in
general, as we show in Sec. 4.

Example 3: Metadata Curation. Here, we consider taking M., to be an entire training set, as
opposed to a particular mini-batch. At the billion-parameter scale, dataset design can be the primary
factor that differentiates performance between foundation models [Fang et al., 2013, Xu et al., 2024,
Gadre et al., 2023]. One general approach used in both the original CLIP dataset [Radford et al.,
2021] and an open-source replication [Xu et al., 2024] is metadata curation, wherein a text dataset
M., (possibly captions for images) is synthesized using a list of keywords {y1,...,y;} so that

X:{Zla---7Zn}7 y:{yla"'7yl}a

meaning that m = n. The keywords are matched to texts within X via substring matching. While
the approach of Xu et al. [2024] (dubbed MetaCLIP) pools all matched keywords on every text to
measure the “distribution” of keywords, we consider a version in which each text Z; can only be
labeled with a single keyword y;. This allows for a true joint probability measure on X x ). The
marginal distribution of observed keywords is initially long-tailed (see Fig. 4) (e.g., “the” will match
many more texts than “xylophone”). In both Radford et al. [2021] and Xu et al. [2024], the data are
resampled so that this distribution of keywords over matches is closer to uniformity, i.e. keywords
with many matches have their associated texts downsampled during the dataset creation process.
While the probability measure may not be computed explicitly (due to scale), this adjustment of the
keyword distribution can be viewed as a single iteration of balancing (3) applied to the ) marginal.
For tasks such as language modeling, we have

P(z,y) = Py(z,y) and h(z,y) = (), (7)

where ¢(x) denotes the loss of a model evaluated at a single text z € X (notice that the keyword is not
used). We elucidate this connection by applying direct balancing on a subset of the ImageNet-Captions
dataset in Sec. 4, observing the effect on downstream model performance.

Motivated by these scenarios, we address the statistical problem outlined in Sec. 1 by analyzing
balancing-based estimators. We then return to examples mentioned above in Sec. 4, illustrating how
the theoretical analysis can be translated to algorithmic variants.

3 Theoretical Analysis of Variance Reduction

We now present theoretical guarantees on the mean squared error (MSE) of the data-balanced
estimator ¢ and highlight relevant points in the proofs. For readers’ convenience, a notation table
(Tab. 1) is in Appx. A. We first give context on the main innovations of the analysis and then outline
its high-level steps. These innovations include relating the nonlinear iterations of balancing over
probability measures to linear operators on a vector space and using a singular value decomposition
of these operators to quantify their effect after a finite number of iterations. Furthermore, by scaling
the number of iterations appropriately, we can characterize the estimator using the limit of balancing
iterations, which is an object of interest in applications including optimal transport.

Preliminaries. Recall the setting introduced in Sec. 1, in which we consider sample spaces (X, )),
along with true and unknown joint distribution P on X’ x ) with known marginals (Px, Py ). For
ease of presentation, we assume that |X'| = || = m, although the arguments do not rely on equal
support sizes. We make the following assumption throughout, which is usually satisfied by the
desired marginals Py and Py, such as in the uniform cases discussed in Sec. 2: the target marginals
Px(z) > 0and Py (y) > 0forallz € X andy € Y. We define P\"’ = P, as the empirical measure
and for £ > 1 construct
[ R o
PP (w,y) = q By

Py(y) . P-D k :
P,(f;l)(y) n (:E, y) even

®)

By direct computation, we see that the iterations in (8) are equivalent to applying (3) for k& odd
and even, respectively. See Fig. 2 (left) for a visualization of this procedure. The iterations are



Figure 2: Data Balancing. Nonlinear and linear operators associated to each iteration of (8). Left:
Visualization of the exact iterations of (8) in the space of probability measures. The blue set contains
joint distributions with X'-marginal equal to Px, whereas the orange set contains joint distributions
with Y-marginal equal to Py-. Right: Visualization of L?(P), the operators defining (11), and the
singular values given in (13).

well-defined for all k& under the event that Supp(P,, x) = Supp(Px) and Supp(F,,,y) = Supp(Py ),
i.e., all observed row counts and column counts are non-empty.’

To provide background, the scheme of alternating the operators (8) is often seen as an iterative
algorithm to solve the problem
min  KL(Q||P“), 9
QEN(Px,Py) @IF") ®
where II(Px, Py) denotes the set of probability measures on X' x ) that marginalize to Px and
Py in each variable and KL(+||-) denotes the Kullback-Leibler divergence. The iterations (8) can be
derived from the alternating minimization subproblems

P (x,y) = {argmin{@@x-px} KL(Q|P¢)  F odd

argmingg.q, —p, } KL(Q|| ")  keven’
which inspires the viewpoint of balancing as alternating information projections. As we show in
Appx. C, the iterations of (8) can equivalently be defined using the KL, reverse KL, or y2-divergences.
This viewpoint is relevant as previously, efforts have been made (e.g. in Bickel et al. [1998]) to
analyze the variance reduction afforded by the solution to (9) directly. However, quantifying the
variance reduction (in terms of properties of P) using this approach is challenging, as there is no
closed-form expression for the solution of (9). A key mathematical outcome of our analysis is that
the closed-form expressions of the projections (8) can be used to compute the reduction in mean
squared error at each iteration. Thus, by letting k& — oo (scaled appropriately against n), we can
determine the reduction for the solution of (9) for large n. This is the subject of the upcoming Cor. 2.

From Information Projections to Orthogonal Projections. First, we will show that the variance
reduction resulting from each nonlinear iteration of (8) is associated with a linear operator applied to
h. Thus, instead of analyzing the alternating information projections over probability measures, we
may use familiar tools to understand alternating orthogonal projections in a vector space. To define
them, we first let L?(P) to be the set of functions i : X x Y — R satisfying Ep [h?(X,Y)] < oc.
Even though X' x Y is finite, working within L?(P) will be analytically convenient. Let L2(Px)
be the subspace of L?(P) containing functions that only depend on the first argument z € X
and define L?(Py ) analogously. These are the solid-colored subspaces in Fig. 2 (right). Next, let
px : L2(P) — L?(Px) and py : L?(P) — L2(Py) be defined as, for any h € L?(P),

pxh = fmer%zr(r}l)in) Ep [(M(X,Y) ~ f(X))?] = [uxhl(z,y) :=Ep[M(X,Y)|X] (z)

3Due to this technical consideration, we define P{® to be the empirical measure P, when this condition is
not satisfied, which we show occurs with low-probability. See Appx. D.4 for details.



The operator zx is an orthogonal projection onto L?(Px). The orthogonal projection operator
wy onto L2(Py) is defined analogously. We may also define the conditional debiasing operators
Cx = I —px and Cy = I — iy, which each project onto the orthogonal complements of L?(Px ) and
L2(Py), visualized as subspaces with dotted border in Fig. 2 (right). To understand the importance
of the conditional mean and debiasing operators, we give a recursive formula that forms the backbone
of our analysis. Define p;, = px for k odd and pp, = py for k even, and define Cj, similarly. Thus,
by using the notation Q(h) := Eq[h(X,Y")], we have by linearity of expectation that

=0
—
[Py = Pl(h) = [P} — P](Cch) + [P” — Pl(puxh)
= [P7" = PJ(Cih) + [P” — P V] (Cih)
= [P — P|(Cy...Crh)+ X0 [P® — PY=](Cy ... Crh) . (10)

first-order term higher-order terms

To justify the first line, we discuss the case when k is odd. Notice that px h is only a function of
X, so its expectation only depends on Px that is equal to PT(L’“}( by (8). The last line follows by
unrolling the previous step k£ — 1 times. This recursive expansion is proven formally in Prop. 15 in
Appx. D. Given the expansion, the mean squared error can be computed by taking the expectation of
squared (10). We show that the second moment of the first-order term in (10) is equal to a,% /n where

o2 := Var(h) and o7 := Var(Cy ...Ch) fork > 1, (11)

and all other terms are O(n~3/2). Thus, by exactly computing the constant in the dominating term,
we may quantify the asymptotic variance reduction. Our first main result concerns the higher-order
terms and shows that it is indeed dominated by the first-order term. Note that the empirical mean
e = L3 | h(X;,Y;) is unbiased, and so its MSE is equal to o} /n. Define in addition

Py := min{min Px (z), min Py (y)}
x Yy

which measures the non-uniformity of the target marginals. We have that p, is positive because both
Px and Py are positive. We now state the first main result.

Theorem 1. For a sequence of data-balancing estimators (i )i>1 as defined in (4), there exists an
absolute constant C > 0 and distribution dependent constant s € [0, 1) and such the following holds
foro?, = ol —oi: Forn > Cllog,(2n/p,) + mlog (n+ 1)]/p? and k > 1, we have

gap
2 _ 2 k 6
) N2 90 ~ Ogap S ~( k
Ep (@) —9)?] < =% +0 (n ) +0 <n3/2) . (12)

The quantities agQap and s are quantified toward the end of this section and are dependent on eigende-

cays of the conditional mean operators for each variable under P. Furthermore, aga > ( except for
the pathological case of 11 x h being a constant function. Showing Thm. 1 boils down to showing that
the higher-order term in (10) is O(n ') with high probability. Using the expression (8) and assuming
that £ > 1 is odd, we see that

Px(l)

X
P@)

P = PENC G = Y

z,Y

“[Co...Ch)(z,y) PV (x,y).

The first (blue) term in the product quantifies the disagreement between the X'-marginal of P{*~ and
the true marginal, which can be bounded in terms of KL(P;LO)X | Px) and is shown to be O(n~'/?)
with high probability via techniques from information theory. The second (orange) term can be
unrolled recursively in a similar fashion to (10) itself, which will consequently be O(n~/2) as well;
this is the most technical part of the analysis (see Appx. D.3). Our analysis also yields a bound for
the sensitivity of balancing to misspecified marginals; see Appx. D.5.

Given Thm. 1, a natural next step is to quantify the gap between 032 and o7, which requires finer-
grained properties of Cx and Cy. Notably, we show that as k — oo, o3 approaches a limiting
value. Thus, via (12), by using k = o(nl/ 12) obtains asymptotic variance of the solution to (9). This
contrasts with Albertus and Berthet [2019], in which the dependence of a quantity similar to (12) is
exponential in k, meaning that k¥ = o(log(n)) is required for convergence under this argument.



From Orthogonal Projections to Variance Reduction. We now clarify what is precisely meant
by the “spectrum” of the conditional mean operators px and py . As proven using a singular value
decomposition (Prop. 3) in Appx. B.1, there exists a basis {a; }7; of L?(Px), a basis {3;}7, of

i= i=
L?(Py), and real values {s; };n:1 that satisfy

pya; =s;fjand pxp; = s;a  forj e {1,...,m}. (13)
Furthermore, o = 1x and 1 = 1y leading to the equality (f, a1)12(p,) = Epy [f(X)]. Finally,
s1 = 1 and s; is non-negative and non-increasing in j. For a concrete example, consider m = 2, in

which case P can be written as a matrix in R2*? and elements of L2(Px ) and L?(Px) are vectors in
R?. Then, in the case of uniform marginals, we can verify directly that (13) can be satisfied by setting

o =61 = {ﬂ ,0g = By = [_11] , andP:i Etj }‘Fﬂ
for s = sy (the second largest singular value). Thus, as s — 1, the distribution becomes “fully
dependent” as Y and X are completely determined by one another. As s — 0, P approaches the
product measure. Geometrically, because a; = (1, we know that the angle a between the subspaces
L2(Pyx) and L?(Py) is given by the angle between a; and 5. By computing their inner product in
L2(P), we have that (as, Ba)rz(py = (P, 23] ) = s = cosa. Thus, s = 0 indicates orthogonality
of these subspaces, alluding to the independence of X and Y.

(14)

Returning to m > 2, we consider the following as a sufficient condition for variance reduction: the
operators yx and py have a positive spectral gap, i.e., sa < s1. Note that this assumption is satisfied
when P(x,y) > 0 for all (z,y) € X x ) by the Perron—Frobenius Theorem [Horn and Johnson,
2013, Chapter 8]. Using the intuition from Fig. 2, this rules out pathological cases such Y being
a deterministic function of X, for instances Under the spectral gap condition, the singular values
{s; };":2 that are strictly less than 1 will determine a geometric rate of decay in variance given in
Cor. 2. The left and right singular functions o;; : X — R and 3; : Y — R will define a useful
coordinate system to represent projections of A when analyzing (.

Indeed, let h — P(h) be the centered test function. Because pxh € L?(Px) and uyh € L2(Py),
we may decompose this function on the two bases to write

uxﬁzzujaj and ,uyB:Zvjﬁj. (15)
j=1 Jj=1

Cor. 2 below relates the (normalized) variance o7 of the first-order term to the one of the sample
mean (). In fact, it shows that the variance reduction o — o3 decays geometrically to the quantity

(vj — Sjuj)Q] .

— 2
1sj

m

2 . _
Ogap *= Z

=2

2

For simplicity, we only present the result for k even, i.e., 03,.

Corollary 2. The variance reduction achieved by t + 1 iterations of the CyCx operator can be
quantified as
m 2 2 m
s7(vj — sjuj)
2 2 _ 2 A b LA
90 = O2(t+1) = Tgap — Z 1—s2 99 = Z
j=2 J j=2

2
2 arv2y (Vj — sju )

Intuitively, the operators Cx and Cy are the main sources of the variance reduction via orthogonality.
Since a; = 1y, we can see that the reduction will always be strictly positive as long as px h is not a
constant function. Finally, using s := sy > s; for j > 2 gives the second term in Thm. 1.

4 Numerical Illustrations

We illustrate how data balancing manifests in the motivating examples mentioned in Sec. 2 with
experiments with CLIP-type models. We focus here on zero-shot image classification tasks. Details
on these experiments, and additional ones including linear probing and zero-shot retrieval, as well as
an empirical investigation of the sensitivity to misspecified marginals, are all contained in Appx. E.
Code to reproduce the data and experiments can be found at https://github.com/ronakdm/balancing.


https://github.com/ronakdm/balancing

CLIP Text Embeddings BERT Text Embeddings GPT-2 Text Embeddings

m=128 m=>512 m=128 08 m=512 m=128 m=>512
08 .

o
@

AN

0.8
03

06 06

o
>

0.6

0.4 04

CIFAR-10
°
IS

0.4
0.2

o
N

0.2
0.2

03 0.3

14
=

04

02 02

0.2
0.1 0.1

WY

e
°

0.0

08 08

08 08
06 0.6 0.6
: 0.6

04 04

AW
NN

DR N
LY

004
0.4

0.2 0.2 0.2
0.1 wet

Iterations Iterations Iterations Iterations Iterations Iterations

No Balancing —s— CLIP Balancing (k =1) —— Multi-CLIP (k = 2)

Figure 3: Zero-Shot Classification Performance across Embeddings, Batch Sizes, and Objectives.
The three vertical panels describe different choices of the text encoder fy, which increases in quality
from left to right; that is, pre-trained GPT-2, BERT, and CLIP embeddings, respectively. Within
each vertical panel, examples include batch sizes m = 128 and m = 512. Rows indicate various
evaluation datasets from CIFAR-10, CIFAR-100, and STL-10. The y-axis of each plot indicates
average per-class recall, whereas the x-axis indicates training iterations at the given batch size.

Model, Datasets, and Evaluation. Throughout, we consider training variants of CLIP models (see
Sec. 2), which require a dataset of image-caption pairs. For the training set, we use the ImageNet-
Captions dataset [Fang et al., 2013], which pairs images from ImageNet [Deng et al., 2009] that
were taken from Flickr with their original captions. In the notation of Sec. 2, the model is specified
by selecting an image encoder fp, and a text encoder fy,.. In all cases, we use a fixed image/text
encoder as a base vector representation and compose it with a trainable feed-forward neural network,
ie., fo = fi*d o o5, We fix the base image encoder as CLIP ViT-B/32 architecture pre-trained on
LAION-2B [Schuhmann et al., 2022], and vary the base text encoder across embedding models of
varying quality: GPT-2 [Radford et al., 2019], BERT [Devlin et al., 2019], and CLIP-based encodings.
When two CLIP encoders are used for the base image/text vector representation, they are taken from
separate CLIP models (i.e. the base representations are not dependent). We evaluate models based on
zero-shot classification performance using the standard CLIP inference procedure: for any image
x,alabel ¢ € {1,...,C} is predicted by associating to each ¢ a natural language prompt y.., and
predicting the scores s(z) = (s1(z),...,sc(x)), with

e<f91(w)7f6T(yc)>/T
ZC ) e<f91(z)7f9T(yc,)>/T

c'=

(16)

se(w) =

for a temperature 7 > 0. Multiple prompting strategies can be used depending on the evaluation
dataset, for which we average embeddings before applying (16). We use the public CLIP Benchmark
repository, using the datasets CIFAR-10, CIFAR-100, STL-10, with their default caption sets.

Data Balancing Effects. Fig. 3 shows the zero-shot classification performance (in terms of average
per-class recall) of variants depending on whether the contrastive learning objective from Sec. 2
is used or not. One iteration of balancing already leads to improvement in terms of downstream
performance. Multiple balancing iterations lead to further improvements. See Appx. E for more
details on this experiment, and for analogous ones with linear probing and zero-shot retrieval.

Fig. 4 then shows how balancing can be used to adjust an entire pre-training set to given marginals
based on metadata, as described in Sec. 2 in the metadata curation example. After balancing, the
target marginal has less than 2 orders of difference. In terms of downstream performance, data
balancing leads to some improvement in the smaller batch regime (m = 512) when curating the
dataset. See Appx. E for more details on this experiment.


https://github.com/LAION-AI/CLIP_benchmark
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Figure 4: Balancing and Metadata Curation. Depiction of balancing and metadata curation
(Example 3 in Sec. 2) on ImageNet-Captions dataset, in which X represents image-caption pairs and
Y represents keywords. Left: Observed marginal P, y (orange) and Py (blue), which are sorted by
order of increasing probability. Right: Zero-shot evaluation of an embedding model trained using the
standard CLIP loss original versus the balanced training set.

Related Work Self-supervised learning has witnessed a surge of recent interest as datasets and
computing hardware allow for larger, more capable models (see Balestriero et al. [2023] and references
therein). While we highlight in this paper the connections between data balancing and contrastive
learning [Radford et al., 2021], we acknowledge that data balancing can also be related to self-
distillation” approaches more broadly [Grill et al., 2020, Chen and He, 2021, Oquab et al., 2024].

Historical motivations for data balancing include census or survey data, in which P, is a cross-
tabulation of (a limited number of) paired observations and the target marginals were estimated
from large amounts of unpaired observations [Deming and Stephan, 1940, Ireland and Kullback,
1968]. This situation is not unlike the present day—yet at a different scale—in which the amount of
unstructured single-modality data (such as images) still dwarfs the amount of high-quality multimodal
data [Gadre et al., 2023]. Bickel et al. [1991] proved classical asymptotic results on balancing
estimators. Linear operators similar to the ones we use in Sec. 3 also appear in their analysis. More
recently, Albertus and Berthet [2019] studied such estimators from an asymptotic empirical process
viewpoint. Our theoretical results significantly improve on those from Albertus and Berthet [2019]
primarily in the dependence of the number of iterations k£ on the sample size n to achieve convergence
guarantees (from logarithmic to polynomial).

Matrix scaling is a popular algorithm to solve entropy-regularized optimal transport (EOT). We refer
to Peyré and Cuturi [2019] for a survey. See also Courty et al. [2017], Shen et al. [2018], Peng et al.
[2019] for interesting methods based on EOT in machine learning. Entropy-regularized optimal
transport was one of the original inspirations for SSL techniques such as SwaV (see Sec. 2). While
EOT is itself a deterministic optimization problem, a related statistical problem is the large-sample
limits of EOT solutions when the marginal measures are estimated from data [Mena and Niles-Weed,
2019, Genevay et al., 2019, Klatt et al., 2020]. We emphasize that, while this line of work shares the
matrix scaling algorithm with our setting, the statistical problem is entirely distinct; in statistical EOT,
the target marginal distributions are computed from observations of independent, unpaired data, and
the initial measure can be computed from the cost function. In our setting, the data are dependent,
forming the random initial measure P,,, whereas Px and Py are fixed auxiliary information.

5 Conclusion

We showed how several disparate techniques used towards the training of foundation models are
instances of a data balancing algorithm, which has the unsuspected benefit of reducing the variance
of learning objectives involving multiple sources of data. We proved a new non-asymptotic bound
on the mean-squared error of balanced estimators as they adjust to the given marginals. We also
highlight the key roles of conditional expectation operators in quantifying that variance reduction
effect. Finally, we translated the marginal balancing interpretation of several training practices for
foundation models into algorithmic variants that warrant further investigation. Exploring variants
incorporating prior information on the data sources is also an interesting venue for future work.
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A Notation

Symbol Description
X,y Sample spaces for two data sources.
! Support sizes m = |X| and | = |Y|.
m,
‘We sometimes assume m = [ for ease of presentation.
P Probability measure on X’ x Y (the data-generating distribution).

n

(X1,Y1),.., (Xn, Ya)

Sample size.

Independent and identically distributed sample from P.

P, Empirical measure of {(X;,Y;)}!" ;.
Qx,Qy Marginals of measure Q on X' x Y, e.g. Rx, Py, P, x, etc.
Supp(Q) For measure @ over Z, the set of values z € Z such that Q(z) > 0.
Q(h) The expected value of i under @, or E¢ [A(X,Y)].
(P e>1 Sequence of iterations of (8).
k Iteration count of (8).
S The event {Supp(P,,x) = Supp(Px) and Supp(P,, y) = Supp(Py)}.
h Test function h : X x ) — R of interest.
) The estimand },  h(z,y)P(z,y).
e The estimator ), h(z,y)P{¥ (z,y), when well-defined.
e The estimator ) := ¢ 15 + P 1 ge.
G® (h) Normalized error v/n(@$ — ¢).
V0 (h) Remainder defined in Prop. 15.
h Centered function i — Ep [h].
o? Variance term Ep [(Cy, . ..Cich)?].
Da min{min, Px (z), min, Py (y)}.
L2(P) Functions h : X x YV — R (as X x ) is finite).

L?(Px),L*(Py)

Subspaces of L?(P) containing functions only of z € X and y € ), respectively.
Conditional expectation operators [pxh](z) := Ep [A(X,Y)|X] ()

S and [y h](y) i= Ep [1(X, V)[Y] (9):

Cx,Cy Debiasing/centering operators Cx = I — px and Cy = I — py-.
ts, Ce (px,Cx) for k odd and (py, Cy ) for k even.

{s; };":1 Singular values in Prop. 3.

{a ity B}, Bases for L?(Px) and L?(Py) in Prop. 3.

Table 1: Notation used throughout the paper.

B Linear Operators and Variance Reduction

This section is dedicated to establishing the variance reduction result in Cor. 2 by employing properties
of the Markov operators introduced in Sec. 3. In the first part, we establish Prop. 3, the singular value
decomposition that defines the quantities appearing in Cor. 2. In the second part, we quantify the
difference between o and o2 for even and odd iterations of k.

B.1 Singular Value Decomposition

Recall the conditional mean operators px and jy- from Sec. 3,
[uxh(z) := E [A(X,Y)|X] (2) and [py h](y) == E [p(X, Y)[Y] (y),
with the corresponding debiasing (a.k.a. centering) operators defined by Cx = I — ux and Cy =
I— My -
Proposition 3. There exists a basis {c;}"| of L?(Px), a basis {8;}7"., of L*(Py), and real values
{s5})=,, which satisfy:
pya; = s;B;and px B; = sjaj forj € {1,...,m}, (17)

a1 = 1y, f1 = 1y, s1 = 1 and s; is non-negative and non-increasing in j.
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Proof. When pix is restricted to L2(Py) and py is restricted to L?(Px ), these operators are in fact
adjoint in L?(P), as by the tower property we have the relation

(Foix9ne(pe) = EFXOE [gY)[X]) = E[E[F(X)[Y]g(V)] = (v f: 9) gy -

Since 1y : L2(Px) — L?(Py) is a compact linear operator, by Gohberg et al. [1990, Section IV.1
Theorem 1.1] and Gohberg et al. [1990, Section IV.1 Corollary 1.2], we have that ;y admits a singular
value decomposition satisfying (17). Next, we show that s; < 1 and that 1 » is an eigenvector of
puxpy : L2(Px) — L2(Px) with eigenvalue 1, which confirms that s; = 1 and a; = 1y by
the definition of singular values (arguing symmetrically achieves 51 = 1y). By the variational
representation of singular values [Gohberg et al., 1990, Section I'V.1 Equation (2)], we have that

sup ey fllee(py) = s1-
f:HfHL2(PX):1

Consider any f € L2?(Px) such that ||f lr2(py) = 1. Define the conditional probability
Pxy(z|ly) = P(x,y)/ Py (y) which is well-defined by assumption. Then, by the Cauchy-Schwarz
inequality in L?(Px)y ),

2
Iy Fl2apyy = S (Zf )Py )y x|y>> Py (y)

yey \zeX

<ZZf z)Pxy (zy) Py (y)
yeY xeX

= @)Y Py
TeEX yeY

= H.f”i?(Px) =1

This proves that s; < 1. For equality, notice that pxpy 1x = px 1y = 1y, completing the
proof. O

B.2 Proof of Main Results

From Prop. 3, we establish two bases {«; };n and {53} ", of L?(Px) and L?(Py), respectively.

These bases span the range of the operators px and py . We will consider the repeated application
of the operator CyCy, a sequence of two centering operations on some function h € L?(P), and
compare

E [((CyCx)'h)?] against E [h?]

for h = h — Ep [h]. We establish the main result by measuring the reduction in variance from a
single application, in terms of the coordinates of the function of interest on each of the two subspaces.
We will then observe how these coordinates change iteration-to-iteration to give the final result.

Lemma 4. For any h € L?(P) such that Ep [h] = 0, let

uxh = Zujozjanduyh Zﬂjﬂ]

7j=1
Then, we have that
E [(CyCXh)2] =K [hz} - ZU? - Z(’Uj — sjuj)g.
j=2 j=2

Proof. By orthogonality, we have that
E [(CyCxh)*] = E [((I — py)Cxh)?]
=E [(Cxh)?] = 2E [(Cxh)(uyCxh)] +E [(nyCxh)?]
[(Cxh)?] = 2Py ((yCxh)?) + Py ((pyCxh)?)
[(Cxh)?] = Py ((pyCxh)?)
[h?] = Px((uxh)?) — Py ((nyCxh)?).
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Because P(h) = 0, it holds by the tower property of conditional expectation that Px (uxh) = 0,
which implies that

m

Uy = </’Lxh7a1>L2(PX) =0 = PX /.Lxh Z’U,

For the second term, observe that Px(Cxh) = 0, so it holds by the tower property that
Py(/.LyCXh) = 0, SO

m

( ,UYCXh Z ( .UYCXh 5] LQ(py))Z-

Jj=2
Next, we compute the term in the square by applying Prop. 3:

<N’chha5j>L2(py) = </~Lyh7ﬁj>L2(Py) - </’LYILI’Xh’ 5j>L2(PY)

m
=v; — <HY Zukakaﬁj>

k=1 L2(Py)
- <Z Ukskﬂk,5j>

k=1 L2(Py)
= vj = 85U,

which completes the proof. O

Lem. 4 ensures that we have a reduction on each iteration, with a formula that depends on the
coordinates of the function on each subspace. Because these coordinates change every iteration,
we track them in the next lemma. Define hg = h and h;y1 = (CyCx )h¢, along with the constants

{u, J} _, and {vm} | given by

m m
pxhe =Y o and pyhy =Y vp 65

j=1
We have the following.
Lemma 5. Forallt > 0, it holds that

Ut+1,j = S;Ut,5 — SjVt,5,

Vi41,5 = 0.

Proof. Fix any j € [m], and use Prop. 3 to write

Utg1,j = <NXCYCXhta04j>L2(pX)
= (ux(I — px — py + py px)he, o) p2 pyy
= (uxpy pxhe, a)pz py = (X iy he, 0 )y pyy

m m
= <,UX,UY Zut,kaka Oéj> - <,UX th,kﬂkﬂj>
L2(Px) L2(Px)

k=1 k=1
= 2wy ; — Sy ;
7Yt 3 Y,

which proves the first part of the claim. For the second part, note that uyCy = 0, so
<MYCYCXht7aj>L2(pY) = 0. O

Using Lem. 4 and Lem. 5, we can simply accumulate the reduction incurred on every iteration.
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Proposition 6. Define the constants (u;)7"; and (v;)7L, by

puxh = Zujaj and pyh = Z’Ujﬁj

= j=1
Then, we may quantify the variance reduction achieved by t + 1 iterations of the Cy Cx operator as

- 55(1 —s5")
1—s?

m

E [R*] —E [((CrCx)"h)?*] =} {“? + (v = s5u5)°

j=2

— u?+

IR

<
Il
N

(vj — sju;)?
1—s3

ast — oo.

Proof. Apply Lem. 4 (¢ + 1)-times so that

m t
E [((CyCX)t+1l_L)2] =E [hQ fzz 1+s Yu? (G JrvTj 25Uz jr ]

j=271=0

t
2 2y,.2
ub,; = 2sju0,4v0 5+ Y _(1+ Sj)UT,j]
7=0

as by Lem. 5, we have that v, ; = 0 for 7 > 0. Next, we unroll the definition of u, ; so that

Urj = SjUr—1,5 — SjUr—1,;
= sj(sjuT 2 — 8jUr—2,j) — 8;Ur_1,;

= 557 2(s5ug,; — s5v0,5)

for 7 > 0, yielding
E [BQ] —E [((CYCX)t“ﬁ)ﬂ

3
S

n

I
™

t
up =+ (voj — sju0,5)* + (14 53)(sFuo ; — s5v0,5)° Z(SZ*)TA]

<
||
N
- 3
Lol

o

ud ; + (vo = sju0,)” + (14 87)(sTug ; — sjv0,5)° > _(s7)”

j=2 L =0
i s2(1+ s2)(vo,; — sjuo,j)2(1 — s3t)

= |uds+ (w0 = sju0 )’ + F—— .
j=2 L J

M-

53 (vo,; — sju0,7)* (1 — 83“)1

2 2
ug,; + (voj — s5u0,5)” + -2
J

<.
I|
o

Substitute ug ; = u; and v ; = v; to complete the proof. O

We also present the corresponding result for k£ odd. The proof follows similarly by repeated application
of the operator CyCx. However, the iterations will be compared to 02 = Ep [(C Xh)z], as we

consider Cy h as the “first” iteration to this process.
Proposition 7. Define the constants (u;)7"; by

m

/.LyCXﬁ = Zujﬁj.

j=1
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Then, we may quantify the variance reduction achieved by t + 1 iterations of the CxCy operator as

- s?(l — s?t)
1— g2

J

m

E [(Cxil)ﬂ —E [((Cxcy)t_HCXB)Q] = Z {U? + (SjUj)2

i=2
m 2
- L+s) u?
1—s2) 77
j=2 J

In order to have full monotonicity, we also need that o3 > o%. This follows by orthogonality, as

ast — oo.

o5 =E [1*] =E [(Cxh)’] + E [(uxh)?] = of + E [(nxh)?] = o7. (18)

Thus, we can combine Prop. 7 and (18) to fully quantify the relationship between o2 and o3 for k
odd.

C From Information Projections to Data Balancing

This section is dedicated to deriving three representations of the balancing procedure as projections
in various statistical divergences, as shown in Fig. 2.

We consider two sets of probability measures denoted by IIx = {Q: Qx = Px} and Iy =
{@ : Qy = Py}. The marginal matching steps are written as projections in terms of a statistical
divergence D (precisely, an f-divergence) in the form

P P
— 25 @ PEY = argmin D(Q|PYY),  —pey © R = argmin D(Q||PFY).
P, x QeTlx P,y Qelly

We provide the derivations for three common choices of D: Kullback-Leibler (KL), reverse KL, and
x?2. Using this viewpoint, and simply assuming the positivity of the marginal measures Px and Py,
we derive an upper bound in Prop. 14 that is constant in k. This is an improvement over the recent
work of Albertus and Berthet [2019], in which they show an upper bound that scales exponentially in
k.

The KL representation will be used in the proof of Prop. 14, which (recalling the sequence (P{")s>1

from (8)), controls the error between P, and Py for k odd and P;"} and Px for k even.

C.1 Balancing as Information Projections
C.1.1 Projection in KL-Divergence

Proposition 8. Assume that Px < Rx and Py < Ry, and define

Q* := argmin KL(Q||R), P*:=argmin KL(Q|R). (19)
Qellx QElly
Then, it holds that
. _ [ Px(2)Ryx(ylr) ifRx(z)>0
Q*(z,y) = {0 if R (1) = 0 (20)
and
« _ [ Pyv(y)Rx(zly) ifRy(y) >0
P*(x,y) = {0 iRy () =0 Q1)
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Proof. In the case that Q(z,y) = 0, we apply the convention that 0log 0 = 0. Consider the case Q*,
the projection of R onto IIx. Write

QY|X(y|‘L)QX(l)
LQIR) =D D Qz,y)log By
rzeX yey

Q z)Qx (x
=3 Qx(@) | Y Qvix(ylr) log riwinex s
TEX | yEY

Q z x
= > Qx(@) | D Qvix o) log FELT + > Qvix(yl) log 5
reEX _yey yeY

= > Qx(@) | D Qvix(le)log FELE | + D Qx () log 5

rzeX ye)f zeX
=Y Qx(2) KL(Qy x ()| Ry x (-|2)) + KL(Qx | Rx)
TeX
= Z Px (2) KL(Qyx (-|2) | Ry | x (-|z)) + KL(Px || Rx),
rzeX

where the last line is due to the marginal constraint () € ITx. For the above to be well defined, we
need that Py < Rx so that KL(Px||Rx) < +o0. The above is minimized when Qy|x (y|z) =
Ry |x (y|z) for all (z,y) € X x Y such that Qx(x) = Px(x) > 0. The case of P* follows
analogously when using that Py < Ry. O

C.1.2 Projection in Reverse KL-Divergence

Proposition 9. Assume that Py < Rx and Py < Ry, and define

Q* :=argminKL(R||Q), P*:=argmin KL(R|Q). (22)
Qellx QElly
Then, it holds that
. _ [ Px(2)Ryx(ylr) ifRx(z) >0
Q*(z,y) = {0 if R (x) = 0 (23)
and
. _ [Py(y)Rx(zly) ifRy(y) >0
P*(z,y) = {0 i Ry (y) =0 (24)

Proof. In the case that R(x,y) = 0, we apply the convention that 0log 0 = 0. Note that minimizing
KL(R|Q) over Q is equivalent to minimizing — . R(z,y)log Q(x,y) (i.e. the cross entropy).

Consider the case Q*, the projection of R onto ITx. Because R < @ for KL(R||Q) < +oo to hold,
we have that R(z) > 0 = Q(x) > 0, so that Qy|x (y|z) is well-defined. Write

- ZR(I7y) IOg Q(‘Ta y)

z,Y

E— Z Rx(z)log Qx (x Z R(x Z Ry x(ylz)log Qy x (y|x)

reX zeX yey
=— Z Rx(z)log Px (z) + Z Rx(x) |- Z Ry |x (y|z) log Qyx (y|r)
reX reX yey

The second first term does not depend on () due to the marginal constraint @@ € IIx. The second
term is the expectation of the cross entropy from Ry |x to Qy|x over Rx, which is minimized if
Ry|x = Qy|x. We have specified Qy | x and () x, completing the proof. O
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C.1.3 Projection in y2-Divergence

Let 1 denote the function that is identically equal to 1. Consider the following optimization problem,
which is the subject of the subsequent lemmas:

. 2
Anin 11 =€llL2(ry » (25)

where

Ax =1 f: X x Y — Rsatisfying > f(z,y)R(x,y) = Px(z) forany z € X
yey

Lemma 10. Assume that Px < Rx, and define The problem (25) is feasible, and its solution can
be written as

& =CRA-f+f
for any f € L2(R), where the linear operator C% is specified by

CRgl(z,y) = g(z,9) = Y g(z, )Ry x (¥ |2).
y' ey

Proof. First, we establish feasibility by letting

. f&%$)/Rx($) ifo(x))>O
f.y) = {1 otherwise
This function does not depend on the second input y. Because we assumed that Px < Rx, we have
that the terms of f(, y) for which Rx (z) = 0 do notaffect whether v, f(z,y)R(z,y) = Px(z),

because Px (z) = 0 in these cases. In the remainder of this proof, we will show that (25) is an affine
projection problem, and find its solution by converting it to a subspace projection problem. Indeed,
consider fi,..., fr € Ax,and a, ..., a, € R such that Z;Zl a;j = 1. Then,

E: E:(%j}@%y) '}“xay):ZE:(%' 2:‘%(xﬂﬁfuxay) :iPk($%

yey |j=1 yey

indicating that 37, a; f;(z,y) € Ax and Ax is an affine subset of L?(R). Define

Sx =1 g: X x )Y — Rsatisfying Z g(z,y)R(z,y) =0forany x € X
yey

Then, for any f € Ax, we have that g € Sx if and only if g + f € Ax. Taking any f € Ax, letting
¢* be the solution of

. 2
Join [[1—f = @llpep - (26)

we will have that ¢* + f will be the solution of (25). The remainder of the proof is showing that
¢* =CEA-f).
First, define the operator & by [pxg](x,y) = > yey 9(,y )Ry x(y'|z), and note (by factoring
out Rx(z)) that g € Sx if and only if % g = 0. In addition, % g is linear and idempotent as
plplig = ulg, soitis a projection operator in L?(R). Thus, Sx is the orthogonal complement of
range(pf%), and the solution of (26) is given by (I —u%)(1 —f) = CE(1 —f), because C{ = I—pu%.
The claim is proved. O
Lemma 11. Assume that Px < Rx. Define

Q* = argmin x*(Q||R). 27)

Qellx

and let £ be the solution of problem (25). Then,

0 if Rx(z) =
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Proof. First, by reparametrizing the problem (27) as finding £ such that Q(z,y) = &(x, y)R(z, y),
we can compute its solution by solving

. 2
e 11 =&llLe Ry » (29)

Notice that we also have a non-negativity constraint, as opposed to (25). If £&* solves (25) and
happens to be non-negative, then we have that £* solves (29) as well and the first equality of (28)
is satisfied by definition. We show the second equality of (28) by direct computation, which also
establishes the non-negativity of £* simultaneously.

Apply Lem. 10 with

fla,y) = {fX(ﬂﬁ)/Rx(m) if Rx(z) >0 |

otherwise

so that
& (x,y) =C¥ (1 =) (z,9) + f(z,)

:[Ejﬂ%@Rnﬂd@—f@w)

2€Y
= f((E, y/)

for any y' € Y. Thus, the likelihood ratio of Q* with respect to R is a marginal reweighting.
Accordingly,

+ f(x,y)

Px(z)Ryx (y|z) if Rx(x) >

@ (@) =€ )Rz = { e,

completing the proof. [
Proposition 12. Assume that Px < Rx and Py < Ry. Define

Q* := argmin x*(Q||R), P*:= argmin x*(Q|R). (30)
Qellx QEIly
Then, it holds that
" _ [ Px(x)Ryx(ylz) ifRx(x)>0
" _ [Py(y)Rx)y(zly) i Ry(y) >0
P =4y if Ry (y) =0 b

Proof. The first equality of (31) follows by the claim of Lem. 11. The second equality follows by
repeating the argument of Lem. 10 and Lem. 11 with (X, z) and (Y, y) swapped. O

C.2 Proof of Main Results

We may now control the errors of the ratio of marginals using the projection interpretation established
in the previous sections. Recall the event S as defined in Tab. 1. The following result, the monotonicity
of the marginal violation terms in terms of KL, will be useful in the bound.

Proposition 13. [Nutz, 2021, Proposition 6.10] Under the event S, it holds that
KL(Px[|Px) > KL(Py | PL}) > KL(P) [ Px) > ...

We give the following result for X and the analogous claim holds on ).
Proposition 14. Assume that P, x(x) > 0 for all x € X. It holds that

max

TEX (32)

Px(x) max{n — 1,1} ifk=1
el IS > :
Pn,X ((E) max{l/p* - 15 1} lfk > 1.
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In addition, we have that

Px (z) ny/2KL(P, x| Px) ifk=1
veX | Py () L JYKL(P, x| Px) ifk>1

p?

Moreover, when KL(P,, x||Px) < p%/2, we have

Px(ZE)

—— 1
Py (x)

max

2 1
< =/ KL(P, x| Px).
rex 5 KL(Fn x| Px) (33)

*

Proof. We first show that P{*~V(x) > 1/n for k = 1 and P~V (z) > p2 for k > 1. In the case
that £ = 1, the result follows directly from the event S. For k£ > 1 such that k is odd, we have that
forz € X,

— - Py (y _
PP (@) = P () =) P(k_g))ypék ?(z,y)

yeY yey n,Y ( )
>pe Y PYP(,y) = pPYKY (x) = paPx(2) > p2.
yey

The result for k£ even can be proven similarly. We now proceed to prove the inequalities given in the
statement, which will rely on the lower bound above.

Proving the first inequality. Then, for any = € X,

Px(x) Px () max{n — 1,1} ifk=1
- X - =X Lo
s { POO@ 0 PO (@) [ \max{l/p?— 1,1} ifk>1’

which is the desired result for the first inequality.

Px(l‘)

X
Py (x)

Proving the second and third inequalities. Consider an odd £ > 1. By the definition of total
variation distance, it holds that

max | Px (a) = Py (2)| < TV(PLRY, Px).

According to Pinsker’s inequality, we have that TV (P ", Px) < \/ 3 KL(P"{"||Px), and so we
have that

. 1 _ 1
ma | P (2) - P30 (@) < ¢ 5 KL(PSRY | Py) < ¢ 5 KL(POK [1Px),

where the last inequality follows by the monotonicity of Sinkhorn iterations given in Prop. 13. We
apply the lower bounds to write

Px (z) A< ny/3KL(P, x||Px) ifk=1
Pix'@ |7 A\ JAKL(P x| Px) ifk> 1

Finally, when /3 KL(P, x||Px) < p./2, we have that max,c x ‘Px(x) — P;l’j;)(x)‘ < pi/2and
thus

max
rzeX

. (k—1) > mi N (k—1) . ‘ > &
min (" (2) > min Px (2) - max | PS5 (@) = Px(2)| > &
Hence,
(k=1)
p maxmex’Pn,X (r)*PX(l’)‘ 2 N1
max (jfl()x) —1l< : - < Z KL(P,.x || Px).
weX | P () mingex P, x " (7) D V 2
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Now, for k even, set k = 2t for ¢ > 0. We have that

1
ma [ P2 0) — Py()| < TVIPE ) B < | TRLOB RS ),

Invoke Prop. 13 once again to achieve

1 B 1
\/2 KL(Py||Py ") < \/2 KL(P, x| Px),

which completes the proof. O

D Statistical Analysis of Balancing Estimators

This section contains the proof of the main result, namely Thm. 1. We first introduce some additional
notation and then give a broad outline of the proof for readability. Let the expectation of a function h
under a probability measure () on X x ) by denoted by

Q) = > hz,y)Q(x,y)

reX,yey
so that
on’ =P (h), ©=P(h),
and
G, (h) = Vn[P” — P(h) = v/n(P;" (h) — P(h)). (34)
Recalling in addition that C, = Cx for k odd and Cj, = Cy for k even. Finally, the event
S := {Supp(P,x) = Supp(Px) and Supp(F,y ) = Supp(Py )}, (35)

is used as a condition in many results.

Proof Outline. We first establish that the recursion formula
[Py = PJ(h) = [P~ = P](Cyh) + V"2 (Ch)

holds in Prop. 15. Applying this result repeatedly to the balanced sequence (P{*);>1 and unrolling
the recursion, we see that when £ is odd,

[P = P](h) = [P~ — Pl(Cxh) + V,;*"V(Cxh)
= [P,,(lk_z) — P] (CyCXh) + Vék_g)(CyCXh) + V,,ik_l)(CXh)
=[P — P|(Cy...Ch) + Y5, V.= (Cy . . .Ch) (36)

first-order term higher-order term

Additionally, let hy  := Cy . . . Cih, so that the first-order term can be written as P (hq ) — P(h1 1)

higher-order term can also be written as Zif:l V=1 (hy,1,). Because our original goal is to upper
bound the mean squared error, we use the expansion above to write

E[P{ (h) = P()]* < E|P (hik) = Plhy )l
2
+ 2B [P (1) = P )| |4y Vi ()| + B[S0, Vi (he)

Regarding the first term, we have that E |P® (hy ) — P(h1.1)|* = 02/n, which is the dominant
term in Thm. 1. Thus, the remaining challenge of the proof will be to upper bound the cross term
and squared term and show its dependence on n. The dominant term of these two will be the cross
term, as we will essentially show that |P.” (hy ) — P(hy )| is O(n~1/2) with high probability
and that | lezl V=V (hg )| is in fact O(n™') with high probability. As stated in Sec. 3, a key
intermediate result in controlling the higher-order term is Prop. 14, whose proof is given in Appx. C.
The remaining subsections walk through these steps in detail.
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D.1 Recursion of Estimation Error

We first recall that the sequence (P{*)x>1 can be computed with the following formula:

m(l‘)P(k U(CE y) k odd

P(o) = Pn ) dP(k} , = .
n (xvy) (m y) and [~ (‘T y) %(y)P(k 1)($ y) k even

(37

Prop. 15 establishes the conditions under which these steps are well-defined (i.e. P,(:;(” (z) > 0 and
PV (y) > 0). Let

Yoy | 5 (@) = 1) h(z,y) P (e,y)  kodd
Vi< (h) = X (38)

>y | o (y) = 1) Ala,y) PE(2,y)  keven,
n,Y

Proposition 15. Let (P\"),>1, be a sequence computed according to (8). These iterations are
well-defined under the event S, and for G$ defined in (44), it holds that

Gy (h) = Gy (h) + vV =V (h). (39)
and

G (h) = GI 2 (Cxh) + /nV, 5V (Cih). (40)

Proof. First, assume that P\"y"(z) > 0 and P";" (y) > O forall z € X and y € Y so that we may
establish the recursion, which we will show by induction toward the end of the proof.

Consider the following steps in the case that & is odd:

B (h)

—th y) PP (z,y) th Y) PO 1>( )PV (z,y) by (37) for k odd

T,y

—Zl h(x,y) PV (z,y) +Z

:P}l" V() + ViE U (h),

where we substituted

<k 5 ( 1] “h(x,y) Py (x,y)

Zx,y P(Ii 1)( ) -1 h(ajay)Pr(Lkin (xay) k odd

V=D (h) = X . (41)
Sy | 5o (y) = 1) h(z,y) PV (2,y)  keven
n,Y
Arguing analogously for k even and subtracting P(h) on both sides, we have that
[Py = PI(h) = [P = PI(h) + V" (h). (42)
We refer to this as the “uncentered” recursion., which proves (39).

We can then establish the following “centered” recursion using the following decomposition in the
case of k odd.

[Py = P](h)

= [P® — P)(Cxh) + [P — P)(uxh) h=Cxh+ pxh
= [P{) — P)(Cxh) + V1 (Cxh) + [P — Pl(uxh) apply (42) to Cxh
= [Py~ = P](Cxh) + V"V (Cxh). PP (uxh) = P(uxh)

The last line follows because i x h is only a function on X, and due to the definition of the marginal
rebalancing iterations, Pff}( = Px. This gives the desired formula by substituting (34).
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We proceed to show that the iterations are well-defined. We will in fact show that Pfl’f)}” (x) >0
and P*"(y) > Oforallz € X andy € Y. Fork = 1, Pk (2) = P, x(z) > 0 and P} (y) =
P,y(y) > 0forall z € X and y € ) this holds under the event S by assumption. We argue by

induction that this holds for all £ > 1. Assume that the claim is true for {1,...,k — 1}, and that k is
even. Then,

Py (z) = Px(z) > 0,

—1 — PX _
PIV(y) =Y PV (wy) =) By (@) (@)

TEX zex = nX

. PX (k—2)
> min W(x) Py (y) >0

as P*X” (z) > 0 and P"3” (y) > 0 by the inductive hypothesis. Arguing analogously for k odd
achieves the claim. O

D.2 Technical Tools & Intermediate Results

Having established the backbone of the argument, we collect in this subsection some useful tools that
are used in the remainder of the proofs.

The following result follows from the method of types in information theory, and will be helpful in
deriving the dependence of the higher-order term on n.

Theorem 16. [Cover, 1999, Theorem 11.2.1] Let v be a discrete probability measure supported on

i.i.d. . ..
m atoms. Let Uy, ..., U, '~ v and v, be the associated empirical measure. Then, we have for any

€ > 0 that
lug(n+1))

P (KL(v|Jv) > €) < 27"(em

We then provide a result that counts the number of terms that appear when repeatedly centering via
the operators Cy, . . ., Ci. This formalizes the pattern

Cx =1—-px
CyCx =1 —px — py + py pix
CxCyCx =1 — px — py + pypx + pxpy — pxpy px,
and so on. This will be useful when bounding h, j uniformly.

Lemma 17. Forany k > land (€ {1,... k},

(k—t-1)/2 (k—t—1)/2
Co...C=1- Z (mxpy) px — Z (py px )" py
=0 7=0
(k—0)/2 (k—0)/2
+ > (axmy) D (ypx) + (DR g,
T=1 T=1

where the sum Zj _; isOwhen i > j and is ZL]:J , when j is not an integer by convention.

Proof. We prove the claim by backward induction on /, for the case that & is odd. In the case ¢ = k,
the claim holds because C;, = I — . Next, for any ¢ < k, assume that the stated result holds for
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{¢+1,...,k}. Then, if £is also odd (so that uy = px),
Co...Ch=CiCosr...Ch

(k—£—2)/2 (k—0—2)/2
=I— Y (uxwy)px— Y (wypx)py
7=0 =0
(k—t—1)/2 (k—t—1)/2
> ) DD (vax) o bx
T=1 T=1 k—/ terms
(k—£—-2), (k—0-2)/2
—pux + Z (/H’HY')T,“X + > nx(pypx)py
" —
(k—t—1)/2 (k—¢—1)/2
- (txpy)” — p gy )™ = (px py ) B9 2y
)
T=1 T=1
The red terms and blue terms cancel out to zero. This leaves
(k—t—2)/2 (k—t—2)/2
CooC=T— > (uxpy)ux— Y (uypx)py
7=0 7=0

(k—t—1)/2
+ Z (v )T =+ (pypax ) 57072

(k7£72)/2
+ > px(pypx) Ty + (D

wherein we combine the red terms and re-index the blue terms to get

(k—t—2)/2 (k—t—2)/2
Co...Co =1~ Z (bxpy) px — Z (py px )" py
7=0 =0
(k—0)/2 (k—0)/2

+ Z (y px)" + Z pxpy)” A+ (DR g
T=1 T=1

Finally, because k — ¢ is even when k is odd and ¢ is odd, we can set the upper bound of the first two
sums to (k — £ — 1)/2 without changing the number of terms. This proves the desired result. The
result can be proved similarly when £ is even. As a result, we have proved the claim for any odd k
and ¢ < k. Similar arguments can be used for the case of k even and ¢ < k. O

D.3 Analysis of Higher-Order Term

Returning to the outline at the start of this section, we may now bound the higher-order remainder
term in (36), namely

k k

> VI (he) =D VETI(C. .. Cih),

=1 =1
depends on controlling the quantity V,{*~ in the summation, which we recall for convenience:

Yoy | e (@) = 1) h(z,y) Py (z,y) K odd
Vit U (h) = mx : 43)
Zw}y P(I; ) (y) —1 h(I,y)P,kafl)(x,y) k even

n,Y

Because we have established uniform control over the functions Py / Pﬁ)}” —1land Py/ Pr(:{/l) -1,
via Prop. 14 in Appx. C we can now bound the full remainder in Prop. 20.

We also make use of the following intermediate result, which controls how large the ¢,,-norm of the
function h can grow after centering.
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Lemma 18. [|h | < 2(k—£+1) Al .

Proof. Apply Lem. 17 and the triangle inequality, so that we only need to count the number of terms
that appear in the sums, adding 2 for the first and last term in the expression. We subtract 1 from the
total, as one of either (k — ¢)/2 or (k — ¢ + 1)/2 will be a fraction. This yields 2(k — £ + 1) terms
total, the desired result. O

‘We upper bound the sum in Prop. 20. To do so, we introduce some notation. Consider By and Bo
defined by

maxXgecx

Cm
Bi:=M; and Bs:= max M, for M,:= X

Px (@) 1‘ ¢ odd

2<e<k Py (y)
a — 1 { even
maxqycy P7(L/:7;1>(y) ’
for k > 1. We also enumerate the sample spaces as X = {x1,...,zpn}and Y = {y1,...,ym}, and
define the function
1{z=2;} kodd
1; = J .
(@) {]l{y:yj} k even

This is an indicator function on the j-th element of either X or ) depending on whether k is odd or
even. Finally, for any function h, use (under the event S) recall the empirical process notation

Gy (h) = Vn (PP (h) = P(h)). (44)
Using this notation, we can rewrite the recursion in terms of the quantity G{™ (h) itself. This is
established in the following lemma.
Lemma 19. For k odd, it holds that

i Px(x;
G;lk)(h) = G;lkil)(CXh) + Z P“‘Xl()(J) -1 G$71>(th 1jk>7
j=1L n,X :CJ)
whereas for k even, it holds that
G® (h) = G+ N Py (y;) (k—1)
n (h) =Gy (CYh)+Z W—l G,V (Cyh 1),
j=1 L n,Y (yJ)

Proof. We give the proof for k odd. By (40) from Prop. 15 and by the definition of G{ (), we need
only show that P(Cxh1,;) = 0. Indeed,
E[Cxh|X](z;) ifz=ux;
E [Cxhl;|X] (z) = 3 7,

But E [Cxh|X](z;) = O by definition of Cx. Taking an expectation over Px gives that
P(Cxhl;;) = 0, which implies the desired result. The proof for k even follows symmetrically. [

The higher-order term in (36), can be bounded using Prop. 20.
Proposition 20. For any k > 1, the following holds under the event S:

k m k
VY IV (Co L Ceh) <) <Bl G (h1 k1je)| + B2 Y |G§S)(he7k1jf)|>
(=1

=2
+mBy |||y, vVrk(k — 1)[By + Ba(k + 1)/3].

j=1

Proof. First, for any £ € {1,...,k}, recall the notation hs j := Cy .. .Crh. By (39) from Prop. 15
and by Lem. 19, we have that for ¢ odd,

m P
ViV (hei) =Y PT)EU(J;J») — 1| GV (heslje). (45)
j=1 n,X
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Using the statement above, we have that

VIV (o) < Mo 3 (G (hese 150
j=1
The bound above holds for ¢ even as well. Then, using the (39) from Prop. 15 again, we have that for
{>2,

[Py = Pl(hexlje) = [P = Pl(herlje) + Vi (helje)
which implies that
Gy (hewLje)] < |G (hewjo)| + V[V 2 (hei o)
<G (hewLjo)| + vV Vi (hesdie)| + -+ Vi Vi (hewdye)]
<GR (hewljo)l + Miv/nP P ([hek| L) + -+ Mey/nPy = (Jhek| 15e)
< |GR (hewlje)l + 2 ||hllo vV [Br + Ba(¢ = 1)] (k — £+ 1), (46)
by Lem. 18 and M; < B; and M, < Bs for £ > 2. Summing these bounds, we have that

k
VY IV ()]
{=1

m k m
<My Y G (ha L)l + Y MY |G (he o)
Jj=1 =2 j=1
k m
< B; Z |G<0) h17k1j2)| + Bs Z Z |G(Tf71)(hg7k1jz)|
=2 j=1
<B Z Gy (h1kLj0)| +
j—l
B Z GO (hexlje)] + 2 ||hll o vV [Br + Ba(f — 1)] (k — £+ 1)) apply (46)
=2 j=1
m k
= Z By |G(0) hi kljg | + By Z |G(O) hy k1]/)|> +
j=1 =2
k
2mBy ||hl| o v Y [Br+ Ba(t = )] (k — £ +1),
=2
because |X'| = m. We sum the last term:
k k—1 k—1
[Bi+Bo(t =) (k—(+1)=B1 > (k—0)+ By (k—10)
=2 =1 =1
k(k—1
= (T) By + Bk +1)/3].
completing the proof. O

D.4 Proof of Main Results

We can now show the main result of this section: the bound on the mean squared error of the
rebalanced estimator. Recall the event

S := {Supp(Pn,x) = Supp(Px) and Supp(P,,y) = Supp(Py)} (47)

as introduced in (35). To remind the reader of the high-level steps of the proof, we may decompose
the error on the event S we used the estimator

P’ =’ ls + ¢ Lse
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so we decompose on the event S to write
Ep [(P}“”(h) - P(h))Q] = Ep [(Pa(h) = P(0))* 1s:] + Ep [(P(h) = P(h)* 15| . (48)

Then, we use the upcoming Prop. 21 to bound the first term, which will in turn require showing that
S occurs with high probability. As for the second term, we will apply Prop. 15 and the derivation (36)
to write

Ep [(P,g“(h) — P(h))’ ]13} =Ep [TT1s] + 2Ep [T1 T2 1s] + Ep [T51s] (49)
for
k
Ty =[P = P)(Cy...Ckh) and Ty := Y V=V (Cy...Cih). (50)
=1

By definition, we have that Ep [T71s] < Ep [T7] = o7 /n. It then remains to bound the cross

term Ep [Ty 751 5] and squared term Ep [T31s]. This is accomplished by Lem. 23 and Lem. 22,
respectively.

Proposition 21. It holds that P(S¢) < 2m(1 — p,)™. Moreover, for any ¢ € (0, 1), we have
21og(2/90)

Ep |(Pu(h) — P(h))? 156} < 4[R5 min {2m(1 - p.)", 6} + =

IR)% 2m(1 = p.)"

Proof. Define Fx := {Supp(P, x) # Supp(Px)} and Fy := {Supp(P,,v) # Supp(Py)}, so that
S§¢ = Fx U Fy. We first control the probability of Fx. Let F; := {P, x(x;) = 0} for j € [m]. We
then obtain Fy = UL, F;, which implies by the union bound that

m m

P(Fx) < ZP(Fj) = (1= Px(z;))" <m(l—p.)".

j=1
Similarly, we have that P(Fy ) < m(1 — p,)™ and thus P(S¢) < 2m(1 — p,)™, which gives the first
claim.

To control the expectation, consider any § > 0, and define the event
21 2/8
£ = {\Pﬁ?)(h) ~p()| < (/2B ||h||oo}-

By Hoeffding’s inequality, it holds that P(£s) > 1 — §. Furthermore, we get
Ellse(P{" (h) = P(h))?] = E[lseLeg (P (h) = P(h))?] + E[Lsc 1, (P{" (h) = P(h))?]
2log (2/9)

< 4Hh||ioE[]15c]lsg} + -

1215 ElLsLe,]

2108 2/0) 112 pse)

21log (2/9)

n

< 4||h|12, min{P(S°), P(£5)} +

I2]12, 2m(1 — p.)™.
O

< 4|3, min{2m(1 - p.)", 6} +

In order to bound the terms appearing in (49), we introduce the events 5{5 s 53 , and Sg , defined by

1 2 I +1
& = {max {KL(Fx [[1Px ), KL(Fn,y | Py)} < —logy = + mog(n)}

fg::{\G;g)(hM1ﬂ)|g 2log(2mk/5)2(k—€+1)Hh||oo}, 0=1,... .k j=1...,m

k
£ =\7
(=1

&8 1= {IG (h )] < V210g(2/0)2k ], }

The events are constructed such that P(£9) > 1 — §, () > 1 — 6, and P(£39) > 1 — §, as we used
in the upcoming proofs of Lem. 23, Lem. 22, and Thm. 24.
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Lemma 22 (Squared term bound). Let T be defined as in (50). For any § > 0, assuming that

n > 2[log,(2/9) + mlog(n + 1)]/pf we have that

2|h e
[ sty

Ep [T51s] < [log2(2/5) +mlog(n + 1))

*

2
k-1 k1 8 2mk k= 1)k +4
Gn+ : ( S ))5+2< m%m’w+1y+(§+)>
Py P n 0 P

*

Proof. The following computations are done under the event S. First, apply Prop. 20 to write

m k

1
IT| < N Z <B1 |G (h1,k 15¢)| + B Z |G (hy g 1je)|> +

j=1 £=2
mBy ||h|| k(k — 1)[By + Ba(k +1)/3]. (51)

We decompose on the event £) N £J. Note that by Thm. 16, we have that P(£0) > 1 —§. It
follows from Hoeffding’s inequality, the union bound, and boundedness of ||k ; 1| by Lem. 18

that P(£3) > 1 — & As aresult, P(E) N EJ) > 1 — 26.

Bound |75 | under the event S\ (7 NEJ).  In this case, we apply (32) from Prop. 14 to get By < n
and B, <1/ pf, along with the universal bounds from Lem. 18:

‘?:|G$%th1ﬂ)\SQHhaxHK>S4thHw
IZ‘G(U) hf}cljl ‘ <2Z

=2

k

<D Ak =+ 1) ||l = 2k(k = 1) 1Al
(=2

so that by plugging into (51),

k-1 k41
(Ta] < (1Al mbk |40+ 2= (n42+ 520
pi 3p;

and in turn,

k—1 E+1\]°
Epljgnsw@mgﬂ <2thinfk2[@z+ e <n4—2+»3p2)] 5. (52)
* *

Bound |75| under the event S N &) N . In this case, we may use that n > 2[log,(2/0) +
mlog(n + 1)]/p? apply (33) from Prop. 14 to get

2 /1
max {B1, Ba} < o iKL(Pn,XHPX) <

V/2log,(2/8) + 2mlog(n + 1)

Z-

y2
and the bounds based on £ which give

2mk
(G (s Lje)| < y/2log 52k bl

k
2 2
5160 e i < 3 y 2108 2o — 0 1)l < 21og 22kt - 1) ..
=2 =2
By plugging into (51),

2m |||, /21log(2mk/5) [21og,(2/0) + 2mlog(n + 1)]

\\

Tl < 2 Re+1)+ (53
mwmmpb&@mg+%ﬂ%MA4HMk_D%+4) (54)
3np?
 Amk [l Dogs 2/) + 2mlog(n + D HT (55)
nps
[poy/Zog @mE/B)(k + 1) + (1 — (K + 4)]. G6)
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In turn,

16 ||A]|%. m2k? [logy (2/6) + mlog(n + 1)]> =1

2 o0
Ep [Ta 113\(5%53)} < nZpi x
2
[pﬂ/z log(2mk/8)(k + 1) + (k — 1)(k + 4)| . (57)

Combining together both (57) and (52) and using that [log,(2/6) 4+ 2mlog(n + 1)] > 1, we have
that

2|2, m?k? (ke
Ep [1215] < 2o ™R 10 (2/8) + mlog(n + DT

*

(4n+kpzl< +2+kp“>) 5+§2< zlog(zmk/a)(kﬂw(kl)gkmﬂ,

* 2

the result as desired. O

Lemma 23 (Cross term bound). Let T and Ts be defined as in (50). For any § > 0, assuming that
n > 2[logy(2/8) + mlog(n + 1)]/p2, we have that

IEP [TlTQ]ls}
2mk? |2, /210g(2/9) [log,(2/8) + 2mlog(n + 1)) F=11/2
- pi %
«\/2log 2mk/0)(k + 1) + (k — 1)(k + 4 )
p og (2mk/ ﬂn;;)-F( )( +>)-+6 dng? + (k= 1) 71+2%_k;— 5

Proof. The following computations are done under the event S. First, apply Prop. 20 to write

k
[T\ Ta| < TlG“’)(hlk [WZ (Bl G (has Ljo)| + B2 > IGY( héklﬂ)|> +

£=2

mBsy ||h||oo k(k —1)[By +Bz(k+1)/3}]. (58)

We decompose on the event £ NEJNES. Note that by Thm. 16 and that n > log, (2/8)+m log(n+1),
we have that P(£{) > 1 — §. It follows by Hoeffding’s inequality and the union bound that
P(EJ) > 1 — 6. Similarly, we also have by Hoeffding’s inequality that P(£5) > 1 — §. As a result,
P(EINEINES) > 1 36.

Bound |7} 7| under the event S\ (£ N N EJ). 1In this case, we apply (32) from Prop. 14 to get
By <nand By <1/ pf, along with the universal bounds from Lem. 18:

1

Tn G (h1g)| < 2 [ha el < 4K (IR

T G (g Lio)| < 2 (b gl < 4k IR o
k

k
Z|G (e L) <2 henlle <D 4k —€+1) |7l = 2k(k = 1) 2], ,
/=2

(=2
k—1 k+1)]
n+ 24+ ,
p? ( 3p?

1262 |h)%. m k+1
Ep [TlT?]lS\(Efmegnsg)} < |]|92”°° |:4’n,p3 +(k-1) (n+ 2+ 372 )] J. (59)
* *

so that by plugging into (58),

T\ Ty| < 4k%|[h]%, m [4n +

and in turn,
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Bound |7} 75| under the event SN EY N EJ N ES.  In this case, we may use that n > 2[log,(2/6) +
mlog(n + 1)]/p? apply (33) from Prop. 14 to get

2 [1 11
max { By, By} < Va2 KL(P, x|/Px) < ﬁ?ﬁ log,(2/6) + 2mlog(n + 1)
* *

and the bounds based on £ N £9 N £ which give

G (ha )| < +/21og(2/8)2k ||h]|
|G (hak Lj¢)| < /2log(2mk/8)2k |||

k k

2mk
DGR (hew L) < 3y /210 —M C+1) [l < \/2l0g ==k(k = 1) Al
£=2 £=2

By plugging into (58),
m |||, \/21log(2mk/5) [21og,(2/0) + 2mlog(n + 1)]

Tl < k(k+1) +
Npsx
m Al [21085(2/9) +2mlog(n + 1], g
3np?
_ ik [ Bogs(2/8) + 2mog(n + 1)) 4172
= np3

[p*\/Z log(2mk/8)(k + 1) + (k — 1)(k + 4)]

2k [, y/ZToR(Z3) logs(2/3) + 2mlog(n + 1))~ =112
|T\T>| < e Rex y

[pﬂ/z log(2mk/8)(k + 1) + (k — 1)(k + 4)] ,

In turn,

< 2mk2 ||h|12, \/210g(2/) [logy(2/8) + 2m log(n + 1)) k=12

Ep T22]18\(£fﬂ£§ﬂ£§)} < 3722 x
*

{p*\/Q log(2mk/8)(k + 1) + (k — 1)(k + 4)} , (60)

Combining together both (60) and (59) and using that [log,(2/6) + 2mlog(n + 1)] > 1, we have
that

Ep [T)T>1s]
_ 2mk? ||h, v/210g(2/5) [log, (2/) + 2m log(n + 1)]' 712
- p3

p*\/210g(2m/<;/(5)(/;;/—21) +(k=1)(k+4) 16 <4np§ +(k—-1) ( Lot k:]il)) 6] |

X

the result as desired. O

‘We now combine the previous results to prove Thm. 24.

Theorem 24. For a sequence of rebalanced distributions ( >1, there exists an absolute constant

s
C > 0 such that when n > C[log,(2n/p«) + mlog (n + 1)]/pf

~ (k) 9 O’i CB
Ep[(P, " (h) — P(h))"] < . + NEYCE (61)
where
log (2n/ps)m2k* ||h|)? 2 2-1{k) omk k—1)2
5 Vlog( n/ppzm 1715 (log2n+mlog(n+1>) <log n;n+( § ) )
* * * *

33



Proof. We apply the decomposition (48), and subsequently handle the second term using bounds on
the terms in (49). Set § = p}/n*. We apply Lem. 22 and Lem. 23 with this choice of §, so that there

exists an absolute constants C, C1, and Cs such that

h||%, m2k3/log(2n/p. o
Ep [1T21s] < C4 [#llog 08(2n/p:) [log,(2n/p,) + mlog(n + 1)]' =172 5

n/2p3

2mnk k-1

log +—

DPx Dx

hl|2 m2kA e
Ep [TQQ]IS] < Cg””;‘;pQ [logs(2n/ps) + mlog(n + 1)]2 IHk=1} o
*
12
<1og 2mnk N (k 21) ) ,
p* p*

when n > Cllog,(2n/p,) + mlog (n 4 1)]/p2. This then implies that there is an absolute constant
Cj5 such that

Ep {(Pn(k)(h) - P(h))z]
<Ep [(PO () - P 15 + % +
G |hlls, m*k! log(2n/p.) |:log2 2L o log(n + 1)} S <10g 2mnk | (k= 1)2> :
Dx

n3/2p3 Dx Pi

Next, we apply Prop. 21 with the same choice of 4. Because 2[log,(2/5)+m log(n+1)] > log(m/4)
and —log(1 — p,) > px > p2, we have that n > log(§/m)/log(1 — p.), which implies that
m(1l — p,)™ < ¢. Combining with the display above, we have that there exists an absolute constant
C > 0 such that

e [(P" 00 - )] < % 4 € 12, mk*log(@n/p.)

n n3/2p2

_ 2
x [log,(2/6) + mlog(n + 1))> k=1 (log 2mnk (k—1) > |

Dx pz

which is the claimed result. O

While not shown in the main text, similar techniques to those used above can also control the bias of
5 (k)
P,

even thought Pn(k) (h) may be biased, the dominant term is the variance.

(h) as in Thm. 25. Interestingly, this bias is of order O(n~2) which confirms the intuition that

Theorem 25. For a sequence of rebalanced distributions (P )j,>1, there exists an absolute constant
C > 0 such that when n > C[logy(2n/ps) + mlog (n + 1)]/p?,

? _CB
<

k)

[Ep (2, (h) - P(R)] 62)

n2’
where B is as defined in Thm. 24.

Proof. First, apply the decomposition (48) so that

(k) k
Ep [P (0) = P()]| < [Ep [(Pa(h) = P(0) 1s:]| + [Ep [(P”(h) = P(h)) 1]
By using the argument of Prop. 21, we have that

21og(2/0)

n

[Ep [Pa(h) = P(h)] 1se| < 2|[h]|, min {2m(1 - p,)", 6} + [Pl 2m (1 = pu)"™.
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Then, by the recursion formula Equation (36), we have that
Vn[Ep (P (h) — P(h)) 1s]|

= [Ep G} (h)1s]| = |Ep

k
(1= 15)GY(C...Chh) + Vs > V' ="(Ce.. .Ckh)] ’ :

=1
Because G (C; .. .Cih) has zero mean, it follows that
Vi [Ep (PP (h) — P(h)) Ls]| < [Ep [1seG}"(C1 ... Ch)]| + v |Ep [LsT2]|

We have by Hoeffding’s inequality that P(£9) > 1 — 6, and that by Lem. 18 that G (C; . ..Ch) <
4k+/n||h|| ., universally. As a result, applying Prop. 21 once again,

|Ep [1s-GY(Cy...Crh)]|
< ’Ep (151G (Cr . Cu)] | + ‘EP (151G (Cr .Ckh)H
< 4dkv/n||h||, min {2m(1 — p.)", 8} + /21og(2/6)2k ||h]|, 2m(1 — p,)".

Using a similar argument to Lem. 22, we have that under S\ (£ N £9) (which occurs with probability
no more than 29),

kE—1 kE+1
ITa] < Bl mk |4+ 22 (n+2+ 251
Dy 3p;

and that under S N &) N £9 (which occurs with probability at least 1 — 26),
4mk ||h]| ., [logy(2/8) + 2mlog(n + 1)) M F=1/2
nn?

Px

[p*\/210g(2mk/5)(k + )+ (E—1)(k+ 4)} .

Applying the decomposition [Ep [1sT5]| < ’Ep [ILS\(Eismgés)Tg} ‘—l— ‘]Efp [ﬂSmsfmsg T2:| ‘ and setting

|Ts| <

2
0= %5 achieves the desired result. O

D.5 Misspecified Marginal Distributions
‘We now adapt the main results to cases in which the Inargit}al distributions (Px, Py ) are misspecified,
in that the user is provided marginal distributions (Px ¢, Py ) which satisfy the following structure.
Assumption 1. There exist fixed probability mass functions Px and Py Sor some € € [0, 1),

PX,E =(1—¢€¢)Px+ ePx and Py’e =(1—-¢€¢Py+ ePy .
We also have the existence of the positive quantity

Py := min{min Px(x),min py(y)} > 0.
x Y

Given the existence of p, > 0, we may also define

Pr.c = min{min Px (), min Py (y)} > ep, + (1 — €)p, > 0.
@ y

To be precise, the iterations of balancing follow P}L“) = P, and

LPrel) . pon(z,y)  kodd

PT(:);I)(I) n ( 7y)
Py.(y) . p(k—l)

PNV T

B (x,y) = (63)

(z,y) keven .

We start by deriving a result similar to Prop. 15. Since ¢ < 1, the (possibly misspecified) target
marginals Px (z) > 0 and Py(y) > 0forallz € X and y € Y. Define

s (2 <x>1) W) PO(ry) K odd

p(k—1)
Pn,X

Zx,y PYYE (y) - 1) h(fl', y)p'rs,kil)(m7 y) k cven

Sk—1)
Pn,Y

V0 (h) = (64)
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and
G () =/ (P () = P(R)) -

The format of this section will be to derive analogous results to the building blocks of the previous
section. From that point, the computations from Appx. D.4 will achieve the desired result. For the
sake of comparison to Thm. 1 we consider error terms containing e only by their dependence on
(67 kv n, p*,e)'

D.5.1 Intermediate Results

Proposition 26. Let (P,W)kzl be a sequence computed according to (63). Define
¢ = max {3(Px || Px). C(Pr |1 Py) |

These iterations are well-defined under the event S, and for G\ defined in (44), it holds that

G (k) = GV () + vV, (h) ©
and
G (h) = G (Crh) + V.V (CLh) + {g{gﬁ::gfﬂ(%jhf;) Z:]lz ijn ) (¢0)
Furthermore,
G| < |G | + VR [T @t + el Ve
()| )|+ 0 (V). (®)

Proof. The proof that Pg’f)}”(m) > 0 and P,g'f{,l)(y) > (0 forall z € X and y € Y follows the exact
same steps as in the proof of Prop. 15. We take this for granted and establish the recursion.

Consider the following steps in the case that & is odd:

R Py .
B (h Zh z,y) B (,y) Zh z,y) (f —(2) PV (x,y)

_Zl h(z,y)PE (2, y) +Z

= Pﬁf V() + VD (h).
Subtracting P(h) on both sides, we have that
[P = PJ(h) = [P = PJ(h) + V) (h). (68)

This proves the uncentered recursion formula given in (65). We then show the centered version.

[P — P(h)

= [P = P)(Cxh) + [P = P)(uxh)

= [P — P)(Cxh) + [Px,c — Px](uxh)

= [P — PJ(Cxh) + V;* " (Cxh) + [Px.c — Px](uxh).

Next, we bound the additional error term. By the Cauchy-Schwarz inequality,

S 4~Mawmf%aw

[Py — Px|(uxh) < HPXe _ 1‘

L2(Px) : ||/~LXhHL2(PX)

— P PrclPx) - lixhllge ey,
<AXEPxlIPx) - [l 2y
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as px is an orthogonal projection in L2(P). Using convexity of f-divergences, we have that

X*(Px.|Px) < ex*(Px||Px) + (1 — e)x*(Px || Px) = ex*(Px||Px).

This achieves the desired result. O

Using similar ideas, we then prove an analog of Lem. 19.
Lemma 27. For k odd, it holds that

Px.
VAV (Cxch) Z( S (@) = >G(k (Cxh k),
whereas for k even, it holds that

Py,
fV““ Y(Cyh) Z( le) ) )G(k 1)(CYh1ﬂ<)

n,Y

Proof. We give the proof for k odd. We claim that we need only show that P(Cxh1,) = 0. This
would show that

VAV (Cxh) = 3 ( ]ﬁf_’; (2) - 1) (Cxhl (@, y) P ()

x,y n,X
=V ) ( a0 (@) ) (Cxh L)(a ) Py (2, y)
j=1 =,y n,X
= \f 3 pX’e (k—1)
=vn p(k—l)( J) [CXhljk](‘T y)F, (z,y)
j=1 =,y n,X
=2 ( S () = ) Vi [Cxh (@, y) P (e, y)
=1 \{n,x oy
m P .
=> (pf (@) — 1) Gy (Cxh 1),
=1 \{n,x

where P(Cxhl,) = 0 is employed in the last step. Now the result follows from (66) in Prop. 26
and the definition of G{ (h). To prove the claim, as in Lem. 19, write

E [Cxhl) X] (z) = {IOE [Cxh| X] (x;) iii ; ij |

But E [Cxh|X](z;) = 0 by definition of Cx. Taking an expectation over Px gives that
P(Cxh1,) = 0, which implies the desired result. The proof for k even follows symmetrically. [

For the remainder of the argument, we see that (67) can be unrolled so that

]@;p(h)] < |GO(C ...Cuh) |+\Fz\v<f D(Cy...Chh)| + Olkv/ne) (69)
\—,_/ ————
first-order term misspecification

higher-order term
where we use that G = G©.
Next, we need to bound ’Vg‘ “(Ce...Crh) ‘, in particular accounting for the marginal violation term.

We follow similar steps as in the analysis of the higher-order term in Appx. D.3.
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Proposition 28. Assume that P, x (x) > 0 for all x € X. It holds that

Px. ~-1,1 ifk=1
max % _ 1 < {max{n Y ) } lf‘k (70)
we | P () max{1/p; . — 1,1} ifk > 1.
In addition, we have that
Py.(a) O (nfloe =) 40 EKL(Pu x[[Px)  ifk=1
max |y T HSY 1 I 1 1 . ’
rex | U () O (5 \Jlos 15 ) + F= /A KL(Pux[|Px) ik >1
2 52
Moreover, when KL(P,, x||Px) < pge and e <1 — exp <f%> we have
X7e(x) 1 o 1 2 1
me| oo 11<0 (/— log - ) + o\ KLl Po). (71)

Proof. First, observe that P\" (x) = P () > 1/n under the event S. For k > 1 such that k is
odd, we have that for x € X,

5 (k- £k Pyo(y) a0
P (@) = 3 P y) = 3 S S P )
yey yey n,Y (y)
> ee D PE(0,y) = pu P (3) = PucPxc(a) 2 P2
yey

The result for k£ even can be proven similarly. We now prove the inequalities listed in the statement
using on the lower bounds above.

Proving the first inequality. For any € &,

Px o(z) _ max{ Px () L1 Px () } < {max{n -1,1} ifk=1

e g . —1,1— — R : ,
P (x) P (x) P () max{1/p7 — 1,1} ifk>1

)

which is the desired result.

Proving the second and third inequalities. Consider an odd £ > 1. By the definition of total
variation distance, it holds that

Pxo(@) = PURY @)] < TV(PYR", Pro).

max
zeX

According to Pinsker’s inequality, we have that TV(]5T(L”“;(”7 Px.) < \/ i KL(]ADT(L’T;’ | Px.c), and so
we have that

R . 1 - " 1 ~
max [Py (z) — p:e;)(x)’ < \/2 KL(PT(L:C;{U”PX,E) < \/2 KL(P;:)XHPX?G),

reX ?
where the last inequality follows by the monotonicity of Sinkhorn iterations given in Prop. 13. Notice
that the remaining term is KL(PT(LO)X |IPx.e) = KL(P,, x| Px,), which may not decay to zero as
n — 00. Because € < 1, write
P x(x)
(1 —€)Px(x) + ePx(x)

KL(P, x|Px.c) = Y Pox(z)log

TEX
_ Pax(@)
< ;Pn,x(x) 8 T Pe (@)

1
= KL(P, x[1Px) +log -

1 - 1 1 1
— \/2 KL(P, x| Px.c) < \/2 KL(Py,x | Px) + \/2 log ——

€
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We can then apply the lower bounds

PX,e(fﬂ)_l‘< ”1(\/§KL(Pn,X||PX)+\/élogll_e> ifk:l.
A (EKL(P x|Px) + \[Flog 1) ik >1

Finally, combining the arguments above, we have that

; . 1 1
anea))(( Px.e(z) - Pv(:;(n(x)’ < \/2 KL(P,, x[|Px) + \/2 log 1

— €

where the last step invoked the assumption that

~2
p*,e

8

KL(P, x| Px) < and €< 1—exp ( . ) _

This means that

. P (k— > ﬁ J€
min P57 (@) > min P (@) - max [P0 (o) = Pxo(a)| = 2,
Hence,
pX e(x) maxXyex ‘P;:)—(ﬁ(x) — Px,e(fﬁ)‘ 2 1 R
X | S 1S : = < = §KL(Pn7X\|PX7€),
veX | P (x) mingex P, x " (2) Dxe

Now, for k even, set k = 2t for ¢ > 0. We have that

A A o I
ma |25 1) — Proo)] < TVBS Y Proo) < ) S KLGB 1)

Invoke Prop. 13 once again to achieve

t—1 = ]- ]. ]_
VA KLARS ™) <\ KPPy <\ KL 1Py + S los

which completes the proof. O

Proceeding with similar steps, define the quantities

Do) 1‘ ¢ odd

. R R R . MaXgpex | po=— D2
By:=M; and Bs:= max M, for M,:= X .
2<U<k max Pye(y) 1 /
yeY | 30=D) even
Py (v)

We must now establish an analog of Prop. 20.
Proposition 29. For any k > 1, the following holds under the event S:

k m k
vy ‘VQH)(Q . -Ckh)’ <> (Bl G (h1xLe)| + B2 > |G§?)(he,k1je)>
=1

j=1 =2
+mDBs |||, Vrk(k — 1)[By + Ba(k +1)/3].
Proof. This proof largely follows the argument of Prop. 20, while accounting for the misspecified
marginal error. Using again the notation hy j := C; ... Cyh, it follows from Lem. 27 that, for odd ¢,

m

VAV (hy ) Z

m
G(f 1>(hek1]€ <MéZ‘G(2 1) hgkljg)
Jj=1

PA)XE

)—1
(¢ 1)
PnX
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The bound above holds for ¢ even as well. Then, using (65) from Prop. 26 along with the triangle
inequality, we have that for ¢ > 2,

‘[PS’"” - P](h&klje)’ < ‘1372“” = P](he,klm‘ + Vi P (herlje)
which implies that
’G;f*“(hz,ﬂﬂ)’ (72)
< G%ﬁ)(hi,kljé)‘ + \/ﬁ“}yﬁz’z)(he,klﬂ)’
< Gﬁ{’)(he,klje)‘ +Vn |V (hf,kljé)‘ oV VD (hes L)
< |69 (recte)| + VAP (el 1e) + ..+ Mo/ (e 10)
< |69 (hestie)| + 20l o vV [Br+ Balt = 1)] (k= £ +1), (73)

by Lem. 18 and M1 < Bl and Mg < Bg for ¢ > 2. The bound above holds trivially for ¢ = 1.
Summing these bounds over ¢ and j, we have that

Bl

{=1

m k m
<MY |G (haglie)| + > Moy ‘Giff”(he,kljé)‘
j=1 =2 =1
k

B Z |G(O> hy k1]£)| + BQ ZZ ’G%71>(h5,k1j5)‘
i=1 =2 j=1

m

BiY G (h o)l

j=1

Ba Zk: zm: (‘G(O) (he klﬂ)‘ + 2 |All VR [Bl + Byt~ 1)} (k—t+ 1)) apply (73)

(=2 j=1

m k
= Z <31 G (h1 kL) + B2 > IGY( hekljm)

=2

IN

\ /\

k
+2mBy | Vi Y By + Bt = 1)] (k= £+1),
=2

because | X'| = m. We sum the last term:

k k—1 k—1
3 [Bl + Byl - 1)} (k—t+1) =B > (k=0 + B>tk — 1)
(=2 =1 =1
k(k—1) 14 -
- (T) [Bl + Ba(k + 1)/3} ,
which completes the proof. O
D.5.2 Mean Squared Error Bound
Ultimately, we wish to construct an upper bound for
o 2 9
Ep [(P; '(h) — P(n)) 113} +Ep [(Pa(h) = P()* 1], (74)
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as the method returns P, (h) when S is not satisfied. The first term will be controlled by intermediate
tools developed above. The second term that includes S€ is no different from the one analyzed in
Prop. 21. We handle the second term first. Recall from Prop. 21 that for any 6 € (0, 1),

Ep [(Pu(h) = P(h)* 1s:] <
21og(2/0)

n
Repeat the argument from the proof of Thm. 24: because 2[log,(2/6) + mlog(n + 1)] > log(m/4)
and — log(1 — p,) > p, > p2, we have that

n > 2[log,y(2/6) + mlog (n+1)]/p} = n >log(6/m)/log(1 — p,). (76)

This in turn implies that m(1 — p, )™ < §, and gives as a condition on the sample size n. Further in
the analysis, we will set § = (p, /n)%, so right-hand side of (75) can then be upper bounded further,
resulting in

41|, min {2m(1 - p,)", 5} + I3, 2m(1 — p.)". (75)

Er (P00 — PO 1] < a0 (24 250} — 6 (%),

a higher-order term compared to other components of the bound.

Next, we must control the left-hand side of (74). We perform the decomposition based on (69):

Er [(R@(h) — )’ 15}

<Ep [TP1s] + 2Bp | |1 B[ 15] + Ep [T515] (77)
+O(kVE) - Ep |(IT1] +1T3]) 1s] + O(k%¢) (78)
for
Ty := [Py — P)(Cy...Cxh) and Ty := f: ‘W*U(cg .. .Ckh)‘ . (79)
=1

Recall the events £ and £9 and &5 from Appx. D.4. To perform this computation efficiently, we will
split the bounds on each term into two components. In particular, we will show that

Under the event SN EY N EJ - ’Tg’ < T2+ Eo,

Under the event S\ (€9 N &9) : ‘T2’ < T¥ + ES,
* Under the event SN &S : |T1| < Tq,
* Under the event S\&J : |Ty| < T,

where any term denoted with “£” will represent all error terms that include e and will be written
in big-O notation. There are no errors for the bounds on 77, as this term does not depend on the
misspecified marginals. The idea is that for the ““75” terms we may reuse the bounds derived in
Appx. D.4 by simply replacing p, with p, .. This is due to the fact that the dependence of the
analogous terms from Appx. D.4 depend on p, only through Prop. 14; similarly, the corresponding
terms in this section depend on p, . through Prop. 28. We return to the terms in (77) and (78).

Decomposing on 55,3 will result in a bound of the form
O(kve) - Ep [|Th|1s] < O(kvVe) - (6T +Th).

Decomposing on £ N €9 will result in a bounds of the form
Ep [T§1s] < 26(7T5) + T2 + O (6 ((B5)* + E5T5) + (B} + FaTa))

O(kVe) - Ep [[TolLs] < OkVE) - (5 (T3 + F5) + To + Fa) .
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Finally, decomposing on £ N €9 N €5 will result in a bound of the form
Ep [|nTo| Ls] < 36T¢T + T + O (6T7 5 + TiEn)

The leading terms 26(75)? + T3 and 36775 + 7172 from both bounds should have the exact
same form as the terms in Lem. 22 and Lem. 23, with p, replaced by p. ., thus retaining the same
dependence on (n, k). By setting § = p} _/n*, we will achieve a similar result to Thm. 24, i.e., that

Ep{(P“> _PUQ)QHS]

o2 ~ 6
Ok
- ; +0 <n3/2)
( P/ (BS(ES +T5)) + Bz (Ba + o) + (bue /) TEES + ). (80)
( ( (Px.c/m) T{’JrTl +(13*_€/r7)l(’7;('+E§)+77_)+E2) +A*Ze). (81)

It remains to quantify the O terms by computing the order of the 6 constants (72, Ea, 75, ES, T1, T1%).

We follow similar steps to Lem. 22 and Lem. 23 to achieve this.
Lemma 30. For § = (p,.c/n)?, assume that n > 8[logy(2/6) + mlog(n + 1)]/p2 . and e <

1 —exp ( P, é) Then, it holds that

Tr=0(k (ntst)) BE=0
B:O(nfs;e), E2:O<ﬁ]§3€ (,/%logﬁ—l—loglie)).

Proof. The following computations are done under the event S. First, apply Prop. 29 to write

m k
\/E‘T2‘ < Z <B1 |G (h1k 1je)| 4+ B Z |G (he,k 1je)>
j=1

=2
+mBy ||h|| k(k —1)[By + Ba(k +1)/3]. (82)

We decompose on the event £ N EJ.

Bound |7%| under the event S\ (9 N ES).  In this case, we apply (70) from Prop. 28 to get By < n
and By <1/ ;[)ie, along with the universal bounds from Lem. 18:

7 G (ke Lio)| < 2Pkl < 4k (1A

|G (he g 1i0)| < 2
IZ 0k e ZZQ

so that by plugging into (82),

k
<Y Ak =L+ 1) bl = 2k(k = 1) [|A]l,
=2

. k-1 k41
T‘<h k|4 2
AT [n+ - ( N *%H*

B3
7_2(5

Bound |T,| under the event S N &) N &J. In this case, we may use that n > 8/p2 _ (because
[log,(2/0) + mlog(n+1)] > 1 for § € (0,1)) and apply (71) from Prop. 28 to get

\/2log2(2/5) +2mlog(n + 1)
2n

maX{Bl,Bg}<O( log 1= E)—i—i

€
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The bounds based on &£ give

2
(G (hu Lye)| < 1210 22 ok ]
k k k
S IGY (hew 0] < 3 2108 2ok — 1), < /2108 T2k 1) 1
/=2 =2

By plugging into (82), we can reuse the steps in the bound from (56) (for all terms without €) to write

< Amk ||h]| [log,(2/6) + 2mlog(n + 1)L HE=1/2

- H2
NP e

[Bec\/2log 2 /8)(k + 1) + (k = 1)(k +4)] + Es,

X

so that
4mk ||, llogo(2/6) + 2mlog(n + 1) F=1/2
np?,

X [;,6\/2 log (2mk/8)(k + 1) + (k — 1)(k + 4)} .

We compute E» by using that

75:

ma.X{B17BQ} <0 (p* -
G (h1x 150)| < O (k)

k
S IGW (hei 10| < O (K?)

=2

log = E) +0 (ﬁ*,j\/ﬁ)

IN

which gives

We now make the corresponding argument for the term 77 .
Lemma 31. For § = (p../n)%, it holds that

Te=0(k), T 0(\%).

Proof. The following computations are done under the event S.

Bound |7}| under the event S\ES. Here we simply apply a universal bound on the empirical
process term:

1
7n G (i)l < 2lha kel < 4K Nl

so that 7\° = 4k || k||

Bound |7} | under the event S N £J. Now, we may use the definition of the event £5 to achieve

2log(2/6
G ()] < 1 2B Do, =

vn
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Knowing that E§ = 0, we simplify (80) and (80) to read
O(B: (B2 + T+ ) )
O (kve ((Pre/n)* T + Ti + (Pee/n)*Ts + Ta + Es) + k’e) .

We now combine the bounds from the previous two lemmas to compute (80) and (81) to state the
main result.

Theorem 32. Let Asm. [ be true with error € € [0,1). For a sequence of rebalanced distribu-
tions (P{")y>1, there exists an absolute constant C' > 0 such that when n > C[logy(2n/py.¢) +
mlog (n + 1)}/ min {p,, p,.c}>, we have that

Ep {( P (1) P(h)>2]]_5:| +Ep [(Pn(h) P(h))? ]lgc} < %,% L5 (nlzjz)

1 l 1 k2 11 1 1 1 +1 N 1
og - — log 0og - — I
€ “1—e€) |p2. n o 1—e "l—€ n vn
p2 K N k2 . k2 |1

E Experimental Details

We provide the full experimental details of the experimental results from Sec. 4. We report additional
evaluations on downstream tasks with linear probing and zero-shot retrieval. Finally, we give
illustrations of the sensitivity to misspecified marginals, and of the convergence to the given marginals.

E.1 Datasets

Pre-Training Data. The pre-training data was taken from the public ImageNet-Captions dataset
[Fang et al., 2013]. We subset the dataset by selecting the 250 classes that were most frequent in the
dataset, resulting in 174,594 images and associated Flickr captions. The exact images used and their
associated captions are given in the code supplement.

Evaluation Data. We perform zero-shot classification (as described in Sec. 4), zero-shot retrieval,
and linear probing with various image classification and image-caption datasets. We used the default
class captions (for classification) and default linear probing parameters from the CLIP Benchmark
repo. The datasets (test splits) used were:

¢ CIFAR-10: 10,000 colored natural images labeled with one of 10 classes.

* CIFAR-100: 10,000 colored natural images labeled with one of 100 classes.

e STL-10: 80,000 colored natural images labelled with one of 10 classes.

* MS-COCO: 41,000 colored natural images with associated captions.

* Flickr8k: 8,000 colored natural images with associated captions.

* Rendered SST2: 1,821 images of typed natural language with sentiment label (2 classes).

* VOC2007: 4,952 colored natural images labelled with one of 20 classes.

* FGVC Aircraft: 34,000 colored natural images labelled with one of 102 classes.

Evaluation scripts using the various embeddings models (described below) are provided.

E.2 Model Specification and Hyperparameters

Architecture and Implementation. The models considered CLIP models [Radford et al., 2021], and
are specified by pairs of encoders ( fy, gg), representing images and text, respectively. The encoders
decompose into fy = fgead o fgase (similarly for gy) where fgas"‘ denotes a base image encoder and
fgead denotes a trainable head model. The head models are feed-forward networks with two hidden
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layers, 256 hidden units, and 128-dimensional output representations. Their input dimensions may be
512 or 768, depending on whether a CLIP model or BERT/GPT-2 model is used as the base. For the
image base/foundation models, we use the open-source OpenCLIP implementation of the ViT-B/32
model with the 1aion2b_s34b 79k model tag. For the text encoder, we use the encoder of
the variant of the ViT-B/32 with tag datacomp_-x1_s13b_b90k. For the other text encoders the
Huggingface implementations of GPT-2 and BERT were used.

Optimizer. For optimization, models were trained with stochastic gradient descent (SGD) with the
learning rate tuned along the grid {173,37%,172,372, 17!} and a fixed weight decay parameter of
0.01. Momentum-variants such as Adam [Kingma and Ba, 2015] were not used to isolate the effect
varying losses as described in Sec. 4.

E.3 Compute Environment

Experiments were run on a CPU/GPU workstation 12 virtual cores, 126G of memory, and four
NVIDIA TITAN Xp GPUs with 12G memory each. The code was written in Python 3 and we use
PyTorch for automatic differentiation. The OpenCLIP and CLIP Benchmark repos were used for
zero-shot evaluation.

E.4 CLIP and Multi-CLIP

We considered in the contrastive learning example from Sec. 2 — see (6) in particular — a variant of
the CLIP objective in which either zero, or one, or more than one balancing iterations are performed
(see (6)), via optimizing
1 n
Ly =—3 D [log QY (X, Y;) + log R (X5,Y;)]. (83)

i=1

This contrasts the single-iteration variant L{"” which in fact reduces to the original CLIP loss. Because
these iterations are applied in the objective, backpropagation occurs through each iteration.

In Fig. 3, we plot the zero-shot classification performance (in terms of average per-class recall) of the
variants trained on L{” (the normalized initial measure, No Balancing), L{} (the original CLIP loss,
CLIP balancing), and L{? (the two-iteration CLIP loss, Multi-CLIP balancing). We also vary the
quality of the text encoder fy,., observing an overall accuracy trend of GPT-2 < BERT < CLIP across
variants, which is to be expected given the base representation quality of each model. Interestingly,
there is an improvement stemming from performing multiple balancing iterations across choices of
the text embedding, the batch size m, and the evaluation dataset.

E.5 Metadata Curation

We considered in the metadata curation example from Sec. 2 how to use balancing to adjust the entire
pre-training set, in the spirit of Xu et al. [2024]. The target marginal Py is selected by choosing a
threshold for which frequent keywords have their probability mass truncated, and the probability
measure is normalized to sum to one. In Fig. 4, we show the observed marginal P, y and the target
marginal Py sorted in increasing order (left). The original marginal on ) has approximately 5 orders
of magnitude of difference between the most and least probable keyword. After balancing, the target
marginal has less than 2 orders of difference. To see how this affects downstream performance,
we plot the zero-shot classification accuracy over training iterations in Fig. 4 (right) when using
the original dataset (orange) and using the metadata-balanced dataset (blue). We observe moderate
improvement especially in the small batch regime (m = 512) when curating the dataset.

E.6 Additional Experiments

In this section, we provide 1) a synthetic data example that helps elucidate the role of the spectral
decomposition introduced in Sec. 3, and 2) additional evaluations on downstream tasks such as
zero-shot retrieval and linear probing. For the latter, we maintain the experimental settings as used
in the zero-shot classification example from Sec. 4 (Fig. 3). That is, we train variants of CLIP
models (see Sec. 2) on the ImageNet-Captions dataset [Fang et al., 2013]. As before, we use a fixed
image/text encoder as a base vector representation and compose it with a trainable feed-forward
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Marginal Fitting Techniques under Misspecifiation

£=0.25 (IPWI)
— £=0.125 (IPWI)

— £=0.0 (IPWI)

T e i S £=0.25 (Bal.)

£=0.125 (Bal.)

Mean Squared Error

—— £=0.0 (Bal.)

== = Emp. Measure

0.0 0.2 0.4 06 08
Leading Singular Value s

Figure 5: Baseline Comparisons across Dependence and Misspecification Levels. Each line refers
to a combination of an estimation method (the empirical probability measure P,,, the estimator PIPW!
from (85), or the balancing estimator P\* for k = 8) and a noise level on the provided marginals
(see (84)). The y-axis shows the mean squared error of estimating a linear functional. The x-axis
represents the dependence level s = so (i.e. the leading singular value other than s; = 1).

neural network, i.e., fo = f},‘"‘ad o f®®¢ for §# = @ (images) or § = O (text). For the base text
embeddings, we maintain three levels of model quality: GPT-2 [Radford et al., 2019], BERT [Devlin
et al., 2019], and CLIP-based encodings.

Baseline Comparisons. We present a synthetic data example to understand the role of the singular
values sa, . .., S, and compare our approach to simple baselines that make use of (Px, Py). We
also consider misspecification of these target marginals, in that they are chosen by the user but are
not the marginal distributions of the data-generating distribution P. First, while one can verify by
hand that (14) is a distribution for which s3 = s, we construct a more general example for m > 2.
We leave the construction to the end of this example. For controllable misspecification, we define
e € [0,0.5] to be the misspecification level, so that the corrupted target marginals are set to be

pXZ:(1—6)Px+6PXaIldPyZ:(l—E)Py—‘y-EPy, (84)

where Px and Py are drawn independently and randomly from the Dirichlet(1,,) distribution
(i.e. uniformly over the probability simplex on m atoms). Finally, other than the empirical measure
P,,, we define one additional baseline; the importance weighted independently (IPWI) estimator is
defined as
IPWI Px(z) Py(y)

This estimator simply reweighs all cells of the empirical measure by the likelihood ratio from each
observed marginal to the target marginal. Note that the result may not even be a probability measure,
as it may not sum to one. Observe the comparative performance in (see Fig. 5). We notice in particular
that the naive P.PW! is outperformed by empirical measure uniformly over s, as by applying both
reweightings simultaneously, the estimator does not satisfy either marginal constraint. On the other
hand, under the maximum amount of target marginal corruption (e = 0.5), the balancing-based
estimator suffers an approximately half-order of magnitude in MSE. When s ~ 1, the MSE of the
balancing estimator decreases significantly. We hypothesize that this is because the data sources X
and Y are nearly a function of one another, and if this function is estimable to high precision by a
small amount of data, then a single marginal can identify the entire joint distribution via pushforward
calculations. That being said, it is important to note that the quantities u; and v; in (15) also depend
on s, so it is difficult to control the singular values without controlling the respective bases.

As for the construction of the probability mass function and test function, let I,,, and 1,,,, denote
the identity matrix and matrix of ones in R™*™. For any s € (0,1) and m > 1, consider the
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Zeroshot Retrieval Performance (Recall @ 5)
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Figure 6: Zero-Shot Retrieval Performance across Embeddings and Objectives. The three
vertical panels describe different choices of the text encoder fp, which increases in quality from left
to right; that is, pre-trained GPT-2, BERT, and CLIP embeddings, respectively. Rows indicate various
datasets, either MS-COCO or Flickr8k. evaluated under recall at K = 5 for image and text retrieval,
respectively. The y-axis of each plot indicates the metric (see (86)) for either image or text retrieval,
whereas the z-axis indicates training iterations at batch size 512.

probability mass matrix P given by
171 1
m |m m

The eigenvalues of the first matrix in the squared brackets are (1,0, ..., 0), as it is a rank 1 matrix for
which 1,, is an eigenvector. The second matrix in the square brackets is the centering matrix (the
projection matrix that subtracts the mean of a vector’s components from the entire vector). Multiplied
by s, it has eigenvalues (0, s, . . ., s) where 0 is associated to the eigenvector 1,,. Thus, the matrix in
its entirety has eigenvalues (1/m, s/m, ..., s/m), where the scaling factor ensures that P sums to
one. The relation (13) holds for this choice of P and uniform marginals, with s = ... = s,,, = s.
Thus, by tuning s, we may control the level of dependence between X and Y. Finally, because X and
Y are finite, we can also specify the test function h via an m x m table indexed by ¢ (meaning x;)
and j (meaning y;). We let h(x;,y;) = |Z;;| where the Z,; are independently drawn from a standard
normal distribution. The resulting mean squared error is estimated with 200 seeds at n = 300.
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Figure 7: Linear Probe Performance across Embeddings and Objectives. The three vertical panels
describe different choices of the text encoder fp,. which increases in quality from left to right; that
is, pre-trained GPT-2, BERT, and CLIP embeddings, respectively. Rows indicate various evaluation
datasets from Rendered SST2, VOC2007, and FGVC Aircraft. The y-axis of each plot indicates
average per-class recall, whereas the z-axis indicates training iterations at batch size 512.

Zero-Shot Retrieval. In this evaluation, we assess the ability of the learned representations to
match queries from one modality to their counterparts in another modality. We are given a test sets
Xiest = {21, ..., xpr} of images and Viest = {41, - .., yn } Of texts in natural language. We are also
given a matrix of annotations A € {0, 1}MXN where A;; = 1 if and only if y; is a “relevant” caption
for image z; (and vice versa). Given a particular query y € Yiest, We define the top- K neighborhood
of y as
Nic(y:0) = argmax S (fo, (@), for (1)
SCIM:|S|=K jcg

i.e. the images in the test set that have the closest embeddings under the given model. Then, we may
define the average recall at K for image retrieval metric as

N
1 = 2oieNk (y;50) Ais

N = ZvepnAvs

AverageRecall ;- (0) := (86)
In words, the metric evaluates the retrieval system’s ability to detect relevant items in the dataset,
in this case by comparing closeness of the image-text representations. We can analogously define
the average recall at K for text retrieval metric by swapping the role of x and y above. The results
for both retrieval metrics on the MS-COCO [Lin et al., 2015] and Flickr8k [Hodosh et al., 2013]
benchmarks are given in Fig. 6.

Linear Probe. Here, we evaluate the quality of the model’s encoders by fine-tuning a single
linear layer on top of the learned representations for a classification task. In the case of linear
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Figure 8: Empirical Marginals of CLIP Contrast Matrix. Depiction of the probability measures
Q' and R as described in (83) from Sec. 2. The orange bars correspond to the observed marginal
after fitting to the target uniform distribution on the given iteration. Left: Q! and R{”, where
neither marginal is set to uniform. Center: ("’ and R, which corresponds to the original CLIP
loss. Right: Q¢ and R{?, which correspond to two iterations of the balancing procedure within the
loss. The blue bars are slightly non-uniform.

probing via image classification, we use only the image encoder fy,. We are given a training set
{(z1,¢1),...,(zn,cn)} of image-label pairs, where each ¢; € {1,...,C}. We fix the model
parameter 67 and solve the regularized multinomal cross entropy (MCE) objective

N
) 1 A 2
oin Lyc(W) = -5 ;Zl[LogSoftmaX(ngl (xi)]e; + 3 W%,

where A > 0 is a regularization parameter, ||-||; denotes the Frobenius norm on R“*" and

LogSoftmax : R — RY is given by LogSoftmax(z) = z — log Z]C:l exp(z;). This results

in a classifier

g(z) == argmax[W fy, ()],
jelc]
which can then be evaluated using standard accuracy metrics on a held-out test set. The image
classification results for the Rendered SST2 [Radford et al., 2021], VOC2007 [Everingham et al.,
2007], and FGVC Aircraft [Maji et al., 2013] benchmarks are given in Fig. 7.

Empirical Marginals in CLIP Balancing. To further clarify how the iterative balancing procedure
is baked into the CLIP losses, recall from (83) that the objectives decompose into two terms, which
depend on Q¢ and R{® which differ only based on whether balancing to fit Py or to fit Px is
applied first, respectively. Thus, for any model parameterized by 6 and any number of iterations k,

there are four marginal distributions of interest: Qy"y, Q4 Ry, and R§"},. Based on the order

of iterations, we have that Q3 = Ry}, = Py, and R’y = Q" = Px. This is illustrated in
Fig. 8. We see that after only a few iterations, both marginal distributions converge to the uniform
distribution.
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F NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]
Justification: Theoretical claims, the focus of this paper, are supported with proofs.
Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: We clarify that the setting studied has some dissimilarities with practice in
Sec. 2.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations” section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: This is done for all theoretical statements.
Guidelines:

* The answer NA means that the paper does not include theoretical results.

 All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

 All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: Code is provided to reproduce the main results and an extensive experimental
details section is written.

Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer: [Yes]
Justification: This is written in the public repo provided in Sec. 4.
Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: Yes, we even give a list of the specific images of ImageNet used to train the
multimodal models.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: Our evaluation metrics are shown with all seeds and their mean plotted in the
corresponding figures.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer ”Yes” if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).
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« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: Please see Appx. E.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: NA
Guidelines:

e The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]
Justification: The work is primarily theoretical and retrospective.
Guidelines:

* The answer NA means that there is no societal impact of the work performed.

e If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer:
Justification: We do not release general-purpose models, only small-scale illustrative ones.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: We site all software and models used in the study in Appx. E.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the package
should be provided. For popular datasets, paperswithcode.com/datasets has
curated licenses for some datasets. Their licensing guide can help determine the license
of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]

Justification: We provide a list of notebooks and scripts to illustrate our method and connect
it to existing software repositories such as OpenCLIP.

Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA|
Justification: NA
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA|
Justification: NA
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

¢ For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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