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Abstract

Dataset Distillation is the task of synthesizing small datasets from large ones while
still retaining comparable predictive accuracy to the original uncompressed dataset.
Despite significant empirical progress in recent years, there is little understanding
of the theoretical limitations/guarantees of dataset distillation, specifically, what
excess risk is achieved by distillation compared to the original dataset, and how
large are distilled datasets? In this work, we take a theoretical view on kernel ridge
regression (KRR) based methods of dataset distillation such as Kernel Inducing
Points. By transforming ridge regression in random Fourier features (RFF) space,
we provide the first proof of the existence of small (size) distilled datasets and
their corresponding excess risk for shift-invariant kernels. We prove that a small
set of instances exists in the original input space such that its solution in the RFF
space coincides with the solution of the original data. We further show that a
KRR solution can be generated using this distilled set of instances which gives an
approximation towards the KRR solution optimized on the full input data. The size
of this set is linear in the dimension of the RFF space of the input set or alternatively
near linear in the number of effective degrees of freedom, which is a function of
the kernel, number of datapoints, and the regularization parameter A\. The error
bound of this distilled set is also a function of A\. We verify our bounds analytically
and empirically.

1 Introduction

Motivated by the growing data demands of modern deep learning, dataset distillation [ZB21,
NNXL21, ZNB22, WZTE18] aims to summarize large datasets into significantly smaller synthetic
distilled datasets, which when trained on retain high predictive accuracy, comparable to the original
dataset. These distilled datasets have applications in continual learning [ZNB22, SCCB22], architec-
ture search [SRLT19], and privacy preservation [CKF22]. Recent years have seen the development
of numerous distillation algorithms, but despite this progress, the field has remained largely empirical.
Specifically, there is little understanding of what makes one dataset “easier to distill" than another, or
whether such small synthetic datasets even exist.

This work aims to fill this gap by providing the first bounds on the sufficient size and relative error
associated with distilled datasets. Noting prior work relating neural network training to kernel
ridge regression (KRR), we consider dataset distillation in the kernel ridge regression settings with
shift-invariant kernels. By casting the problem into the Random Fourier Feature (RFF) space, we
show that: The size and relative error of distilled datasets is governed by the kernel’s ‘“number
of effective degrees of freedom'’, dg. Specifically, in Section 4, we show that distilled sets of size

Q(dy log dy), exist, with 12\ + 2L, predictive error on the training dataset, and only 8 error with

*Equal contribution. Correspondence E-mail: alaam @mit.edu.

37th Conference on Neural Information Processing Systems (NeurIPS 2023).
61085 https://doi.org/10.52202/075280-2670



respect to the optimal solution computed on the full dataset, where A is the kernel ridge regression
regularization parameter and £ the KRR training error on the original dataset; see Theorem 3 and
Remark 7 for full details.

These bounds hold in practice for both real and synthetic datasets. In section 5, we validate our
theorem by distilling synthetic and real datasets with varying sizes and values of d;, showing that in
all scenarios our bounds accurately predict the error associated with distillation.

2 Related work

Coresets. Coresets are weighted selections from a larger training dataset, which, when used for train-
ing, yield similar outcomes as if the whole dataset was used [MSSW 18, MBL20, PDM22, MEM *22].
The key benefit of using coresets is that they significantly speed up the training process, unlike when
the full data set is used. Current coresets methods incorporate clustering techniques [FL11, LBK16,
BLHK16], bilevel optimization [BMK20], sensitivity analysis [MSSW18, HCB16, TMF20, MSF20],
and surrogate models for approximation [TZM*23]. Newer strategies are specifically designed for
neural networks, where before each training epoch, coresets are chosen such that their gradients align
with the gradients of the entire dataset [MBL20, PDM22, TZM*23], followed by training the model
on the chosen coreset. Although coresets are usually theoretically supported, these methods fall short
when the aim is to compute a coreset once for a full training procedure.

Dataset Distillation. To this end, dataset distillation algorithms construct synthetic datasets (not
necessarily a subset from the original input) such that gradient descent training on the synthetic data-
points results in high predictive accuracy on the real dataset. Cast as a bilevel optimization problem,
early methods involve unrolling training computation graph [WZTE18] for a few gradient descent
steps and randomly sampled weight initializations. More sophisticated methods aim to approximate
the unrolled computation using kernel methods [NCL21, NNXL21, ZNB22, LHAR22a, LHLR23a],
surrogate objectives such gradient matching [ZMB21, ZB21], trajectory matching [CWT+22] or
implicit gradients [LHLR23b]. The kernel-induced points (KIP) algorithm [NCL21, NNXL21] is
a technique that employs Neural Tangent Kernel (NTK) theory[JGH18, LHAR22b] to formulate
the ensuing loss: Lxp = %Hyt — KrsgK géysH% This loss signifies the predictive loss of training
infinitely wide networks on distilled datapoints X g with corresponding labels yg, on the original
training set and labels X7, yp, with K. . being the NTK. Dataset distillation is closely related to the
use of inducing points to accelerate Gaussian Processes [SG05, TRB16], for which convergence rates
exist, but the existence of such inducing points is not unknown [BRVDW19].

From dataset distillation to kernel ridge regression. Kernel ridge regression (KRR) extends
the linear machine learning ridge regression model by using a kernel function to map input data
into higher-dimensional feature spaces, allowing for more complex non-linear relationships between
variables to be captured [Murl2]. Various methods have been proposed to improve and accelerate
the training process of kernel ridge regression. Most notably, Random Fourier Features [RR07]
approximates shift-invariant kernel functions by mapping the input data into a lower-dimensional
feature space using a randomized cosine transformation. This has been shown to work effectively
in practice due to regularizing effects [JSS*20], as well as providing approximation bounds to the
full kernel ridge regression [SS15, AKMT 17, LTOS19]. Training infinite-width neural networks can
be cast as kernel ridge regression with the Neural Tangent Kernel (NTK) [JGH18], which allows a
closed-form solution of the infinite-width neural network’s predictions, enabling kernel-based dataset
distillation algorithms such as [NCL21, NNXL21, LHAR22a].

3 Background

Goal. We provide the first provable guarantees on the existence and approximation error of a small
distilled dataset in the KRR settings. We first provide notations that will be used throughout the paper.

Notations. Let # be a Hilbert space with ||-||,, as its norm. For a vector a € R", we use ||al|, to
denote its Euclidean norm, and a; to denote its ith entry for every ¢ € [n]. For any positive integer n,
we use the convention [n] = {1,2,--- ,n}. Let A € R"*™ be a matrix, then, for every i € [n] and
J € [m], A;. denotes the ith row of A, A.; denotes the jth column of A, and A, ; is the jth entry of
the ith row of A. Let B € R™*", then we denote the trace of B by T'r(B). We use L, € R™*™ to
denote the identity matrix. Finally, vectors are addressed as column vectors unless stated otherwise.
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3.1 Kernel ridge regression

Let X € R™"*4 be a matrix and let y € R™ be a vector. Let k : R? x R? — [0, 00) be a kernel
function, and let K € R™*™ be its corresponding kernel matrix with respect to the rows of X; i.e.,
K;; = k (X, X,,) for every 4,j € [n]. Let A > 0 be a regularization parameter. The goal of
kernel ridge regression (KRR) involving X, y, k, and A is to find

1

A . 9

Ax g,k € argmin — [ly — Kall; + MK )
QGR’H

We use the notation f2 : RY — R to denote the in-sample prediction by applying the KRR
[X,y,k] ple p y applying

solution obtained on X, y and )\ using the kernel &, i.e., for every x € R4,
Fix (@ Zaka]k iy T) - @)

To provide our theoretical guarantees on the size and approximation error for the distilled datasets,
the following assumption will be used in our theorem and proofs.

Assumption 1. We inherit the same theoretical assumptions used at [LTOS21] for handling the
KRR problem: (I) Let F be the set of all functions mapping R? to R. Let f* € F be the minimizer

of 3= Iy = f (i),

where E(e) = 0 and Var(e) = 0. Furthermore, we assume that y is bounded, i.e.,

subject to the constraint that for every x € R* and y € R, y = f*(z) + ¢,

assume that Hf& yok] < 1. (l) For a kernel k, denote with \; > --- > \, the eigenvalues of
VRl gy

the kernel matrix K. We assume that the regularization parameter satisfies 0 < nA < Aj.

The logic behind our assumptions. First, the idea behind Assumption (I) is that the pair (X, y)
can be linked through some function that can be from either the same family of kernels that we
support (i.e., shift-invariant) or any other kernel function. In the context of neural networks, the
intuition behind Assumption (I) is that there exists a network from the desired architectures that gives
a good approximation for the data. Assumption (II) aims to simplify the bounds used throughout
the paper as it is a pretty standard assumption, characteristic to the analysis of random Fourier
features [LTOS19, RR17]. Finally, Assumption (III) is to prevent underfitting. Specifically speaking,
the largest eigenvalue of K (K + n)\In)f1 is (>\1/\+71M) Thus, in the case of nA > A1, the in-sample

prediction is dominated by the term n\. Throughout the following analysis, we will use the above
assumptions. Hence, for the sake of clarity, we will not repeat them, unless problem-specific
clarifications are required.

Connection to Dataset distillation of neural networks. Since the neural network kernel in the case
of infinite width networks describes a Gaussian distribution [JGH18], we aim at proving the existence
of small sketches (distilled sets) for the input data with respect to the KRR problem with Gaussian
kernel. However, the problem with this approach is that the feature space (in the Gaussian kernel
corresponding mapping) is rather intangible or hard to map to, and sketch (distilled set) construction
techniques require the representation of these points in the feature space.

To resolve this problem, we use a randomized approximated feature map, e.g., random Fourier
features (RFF), and weighted random Fourier features (Weighted RFF). The dot product between
every two mapped vectors in this approximated feature map aims to approximate their Gaussian
kernel function [RRO7]. We now restate a result connecting ridge regression in the RFF space (or
alternatively weighted RFF), and KRR in the input space.

Theorem 2 (A result of the proof of Theorem 1 and Corollary 2 of [LTOS21]). Let X € Rn>d
be an input matrix, y € R" be an input label vector, k : R x R? — [0, 00) be a shift-invariant
kernel function, and K € R™*", where Vi,j € [n] : K; ; = k(Xi,X,x). Let A\ > 0, and let

dy =Tr (K (K + nAl )_1) Let s4 € Q (d>‘ log (d)‘ )) be a positive integer. Then, there exists

a pair (¢, X) such that (i) ¢ is a mapping ¢ : R — R%¢ (whzch is based on either the weighted
RFF function or the RFF function [LTOS21]), (ii) X is a matrix X € R"%% where for every i € [n],
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X, = ¢ (X;,), and (iii) (¢, X) satisfies

n

_ 2 9
X BTN (X’*) ’ = n 4
i=1

R%¢ — R such that for every row vector z € R%¢, f[’\iw] (2)

2
[ f[égy,k] (Xl*) + 4Aa

where f2: X.5.9]

z ()N(TX + )\nsd,AIs(p) XTy. Note that, Table 1 gives bounds on 54 when A o

B 1
7

Intution behind Theorem 2. Theorem 2 bounds the difference (additive approximation error)
between (i) the MSE loss between the ground truth labels and the predictions obtained by applying
Kernel Ridge regression (KRR) on the raw (original) data, and (ii) the MSE between the ground truth
labels and the predictions obtained when applying Ridge regression on the mapped (full) training
data via random Fourier features (RFF). Theorem 2 will be utilized to set the minimal dimension of
the RFF which yields the desired additive approximation, i.e., 4\. Thus the intuition behind using
this theorem is to link the dimension of the RFF with the size of the distilled set. In other words, we
use this error bound and sufficient size (of the minimal dimension of the RFF’) to provide proof of the
sufficient small size of the distilled set.

4 Main result: on the existence of small distilled sets

In what follows, we show that for any given matrix X € R™*? and a label vector y € R", there
exists a matrix S € R®»*? and a label vector ys € R” such that the fitting solution in the RFF space
mapping of S is identical to that of the fitted solution on the RFF space mapping of X. With such S
and yg, we proceed to provide our main result showing that one can construct a solution for KRR
in the original space of S which provably approximates the quality of the optimal KRR solution
involving X and y. Thus, we obtain bounds on the minimal distilled set size required for computing
a robust approximation, as well as bounds on the error for such a distilled set.

We now provide Theorem 3 followed by its proof of the existence of a small distilled set. Then we
provide extensive details and intuitive explanations about the steps of the proof.

Theorem 3 (On the existence of some distilled data). Let X € R™*? be a matrix, y € R™ be a label
vector, k : RY x RY — [0, 00) be a kernel function, Y = (0,1) U {2}, and let s, and X be defined

as in Theorem 2. Assume that the rank of X is s, then, there exists a matrix S € R%¢ *d and a label
vector ys such that

(i) the weighted RFF mapping S € Rs+xso of S, satisfies that (XTX + /\ns¢)\Is¢> XTy =

o~ -1
(STS + )\ns(b)\l%) STyg, and

(ii) there exists an in-sample prediction f ] (not necessarily the optimal on S and ys)
satisfying
1 A Xy 2 4
5w 06 50 00 <mig (2w
i=1 (3)
4(1
2min{1 + T, (_’_T)}) A,
3T
and
n 4(1+‘r) n
1 AX.p 2 - min {1 + T, } 2
m 2| figialy (Xe)| < i 2 fvi = e (%)
(1 4
+<4min{1+7 rT }+2max{ 2}))\.
4)
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Proof. Let S be any matrix in R®¢*? such its weighted RFF mapping S is of rank equal to that of X

n
and for every ¢ € [sg], > k (Six, Xix) # 0.

j=1

Proof of (i). To ensure (i), we need to find a corresponding proper ys. We observe that

o~~~ ~ oy~ -1 ~
(878 + AnsoALL, ) (XTX + AnspAL, ) X7y = 87yg

o o —1
Letb = (STS + /\ns¢)\Is¢> <XTX + /\’I’LS¢)\IS¢> XTy, be the left-hand side term above. b is a

vector of dimension s,. Hence we need to solve b = gTys for yg. Since S has full rank then we
have a linear system involving s, variables and sy equations. Thus, the solution to such a system

exists and is yg = (§T> b, where ()Jf denotes the pseudo-inverse of the given matrix.

Proof of (ii). Inspired by [LHAR22a] and [NCL20], the goal is to find a set of instances that their
in-sample prediction with respect to the input data (X in our context) would lead to an approximation
towards the solution that one would achieve if the KRR was used only with the input data. To that
end, we introduce the following Lemm.

Lemma 4 (Restatement of Lemma 6 [LTOS21]). Under Assumption 1 and the definitions
in Theorem 2, for every f € H with | f|,, < 1, with constant probability, it holds that

n ~ 2
Vs llBll,<v2 =1
BER

Note that Lemma 4 shows that for every in-sample prediction function with respect to X, there
exists a query 8 € R%¢ in the RFF space of that input data such that the distance between the in-
prediction sample function in the input space and the in-sample prediction in the RFF space is at 2.

Furthermore, at [LTOS21] it was shown that /3 is defined as 3 = éf(T (f(f(T + nAI ¢) f[X],
where f[X]; = f (X.) forevery i € [n].
We thus set out to find an in-sample prediction function that is defined over S such that by its infimum

by Lemma 4 would be the same solution 3 that the ridge regression on X attains with respect to the
y. Specifically speaking, we want to find an in-sample prediction f[)g)yis’yk] (+) such that

Lan/1ox -t
g=—XT" (XXT + n)\13¢) fs[X], (5)
S¢ S¢
where (i) fs[X] € R™ such that for every i € [n], f5[X]; = f[’\sgyis’yk] (X;+), and
S¢+1
(i) f[’\s’ijéyk] () = > a;k(Six,-) such that o« € R*¢.
R i=1

Hence we need to find an in-sample prediction function f[g);syk] satisfying 5. Now, notice that

~ -~ —1
B € R%, fg[X] € R and X7 (iXXT + n)\In) € R%*™, Due to the fact that we aim to find

f A’X’y, , such a task boils down to finding & € R®¢ which defines f A’X’y, as in (ii). The above
[S,us K] : ' [S.us K] ). .
problem can be reduced to a system of linear equations where the number of equalities is s4, while

the number of variables is s4.

_ o T
To do so, we denote iXT (iXXT + n/\In) by A, and observe that we aim to solve

- ss -
Z aik (Sle*)

i=1

5¢
ik (Six, Xoxg
o ARX] = A | &S

S¢ ’
Z ok (Sz*7 Xn*)
Li=1

q
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We now show that every entry b; (j € [s4]) in 5 can be rewritten as inner products between another
pair of vectors in R®% instead of the inner product between two vectors in R". Formally, for every
J € [sg], it holds that

56

'2:1 a;k (Siv, X14)

54

5 —A El ik (Six, Xox)
= Ajs | =

aq

~
Il
-

I
M=
s

j,tk (Sl*a Xt*) s Z Aj,tk (S(s¢)*7 Xt*):|
t=1

As,y

5¢
Z ok (Sz*a Xn*)
=1

L2

Thus, for every j € [sg4], define A j, = [Z Ajﬂfk: (S1s, Xis) o0y > Aj,tk (Sscb*,Xt*)} c Rs#.
t=1 t=1
In other words, A is a the result of a Hadamard multiplication of A and a 1-rank matrix G such that
each of its rows is equal to [Z E(S1e, Xew), oy 2 k (Ssd,*, Xt*)] )
=1 t=1

N ~ ~ ~ —1 ~
Since the rank of A is full, i.e., rank (4) = rank (XT (%XXT + n)\In) ) = rank (X) = 54

by assumption, then it holds that

rank (A) = rank (/1 o G) = rank (DUADu> = rank <A> ,

where the first equality holds by definition of A and o denoting the Hadamard multiplication product,
the second inequality holds since by construction of S and G' = uv” such that u, v € R*¢ are vector
with non-zero entries, and D,,, D,, € R%¢*%¢ are diagonal matrices where their diagonal are v and v
respectively. The last inequality holds by property of rank function, i.e., the rank of any product of
pair of square matrices C' and D such that D is of full rank is equal to the rank of C.

The right-hand side of (5) can reformulated as
loar/1ox -t
—XxT <XXT + n)\In) fs[X] = Aa, (6)
S¢ S¢

where now we only need to solve 3 = A«. Such a linear system of equations has a solution since we
have s, variables (the length of o) and s4 equations and the rank A is equal to s4. For simplicity, a

solution to the above equality would be o := (A)T B. To proceed in proving (ii) with all of the above
ingredients, we utilize the following tool.

Lemma 5 (Special case of Definition 6.1 from [BFLT16]). Let X be a set, and let (X - ||§) be a

2-metric space i.e., for every r,y,z € X,
e€(0,1), and z,y,z € X,

2 2 2
r—yl; <2 (||m —z|5+ 1y — z||2) . Then, for every

2 4 2 2 2 2
A=)y =zl — llz—zlz <l -yl < Sl —zllo+ A +e)lly -2l D

=y
We note that Lemma 5 implies that z, y, 2 € R?

4
2 . 2 . 2
o = o1 < migmax {2 o <18+ min {147, =23 ®

where for 7 = 2 we get the inequality associated with the property of 2-metric, and for any 7 € (0, 1),
we obtain the inequality (7).

A
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‘We thus observe that

*Z\f[xﬁy, ) - I (X0)

n

2

A A Y A % A, X1
f[X,y,k] (Xz*) - f[i7y7¢] (Xz*) + f[i,y,qﬁ] (Xz*) - f[S,ysl,/k] (Xz*)
i=1
2
+

n

max{T, ER! Z

<min —————

Ter Xk (Xiw) = f[Afi-,y@] (X’*)

min {1 + 7, 4(?:)} n

o (%) = 1250 x|

4 4(1
<min2max< 7, — ¢ A+ 2min 1+T,(7+T> py
TEY T2 3T

4 4(1
= min (Qmax{T, 2} —|—21nin{1 + T, (—’_T)}) A,
TEY T 37

where the first equality holds by adding and subtracting the same term the first inequality holds by
Lemma 5, and the second inequality holds by combining the way f s e k] was defined and Theorem 2.
Finally, to conclude the proof of Theorem 3, we derive 4

2

1 — - <
)\ x,y ) A ) A Xy )
[s ys,k - n Z x 9 (X1*> + f[f(,y,¢} (XZ*) f[S,ys,k] (Xi:)
min {1 + 7, 4(1+T)} n R 2
< mi i — Jix Xv‘*)
< mip - ; (7 f[x,y’qs] ( ;
max {T, = 2

R (Kiv) = 0 (i)

min {1 + 7, 4(1+T)} n 2 4
+ 2max {T, 2} A
T

TEY n Z

< min
i=1

min 1+ 7, 4(%+T)} n 2

3T
D |y = Sy (Xie)

i=1
4(1 4
+ | 4min 1—1—7,(7—’_7-) + 2max< T, — A,
37 T2
©

where the equality holds by adding and subtracting the same term, the first inequality holds by (8),
and the second inequality follows as a result of the way f§ was constructed and the fact that 3 is its
infimum based on Lemma 4, and the last inequality holds by Theorem 2. O

< min
TEY n

Intuition behind Theorem 3. The goal of Theorem 3 is to prove the existence of a small distilled set
S (its size is a function of the minimal dimension of the RFF mapping required to ensure the provable
additive approximation stated in Theorem 2) satisfying that: (i) The Ridge regression model trained
on the mapped training data via RFF is identical to that of the Ridge regression model trained on the
mapped small distilled set via RFF, (ii) more importantly there exists a KRR solution formulated
for S with respect to the loss of the whole big data X, which approximates the KRR solution on
the whole data X (which is the goal of KRR-based dataset distillation techniques). Thus, (iii) we
derive bounds on the difference (approximation error) between (1) The MSE between the ground
truth labels of the full data and their corresponding predictions obtained by the specific KRR model
(we previously described) on our distilled set and (2) The MSE between the ground truth labels and
the predictions obtained when applying KRR on the whole data X.

7
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The heart of our approach lies in connecting the minimal dimension of the RFF required for
provable additive approximation and the size of the distilled set. This is first done by showing that the
distilled set can be any set S of instances from the input space (e.g., images) and their corresponding
labels, as long as the corresponding labels must maintain a certain property. Specifically speaking,
the labels of the distilled set need to be in correlation with the normal of the best hyperplane

found to fit the mapped training data via RFF X via the Ridge regression model trained on (f(, y),

o~ o~ -1 ~
e., (STS + )\nsd,)\l%) (XTX + )\nsd,)\f%) X7Ty = STyg. From here, the idea hinges upon
showing the existence of a KRR model (represented by a prediction function) that would be dependent
on the prediction function that can be obtained from applying the Ridge regression problem to the
mapped full training data via RFF. With such a model, the idea is to retrieve the predictions obtained
when using the Ridge regression problem from the mapped training data via RFF via the use of some
KRR model used on the distilled set. We thus show that through careful mathematical derivations,
equation reformulation (involving ), and solving a system of equations, one is able to show the
existence of a KRR solution that would allow us to use Theorem 2. Finally, to obtain our bounds, we
also rely on the use of the weak triangle inequality. To that end, we now utilize the described KRR
model on the distilled data together with Theorem 2 to achieve (iii).

Remark 6. Note that the assumption that X is of full rank (i.e., sy) can be dropped easily from

Theorem 3, and as a result, we obtain that S can contain r (rank of X) instances (rows of S). For
additional details, please refer to Section E in the Appendix.

To simplify the bounds stated at Theorem 3, we provide the following remark.
Remark 7. By fixing T := 2, the bounds in Theorem 3 become

X
*Z!f[x.m o) = F (X[ <8,
and
1 AX, 2 — 2
n f[sys?{ ﬁz ka;] (Xi)| + 12X

=1

As for fixing 7 := ¢ € (0,1), we obtain that

2§1+ 2":

AX,
fisiyay (XKis)

X,k (Xix)

2+<4(1+a)+€82>/\.

S Experimental Study

To validate our theoretical bounds, we performed distillation on three datasets: two synthetic datasets
consisting of data generated from a Gaussian Random Field, and classification of two clusters, and
one real dataset of MNIST binary and multi-class classification. Full experimental details for all
experiments are available in the appendix.

2d Gaussian Random Fields. We first test our bounds by distilling data generated from the Gaussian
Process prior induced by a kernel, k£ on 2d data. We use a squared exponential kernel with lengthscale
lz—='13
parameter [ = 1.5: k(z,a’) = e™ 22 *. For X, we sample n = 10° datapoints from N(0,02),
with o, € [0.25,5.0]. We then sample y ~ N (0, Kx x + Ugfn), oy, = 0.01. We fix A = 1075 and
distill down to s = dj log dj. The resulting values of d), s, and compression ratios are plotted in
fig. 2. We additionally plot the predicted upper bound given by Remark 7 and the actual distillation
loss. Our predicted upper bound accurately bounds the actual distillation loss. To better visualize
how distillation affects the resulting KRR prediction, we show the KRR predictive function f3 and

the distilled predictive f3 for o, = 5.0 in fig. 1b and fig. 1c.

Two Gaussian Clusters Classification. Our second synthetic dataset is one consisting of two
Gaussian clusters centered at (—2,0) and (2, 0), with labels —1 and +1, respectively. Each cluster
contains 5000 datapoints so that n = 10°. Each cluster as standard deviation o, € [0.25,5.0].
Additionally, two allow the dataset to be easily classified, we clip the x coordinates of clusters 1 and

R
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Figure 1: (a) visualizes the two clusters dataset with n = 300 and o, = 1.5. (b) and (c) visualizing
the KRR predictive functions generated by the original dataset (b) and the distilled dataset (c) for
the Gaussian Random Field experiment for o, = 5.0. The distilled dataset is able to capture all the
nuances of the original dataset with a fraction of the datapoints.

Gaussian Random Field
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Figure 2: Distillation results for synthetic data generated by a Gaussian Random Field (n = 3)

clusters 2 to not exceed/drop below —0.4 and 0.4, for the two clusters, respectively. This results in a
margin between the two classes. We visualize the dataset for n = 300 and o = 1.5 in fig. 1la. We use
the same squared exponential kernel as before with [ = 1.5, fix A = 10-5, and distill with the same
protocol as before. We likewise plot d7, s, and compression ratios and distillation losses in fig. 3,
again with our bound accurately containing the true distillation loss.

Two Clusters

da? Distilled Set Size, s Compression Ratio  Upper Bound vs. Actual Loss
4004 2500 4 103 4 10-1 4 ‘A_,._n.““*_*.“
I'4
2000 4 -
3001 w07y
1500 4 102 4 ]
200 1 10794
1000 4
100 10 Predicted
1 4 redicte
500 1014 ~*= Upper Bound
1075 4§ —e— Distillation Loss
04 019
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Cluster Stddev, oy Cluster Stddev, oy Cluster Stddev, oy Cluster Stddev, oy

Figure 3: Distillation results for synthetic data of two Gaussian clusters (n = 3)

Real Word Datasets Classification. For our next test, we first consider binary classification on (i)
MNIST 0 and 1 digits, (ii) SVHN 0 and 1 digit, and (iii) CIFAR-10 ship vs deer; all with labels
—1 and +1, respectively. We use the same squared-exponential kernel with [ = 13.9, [ = 3.0, and
I = 8.0, for MNIST, SVHN and CIFAR-10, respectively, which was chosen to maximize the marginal-
log-likelihood, treating the problem as Gaussian Process regression. We vary n € [500, 10000], with
an equal class split, and perform the same distillation protocol. Here, we additionally scale A o \/Lﬁ
such that A = 10~* when n = 5000. Distilling yields fig. 4, fig. 5, and fig. 6, showing that our
bounds can accurately predict distillation losses for real-world datasets. In fig. 7 and fig. 8 in the
appendix, we test our bound for the multi-class case on MNIST 0,1,2 digits with similar settings as in
the binary classification case. The results justify our bounds.
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MNIST 0 vs. 1 Classification
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Figure 4: Distillation results for MNIST binary O vs. 1 classification (n = 3)
SVHN 0/1 Classification Optimizing 8A
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Figure 5: Distillation results for SVHN binary 0 vs. 1 classification (n = 3)
CIFAR-10 Deer vs. Ship Classification
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Figure 6: Distillation results for CIFAR-10 binary deer vs. ship classification (n = 3)
6 Conclusion

In this study, we adopt a theoretical perspective to provide bounds on the (sufficient) size and
approximation error of distilled datasets. By leveraging the concept of random Fourier features (RFF),
we prove the existence of small distilled datasets and we bound their corresponding excess risk when
using shift-invariant kernels. Our findings indicate that the size of the guaranteed distilled data is a
function of the "number of effective degrees of freedom," which relies on factors like the kernel, the
number of points, and the chosen regularization parameter, A, which also controls the excess risk. In
particular, we demonstrate the existence of a small subset of instances within the original input space,
where the solution in the RFF space coincides with the solution found using the input data in the RFF
space. Subsequently, we show that this distilled subset of instances can be utilized to generate a KRR
solution that approximates the KRR solution obtained from the complete input data. To validate these
findings, we conducted empirical examinations on both synthetic and real-world datasets supporting
our claim. While this study provides a vital first step in understanding the theoretical limitations of
dataset distillation, the proposed bounds are not tight, as seen by the gap between the theoretical
upper bound and the empirical distillation loss in section 5. Future work could look at closing this
gap, as well as better understanding the tradeoff between distillation size and relative error.
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A Experiment Details

All experiments unless otherwise stated present the average/standard deviations of n = 3 runs. Each
run consists of a random subset of MNIST 0/1 digits for MNIST binary classification, or random
positions of sampled datapoints for synthetic data, and different samples from the GP for the Gaussian
Random Field experiment. Distilled datasets are initialized as subsets of the original training data.
We distill for 20000 iterations with Adam optimizer with a learning rate of 0.002 optimizing both
images/data positions and labels. We use full batch gradient descent for the synthetic datasets and a
maximum batch size of 2000 for the MNIST experiment. For the MNIST experiment we found that
particularly for larger values of n, with minibatch training, we could obtain lower distillation losses
by optimizing for longer, so the closing of the gap between the upper bound and experiment values in
fig. 4 may be misleading: longer optimization could bring the actual distillation loss lower.

To ensure that assumption (II) is fulfilled, we scale the labels such that H f[é( e H = 1. For
1 H

example, if we are working with MNIST binary classification, with labels {+1,—1}, we first

compute H f ’;( k] H = r using {+1, —1} labels, then rescale the labels by 1/r so that the labels are

{Jrf 77} Suppose this results in some upper bound Ly and some real distillation loss L. For

the corresponding plots in figs. 2 to 4, we plot 2Ly and 2L r. We do this because the 7 values for
different parameters (such as n or o) could be different, and scaling for the plots allows the values
to be comparable.

In the figures for the upper bounds on the distillation loss we plot the smallest value of the upper
bounds in remark 7.

A.1 Code

Code is available in the supplementary material.

B Proof of Technical Results

B.1 Proof of Theorem 2
Note that the proof of Theorem 2 follows from the proofs of Theorem 1 and Corollary 1 of [LTOS21].

For completeness, we provide the following proof.

Theorem 2 (A result of the proof of Theorem 1 and Corollary 2 of [LTOS21]). Let X € R™xd
be an input matrix, y € R™ be an input label vector, k : R x R? — [0,00) be a shift-invariant
kernel function, and K € R™ ", where Vi, j € [n] : K;; = k(Xi,Xjs). Let X > 0, and let

di\< =Tr (K (K +nAl )71). Let sy € (d/\ log (d)‘ )) be a positive integer. Then, there exists

a pair (¢,X ~) such that (i) ¢ is a mapping ¢ : R* — R%¢ (whlch is based on either the weighted
RFFﬁmctlon or the RFFfunctlon [LTOS21]), (ii) X is a matrix X € R"*s where for every i € [n],

Xix := @ (Xix), and (iii) (¢, X) satisfies

_ 2 1 n

) < =
Xy¢ (X*)’ _7141
1=

R — R such that for every row vector z € R%, f[);?y¢>] (2) =

2
Yi — f[égy,k] (Xz*) + 4,

where f2: X.5.0]

z ()N(TX + )\nsd,/\Isd)) XTy. Note that, Table 1 gives bounds on 54 when A o

B 1
7

Proof. First, let 8 € R be the ridge regression solution involving X and Yy, 1.e.,

n

1
B8 e argminfz

2 2
: T s a2
zeR% T i—=1

Yi — Xz*x

Note that, by construction, for every i € [n], f[/\f( 0.0] (il*) is equal to X, - 3.
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Thus,

1 n
2=

1=

n - 2

_ 2
Yi — Xi*/B‘ = _inf — yi — f(Xix)
7], v i

2 1 n
>

i=1

v gy (Xer) (10)
where the first equality holds by definition of f[ v.d] (f(l*) for every i € [n], and the second

equality follows from the proof of Lemma 6 of [LTOS21] which indicates that s || 3 ||§ <2.
Note that,

inf Z ’

17, <v2 ™5

2

Z‘y f[xyk( z*)+fxyk]( Z*)_]T(Xi*)

A, <fnz‘y T (Xie)

23 (0 Ry 0%6)) (g (050~ F(%0)
i=1

Hfll <f”
(11)

~ 2
42 Ly |F(Xi) = Fix g (Xit)
=1

where the first equality holds by adding and subtracting the same amount, while the last equality
holds by simple expansion.

To properly bound the terms above, we rely on Lemma 7 of [LTOS21].
Lemma 8 (Restatement of Lemma 7 [LTOS21]). Under Assumption 1 and the definitions in Theo-

rem 2, and for
~ . 2
P e amgmin? [ 00 - Foc 7],

where H is the corresponding RKHS space of X, it holds that
1 n -
=3 (= S (%)) (Fxgn (Xis) = PP (Xi)) <0
i=1

Hence, combining Lemma 8 with (11) yields

n . 2
_inf o =y — f (Xa)
17115, <‘/§ni 1
2 2
<- Fc i (Xin) +2A+”f”mf<fn§:]f — fn Xen)| a2)
2
S 7y7k] Xi)| +4X

where the last inequality holds by Lemma 4 (or equivalently Lemma 6 of [LTOS21]), and thus
concluding Theorem 2.

O

C Regarding s4

In what follows, we discuss cases for determining the quantity s. To quantify s, which in turn
determines the size of the distilled set, we need to measure d x which is the trace of K (K + nAl, n)*1

15
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Table 1: Table 1 from [LTOS19]. The trade-off in the worst case for the squared error loss.

SAMPLING SCHEME SPECTRUM NUMBER OF FEATURES
finite rank s € Q)
WEIGHTED RFF Ai oc A' ¢ € Q(logln -loglogn)
Nooci 2 (t>1) | s, € Qn'/? - logn)
Ajoci L s € Q(y/n - logn)
finite rank s € Q(y/n)
A o A sy € Q(y/n - loglogn)
PLAIN RFF i ¢
Aioci PP (> 1) se € Q(y/n - logn)
Ajoci L sy € Q(y/n - logn)

* For the case where K has a finite rank, i.e., the number of positive eigenvalues is lower than
n, then sy € (1).

* As for the exponential decay, it occurs when the kernel is Gaussian and the marginal
distribution of the input data (e.g., images) is sub-Gaussian. In such a case, it was shown

in [Bac17] that dx € O (log %) Thus s4 is poly-logarithmic in » when A := O (ﬁ)

* For the case where the Hilbert space H is also a Sobolov space of order -y larger or equal to

1, then dg € O (A%) which in the case of A := O (ﬁ) we have s, € ) (nﬁ)

* In the general case, where the decay of the eigenvalues admits \; oc O(i~!), then d in
the worst case is bounded by O(m, and thus, via Theorem 2, we can deduce that

se € O(y/nlogn) for the case of X € O(ﬁ)

Note that the choice of A € O(ﬁ) is used in the literature of KRR to ensure that the learning rate is

ﬁ as shown in [RR17].

D Multi-class Experiments

In fig. 7 and fig. 8 we test our bound for the multi-class case on MNIST 0,1,2 digits with similar
settings as in the binary classification case. The results justify our bounds.

MNIST 0/1/2 Classification Optimizing 12A
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Figure 7: Distillation results for MNIST multi class 0, 1, 2 classification (n = 3)
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Figure 8: Distillation results for MNIST multi class 0, 1, 2 classification (n = 3); testing the 8\ bound
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E On the rank of X and its connection to the distilled set S

First, recall that X is the RFF image of X . There are mainly two cases connecting the rank of X to
S:
(I) The rank of X is s, i.e., X is of full rank.
(IT) Otherwise.

Regarding Case (I). For such a case, Theorem 3 is exactly what we need to prove the existence of
a distilled set S.

Handling Case (II). For this case as well, one can also choose to ensure that the rank of S (matrix
form of S) is sy (full rank) and apply the same derivations done in the proof of Theorem 3 without
any violation from the perspective of the validity of our proof. However, due to the nature of this case,
one can also ensure that the size of S (number of instances) is much smaller than s4, specifically, r

(the rank of X). To that end, must ensure that

(A) the following equation
i~ ~ o~ -1 - ~
(sTs n Ansqgu%) (XTX + Ansqﬁu%) XTy = §Tys,

has a solution, i.e., ys exists, and also

(B) we need to ensure that (6) also has a solution, i.e., there exists « € R" such that

lor(1ss !
—XT (XXT + n/\In> fs[X] = Aa.
S¢ S¢

We observe that since X is rank deficient adds some obstacles to our proofs;
when attempting to ensure both (A) and (B). Specifically speaking, the rank of

o~ o~ -1 ~
(STS + Ans¢AIS¢) (XTX + /\ns¢)\1%) XT is equal to the rank of X (due to proper-
ties of rank function) and since we aim to maintain that .S has exactly that number of rows while also

its RFF image S has a rank equal to that of X, we obtain that the linear system of equations in (A)
might have no solution at all. This is unless the row span of S coincides with that of X.

Having an S such that the row span of its RFF image coincides with the row span of X, also ensures
the existence of a solution concerning the linear system of equations present at (B).

F One of many ways to construct S

Following the previous section, to properly construct .S that would satisfy the proof of Theorem 3,
we discuss two possible constructions:

o If X is of full rank (the rank is 54), then there exists a subset .S of the rows of X such that its

image in the RFF space is a linearly independent subset S of the rows of X. Such a subset
is of full rank as it is linearly independent. Such an algorithm can be accessed via [J23].

e If X is rank deficient, i.e., r < s4 where r denotes the rank of X , then the problem by it
1.
XTyby

self requires  independent vectors, i.e, one can represent (X' TX + Ansg Al ¢>
o~ -1 .
Az where A € R%*" and z € R". This is since the rank of (XTX + /\ns¢)\ls¢) Xt

e 1 .
is at max the minimum between the rank of (XTX + Ans¢AIs¢) and the rank of X7

. -1
Such rank is bounded from above by r since the rank of (X TX + AnspA; ¢> is 4.

17

61101 https://doi.org/10.52202/075280-2670



To this end, we can invoke the first case with respect to (B, z). Thus, by choosing S to contain the r

linearly independent rows in X and an additional row from X (not already in S), there exists yg such
that,

(S'TS' + )\ns(z,)\I%) Bz = S'Tys.

Connection to subset selection and label solve.  Observe that according to this section, we showed
that our bounds in Theorem 3 hold for a subset of the data but with different (potentially learned)
labels (not necessarily from the set of input labels) which can be thought of as a hybrid between
distillation and subset selection. Intuitively, this justifies the label-solve approach of [NCL20], where
here we showed that a subset of the data can achieve similar bounds but with learning the labels.
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