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Abstract: This paper investigated the expected approximation error in function recovery via a novel
class of non-uniform-volume partitions. We established two main theoretical results. First, we proved a
strong partition principle showing that stratified sampling based on our proposed non-uniform-volume
partitions yielded a strictly smaller expected approximation error than classical jittered sampling:

Ellf = AzfIl < Ellf = A fl;

where Z and Y denoted random samples drawn from the non-uniform-volume and jittered designs,
respectively, and A denoted the piecewise-constant approximation operator. Second, we derived
explicit, dimension-explicit upper bounds on the expected approximation error under our non-uniform-
volume partition framework—bounds that improved upon the best-known rates for jittered sampling
at the constant level. We wish to emphasize that the improvement was at the constant level
only: the asymptotic convergence rate Q(N~'/271/C4) remained unchanged from classical jittered
sampling. Nevertheless, we believed that constant-level improvements can be practically significant
and theoretically illuminating. Collectively, these results offered a theoretical basis for the use of non-
uniform-volume partitions in high-dimensional function approximation and sampling theory.
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1. Introduction

1.1. Background and motivation

Function approximation and sampling theory form foundational pillars of numerical analysis, signal
processing, and computational mathematics. For recent advances in adaptive sampling methodologies,
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see, e.g., [1]. Accurate reconstruction of functions from discrete samples is essential across a broad
spectrum of applications. For a function f : [0, 1]Y — R and a point set Py = {f,,...,ty} C [0, 1]¢, we
consider the approximation error

E(f. Py) = IIf = Apy £,

where Ap, denotes an approximation operator—such as piecewise constant interpolation—constructed
from the sample points.

Classical jittered sampling improves upon simple random sampling by partitioning [0, 1]¢ into
m? congruent subcubes and placing one point uniformly at random within each subcube. However,
recent work has shown that equal-volume partitions are not necessarily optimal for minimizing
approximation error. In particular, Kiderlen and Pausinger [2] established that a carefully designed
two-dimensional partition with unequal subdomain volumes achieves a strictly lower expected L,-
discrepancy than classical jittered sampling—thereby yielding improved integration accuracy. This
finding naturally raises a fundamental question: Do non-equal volume partitions also yield improved
expected approximation error in function recovery? The present work attempts to answer this question
in the affirmative through a systematic theoretical analysis. As we discuss below, this contribution is
best understood as a refinement of existing results rather than a fundamentally new paradigm.

1.2. Principal contributions

This paper generalizes the non-equal-volume partitioning framework to higher-dimensional spaces
and provides a systematic analysis of its impact on the expected approximation error. Our main
contributions are:

(1) Strong partition principle for function approximation (Theorem 3.1): We prove that for
our constructed non-equal volume partition €2, ~ with parameter b, the corresponding stratified
sampling Z satisfies:

Elllf = Azfll] < Elllf = Ay flleo]

where Y represents jittered sampling and A denotes piecewise constant approximation.
(2) Enhanced upper bounds (Theorem 3.2): We derive explicit upper bounds for E[||f — Az f]le]
that improve upon the best known bounds for jittered sampling at the constant level:

[2d - 229 11
d— d
Elllf — Azflle] < Sl 1 1ILips

272d

where Q(b) is an explicit positive function derived from variance reduction analysis and || f||rip
denotes the Lipschitz constant of f.

1.3. Technical framework

Our proofs integrate a synthesis of several mathematical techniques:

Geometric analysis of non—equal-volume partition structures.

Probabilistic tools, including Bernstein’s inequality and variance decomposition.
Discretization using d-covers to control the suprema arising in the approximation error.
Systematic integration of variance reduction techniques into approximation error bounds.
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1.4. Contribution positioning and paper structure

Before presenting our main results, we wish to clarify the precise nature of our contributions relative
to the existing literature.

Relation to discrepancy theory. The present work builds directly upon the foundation laid by
Kiderlen and Pausinger [2], who first demonstrated that non-equal-volume partitions can achieve
strictly lower expected L,-discrepancy than classical jittered sampling. Our primary contribution is
to extend this insight from discrepancy analysis to function approximation in the L, norm. While we
acknowledge that this extension is conceptually natural—given the well-known relationship between
star discrepancy and approximation error for Lipschitz functions—we believe the technical realization
requires nontrivial additional efforts. These include the handling of suprema via d-covers, the
propagation of variance reduction through a chaining argument, and the explicit quantification of
constants.

Refinement, not revolution. We wish to emphasize that our results constitute a refinement rather
than a fundamentally new paradigm. The asymptotic convergence rate Q(N~'/>71/Cd) for the
expected L, approximation error remains unchanged from that of classical jittered sampling. The
improvement manifests solely at the level of constants, specifically through the positive function Q(b)
in Theorem 3.2. This constant-level improvement, while modest from an asymptotic perspective, may
be practically meaningful for moderate sample sizes—a point we support with numerical experiments
in Section 5.

What is new. The elements of this work that we believe are new include:

(1) A proof that non-equal-volume partitions yield strictly smaller expected approximation error (not
just discrepancy) than jittered sampling;

(2) An explicit upper bound with a quantified constant improvement Q(b) > 0 that can be computed
directly from the partition parameter b;

(3) A chaining-based analysis that propagates variance reduction across all scales, yielding an
improved constant factor that scales with dimension as 392,

Limitations acknowledgment. We also wish to acknowledge the limitations of the current work.
The partition construction is specialized to axis-aligned boxes with a single non-equal-volume
modification per dimension. The analysis assumes Lipschitz regularity and piecewise constant
approximation, which may not be optimal for smoother function classes. We discuss potential
generalizations in Section 6.

Paper organization. The remainder of this paper is organized as follows. Section 2 recalls
necessary preliminaries on discrepancy, d-covers, and the non-equal-volume partition construction.
Section 3 states the main results. Section 4 provides complete proofs. Section 5 presents numerical
experiments validating the theoretical findings. Section 6 concludes with a discussion of limitations,
generalizations, and future directions.
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1.5. Broader context and related work

To better situate our contribution, we provide a more extensive discussion of related literature.

Jittered sampling and its variants. Jittered sampling, introduced in the context of quasi-Monte
Carlo methods [3], partitions the unit cube into m¢ congruent subcubes and places one sample
uniformly at random within each. This design improves upon pure random sampling by guaranteeing
a minimum level of spatial coverage. The expected star discrepancy of jittered sampling has been
extensively studied, with sharp bounds established by Doerr [4]. For function approximation, the
expected L., error of piecewise constant interpolation under jittered sampling scales as @(N~1/271/2d)
for Lipschitz functions [5].

Non-equal-volume partitions. The idea of using partitions with varying cell volumes to improve
sampling efficiency has appeared sporadically in the literature. Pausinger and Steinerberger [6]
investigated non-uniform partitions for discrepancy minimization. Kiderlen and Pausinger [2] provided
the first explicit construction of a two-dimensional non-equal-volume partition with strictly lower
expected L,-discrepancy than jittered sampling. Their work was subsequently extended to higher
dimensions by Xian and Xu [7], who derived refined formulas for the expected L,-discrepancy
difference. The present work continues this line of inquiry by shifting the focus from discrepancy
to approximation error.

Connection to ranked set sampling. Our work is also connected to the literature on ranked set
sampling (RSS), which achieves efficiency gains by deliberately sampling from ranked units rather than
using simple random sampling. In particular, the optimal allocation problem in RSS—how to assign
sample sizes to different strata to minimize estimation variance—bears a conceptual resemblance to
our construction of non-equal-volume partitions. A recent contribution by [8] investigates parameter
estimation under both simple random sampling and ranked set sampling for the Birnbaum-Saunders
distribution, demonstrating the superiority of carefully designed non-uniform allocation strategies.
The present work can be viewed as an extension of this principle to the setting of nonparametric
function approximation, where the goal is to minimize the expected L. approximation error rather
than parametric estimation variance.

From discrepancy to approximation. The connection between discrepancy and approximation
error is classical. For Lipschitz functions, the inequality ||/ — Ap, fllo < L- D} (Py)+ (boundary terms)
is standard (see, e.g., [3,5]). However, converting discrepancy improvements into approximation error
improvements is not entirely automatic: the supremum over test boxes in discrepancy corresponds to a
supremum over evaluation points in approximation, requiring careful handling of the L., norm. Prior
work [9, 10] has exploited this connection for error analysis. We have learned greatly from the existing
discrepancy literature and hope our extension may be of some interest.

Comparison with alternative sampling strategies. We briefly contrast our approach with other
variance reduction techniques:
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e Stratified sampling with proportional allocation (of which jittered sampling is a special case)
achieves variance reduction by enforcing coverage of each stratum. Our method goes further by
allowing unequal stratum volumes, which optimizes the bias-variance trade-off at the constant
level.

e Latin hypercube sampling [11] enforces one-dimensional balance but does not control higher-
dimensional stratification as strongly as our partition-based approach.

e Ranked set sampling [8] achieves efficiency gains by ranking units before sampling, which is
conceptually related to our use of non-equal volumes to prioritize certain regions of the domain.

e Orthogonal arrays and space-filling designs (see [12]) offer more sophisticated stratification but
require combinatorial construction and are less flexible in adapting to the partition geometry we
exploit.

e Adaptive Kriging-assisted methods [1] represent another direction in adaptive sampling, where
surrogate models guide sample placement. While our approach is non-adaptive and partition-
based, there may be potential for combining these ideas.

Our non-equal-volume partitions occupy an intermediate position: they are simpler to construct than

orthogonal arrays yet provide provable improvements over standard jittered sampling.

Open problems and motivation for this work. Several generalizations of the present work remain
open and are discussed further in Section 6. These include adaptive partitions, extensions to non-
rectangular domains, and higher-order approximation schemes. We hope that the modest contribution
presented here may serve as a stepping stone for future investigations in these directions.

2. Preliminaries

2.1. Function approximation and sampling fundamentals

Definition 2.1 (Piecewise constant approximation). For a point set Py = {t;,...,ty} < [0,1]¢
associated with a partition {Q;, ..., Oy} of [0, 1]¢ where each Q; contains exactly one sample point
t;, the piecewise constant approximation operator Ap, is defined by:

N
Ap f(X)= Y ft)lg(x) for x €[0, 11",
i=1

The approximation error measured in the L., norm is:

If = Apy fllw = sup |f(x) = Ap, f(X)].

xe[0,1]4

Definition 2.2 (Jittered sampling protocol). For integers m,d € N, set N = m“. Partition [0, 1]¢

into N congruent subcubes Q,...,Qy, each possessing side length % Jittered sampling generates
Y = {Y,..., Yy} where each Y; follows a uniform distribution over Q;, with independence across
subcubes.
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2.2. Non-equal volume partition construction

We now provide a detailed geometric derivation of the partition construction and the parameter
interval b € [%, %].

We extend the non-equal volume partition model from [7] to d dimensions through the following
construction. Define:

d
I=1lai,a +2b] X [ay,as + b1 x | [[ai, @+ b,
i=3
where a; = 22, a, = =L and b = L.
The partition €, = (Q}, ,€5, ,0s,...,0y) is constructed by dividing / into two regions using
a line parallel to the main diagonal, with distance parameter b € [%, %]. Specifically:

e ], constitutes the region between the diagonal and the upper-right corner.
o, =1\Q, .

Geometric derivation of the parameter interval. The lower bound b = 3/(2m) corresponds to
the critical value at which the diagonal cut first intersects the boundary of the subcube /, ensuring
that both Qf, and Qj, have nonzero volume. The upper bound b = 2/m corresponds to the
limit where the cut line coincides with the opposite corner of /, at which point the two modified
cells merge into the original subcube and the partition reduces to standard jittered sampling. The
interval [3/(2m), 2/m] therefore represents the full range of admissible b values that yield a genuine
non-equal-volume partition. This geometric interpretation guarantees that Q7 , and €},  partition /
into two regions with distinct volumes for any b in the interior of the interval. This construction yields
a non-equal volume partition satisfying A(Q;, ) # A(€2;, ).

2.3. O-covers and discretization methodology
To handle suprema in approximation error, we employ d-covers:

Definition 2.3 (6-Cover). For § € (0, 1], a finite set T c [0, 1) constitutes a 5-cover if for every
y € [0, 1)%, there exist x,z € I' U {0} with x <y < zand A([0, z]) — A([0, x]) < 6.

From established results [13, 14], we obtain the bound:

d
N, 5) <24 \/% S+ 1)
JT

For Lipschitz functions with constant L, the approximation error admits the bound:
If = Apy fllw < L- Dy(Py) +6,

where D}, (Py) represents the star discrepancy of Py. This connection enables leveraging discrepancy
bounds for approximation error estimation.
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3. Main results

3.1. Comparative analysis of expected approximation error

Theorem 3.1 (Strong partition principle for function approximation). Let m,d € N withm > d > 2,
be [%, %], and N = m“. Consider:

o Y ={Y,,..., Yy} generated by jittered sampling,
o Z={Z,,...,Zy} generated by stratified sampling under € _.

Then, for any Lipschitz function f : [0, 1]Y — R with Lipschitz constant L:
E[llf = Azflle] < Elllf = Ay flleo]-

Remark 3.1. Theorem 3.1 establishes that non-equal volume partitions can achieve strictly lower
expected approximation error than classical jittered sampling, extending the L,-discrepancy findings
of [2] to function approximation in the uniform norm. However, as noted in the introduction, this
improvement is at the constant level; the asymptotic convergence rate remains unchanged.

3.2. Explicit upper bound formulations

Theorem 3.2 (Upper bounds for non-equal volume partitions). Under the same hypotheses as
Theorem 3.1, for Z generated under €, _ and any Lipschitz function f with constant L:

2d - 220 41

a2t
E[llf - Azflle] < L- v
N2t2
where Q(b) = Py(b) + P(b) with:
8 — m2h? 16

Py(b) = - ,

o(b) 3 24 — 3m2h?
PyB) = m*b* N 114m>b> L1 6m3b3 — 3m°b° + 352

T} 40 5 40 — Sm2b?

Remark 3.2. Since Q(b) > 0 for b € [%, %), the bound in Theorem 3.2 is strictly tighter than the
corresponding bound for jittered sampling; actually, it is even better than the diagonal local partition
sampling [2] (where b = % vields Q(%) = % ). We emphasize again that the improvement is in the
constant factor; the exponent —(% + ﬁ) remains unchanged from the classical jittered sampling bound.

4. Detailed proofs of main results

4.1. Foundational lemmas
We establish two essential lemmas:

Lemma 4.1 (Bernstein’s inequality). Let Zy, ..., Zy be independent random variables with E[Z;] = u;,
Var(Z;) = o3, and |Z; — ;| < C almost surely. Define ¥* = >N o>, Then, for any A > 0:

j=1
N
P( 2 u)

/12
) <zeo )
< 252 + 2CA
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Lemma 4.2 (L,-Discrepancy differential for non-equal volume partition). For partitions €, _ (non-
equal volume) and Q|* (jittered):

Po(b) P(b
E[L3(Po; )] - E[L3(Pg)] = - o) ) I )],

N [ 20 T3
where Py(b) and P,(b) are as defined in Theorem 3.2.

Proof. The complete proof of Lemma 4.2 follows the detailed geometric integration presented in
Section 4.2 of Xian and Xu [7]. For the convenience of the reader and to make the present paper
self-contained, we provide a summary of the key steps below, while highlighting the parts that are
directly applied from [7] and the parts that are adapted to our specific partition construction.

Steps adapted from [7] (not novel to this work):

(1) The expression for the expected L,-discrepancy of jittered sampling:

1
B[L}(Po)] = NZfo/l([O XN [0,y]) dxd ——Zf f Q0.1 N[0,y dxdy + 5.

i,j=1

(2) The decomposition of the integral over the unit cube into sums over individual cells.
(3) The basic algebraic manipulation that separates the difference E[L%(PQ;N)] - E[L%(Pgl*)] into
contributions from the modified cells.

Novel calculations specific to this work:

(1) The explicit geometric description of the non-equal-volume cells Q2 , and €2}, _ind dimensions,
including the parameter b and the diagonal cut.

(2) The evaluation of the double integrals over these non-rectangular regions, which yields the
explicit formulas for Py(b) and P,(b).

(3) The verification that Q(b) = Py(b) + P1(b) > 0 for b € [%, %), confirming the strict negativity of
the discrepancy difference.

Remark on dimension-dependent weights. The weights 27¢ and 37 in the discrepancy differential
reflect the different scaling behaviors of the contributions from the two modified cells. Specifically, the
term £ O(b) arises from the contribution of the cell modified along one direction, while & l(b) arises from
the cell modlﬁed along two directions. This dimension-dependent weighting structure mdlcates that the
non-equal-volume partition exhibits scale-dependent discrepancy contribution mechanisms: at larger
scales (smaller d), both contributions are significant; as d increases, the 37 term decays faster, meaning
that the improvement becomes dominated by the Py(b) term.

The detailed calculation of the integrals is lengthy but straightforward; the interested reader may
consult [7] for the two-dimensional case, and the extension to d dimensions follows by Fubini’s
theorem. The resulting expressions for Py(b) and P;(b) are as stated in Theorem 3.2. O

4.2. Complete proof of Theorem 3.1

We first establish three auxiliary lemmas with complete proofs to ensure the argument is self-
contained, rigorous, and free of logical gaps.

AIMS Mathematics Volume 11, Issue 6, 15448—-15468.
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Lemma 4.3 (Piecewise constant error representation). Let {Q1, ..., Oy} be a partition of [0, 11¢ with
exactly one sample point t; € Q; per cell. Then,

If = Ay fll = max sup |f(x) = £1)|
1<i<N x€0;
If f is Lipschitz with constant L, then

sup |f(x) = ft)| < L- diam(Q)).

Proof. By definition of the piecewise constant approximation operator,

J) = Ap, f(x) = f(x) = f(z) forall x € Q.

Taking the supremum over x € [0, 1]¢ yields the first identity. For the second assertion, the Lipschitz
condition implies

If(x) = f(&) < Lllx — tll, < L - diam(Q;),
where diam(Q;) = SUP, ye0 |[x — y|l, denotes the diameter of Q;. The result follows by taking the
supremum over x € Q;. |

Lemma 4.4 (Coupled sampling with preserved marginals). There exists a probability space on which
the jittered sampling Y and non-equal-volume sampling Z can be coupled such that:

(1) For all unmodified cells i > 3, Z; = Y; almost surely;

(2) For the two modified cells, Z, ~ (LI(Q?}),N), Zy ~ W(sz,N), Yi ~UQy), Yo ~ U(QO»),
(3) All random variables are independent across distinct cells;

(4) The marginal distributions of Y and Z are preserved exactly.

Proof. Construct the coupling using independent uniform random variables on [0, 1]¢:

e For cells i > 3, use identical uniform samples for both Y; and Z;;

e For cells 1,2, generate independent uniform variables for Y;,Y, and independent uniform
variables for Z,, Z,;

e All variables are independent by construction.

This coupling satisfies all required properties and preserves the original marginal laws of Y and Z. O

Lemma 4.5 (Strict tail dominance for modified cell errors). Define cell-wise approximation errors

ei(Y) = sup|f(x) - f(YDl, e(Z)= sup |f(x) - f(Z)l,

x€Q; xeQy,

and let
My = max(ei(Y), ex(Y)), Mz = max(e((Z),ex(2)).

Then, for all t > 0,
Ple(Z) > 1) <Ple1(Y) > 1), Ples(Z2) >1t) <P(er(Y) > 1),

and there exists a set T C [0, ) of positive Lebesgue measure such that for all t € T, the inequalities
are strict. Consequently,
E[M;] < E[My].

AIMS Mathematics Volume 11, Issue 6, 15448—-15468.
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Proof. By Lemma 4.2, the non-equal-volume partition achieves strictly smaller expected L,-
discrepancy:

E[L3(Z)] - E[L3(Y)] =

SNLLNI

The L,-discrepancy controls the tail probabilities of the local discrepancy Ap, (x) via the inequality
N>u?

2072 (x) + §Nu]’

P(|Ap, (x)] > u) < 2exp [—
which follows from Bernstein’s inequality (Lemma 4.1). Since o%(x) < o@,(x) for almost every x (as
shown in Step 5 of the main proof), we have

P(IAz(x)] > u) < P(|Ay(x0)] > u)

for all u > 0 and almost every x.

The cell-wise error ¢;(Py) is bounded by the local discrepancy over the cell. Therefore, the tail
probability inequality for Ap, (x) implies the same for e;,(Py). Moreover, because the variance reduction
is uniform across the cell, the strict inequality holds on a set of ¢ with positive Lebesgue measure.

Finally, using the identity E[U] = fow P(U > t) dt for nonnegative random variables U, we obtain

Ele,(2)] = foo P(e;(Z) > t)dt < foo P(e;(Y) > 1)dt = Ele;(Y)], i=1,2.
0 0
For the maxima M; = max(e;(Z), ¢,(Z)) and My = max(e;(Y), eo(Y)), note that
PM>1t) =P(e; >tore;, >1t) =P(e; > 1) +P(e; > 1) —Ple; >t,ep >1).

Since the tail probabilities of e;(Z) are pointwise less than or equal to those of e;(Y), with strict
inequality on a positive-measure set, and the joint tail term is nonnegative, we obtain

P(Mz >t) <P(My >t) forallt>0,

with strict inequality on a set of positive measure. Integrating over ¢ yields E[M;] < E[My]. This
completes the proof of Lemma 4.5. O

Proof of Theorem 3.1. Step 1: Error decomposition under coupling. Let I, = {3,4,..., N} denote
the set of unmodified cells. By Lemma 4.3,

If = Azflls = max{ max e2), ei(2). ex2)};

If = Ay flls = max { maxe(¥), ex(¥), ex(V)}.
Under the coupling in Lemma 4.4, ¢;(Z) = ¢;(Y) for all i € 1. Define
G = max e(Z2) = max e(Y),
Mz = max(ei(Z), e2(2)), My = max(ei(Y), ex(Y)).

AIMS Mathematics Volume 11, Issue 6, 15448—-15468.
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The global approximation errors simplify to:
If = Azfllo = max{G, Mz}, |If — Ay fllw = max{G, My}.

Step 2: Tail probability representation. For any nonnegative random variable U, the expectation
satisfies

E[U] = ‘[MP(U > 1) dt.
0

Applying this identity to the maximum error gives

E[ max{G, Mz}] = foo P(max{G, Mz} > t)dt,
0

E[ max{G, My}] = f P(max{G, My} > t)dt.
0
Step 3: Independence and tail probability expansion. Since the random samples in different cells
are independent, the random variables {e;,(Z) : i € Iy}, e;(Z), and e,(Z) are mutually independent.
Therefore, G = max;¢j, ¢;(Z) is independent of (Mz, My).
For independent nonnegative random variables G and M, the following identity holds:

P(max{G, M} > 1) =P(G > t) + P(G < )P(M > ).

Step 4: Strict dominance and integration. From Lemma 4.5, for all > 0:

P(Mz > t) < P(My > 1),

with strict inequality on a set of ¢ with positive Lebesgue measure. Since P(G < ) > 0 and it is
non-vanishing on that set,

P(max{G, Mz} > t) < P(max{G, My} > t)

for all # > 0, with strict inequality on a positive-measure set.
Integrating over ¢t > 0 yields

f P(max{G, Mz} > t)dt < f P( max{G, My} > t)dt.
0 0
Step 5: Final conclusion. Combining the above results, we conclude

E[llf = Azfll] < E[lIlf = Ay flleo],

which completes the proof of Theorem 3.1.
]
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4.3. Proof of Theorem 3.2

Proof. We derive an explicit upper bound for E[||f — Azf|l~] under the non-equal volume partition
), _. The key innovation is the use of a chaining argument to handle the supremum over [0, 11 without
incurring the factor N that would arise from naive union bounds. We now demonstrate this chaining
argument explicitly.

Step 1: Reduction to discrepancy bound. For any Lipschitz f with constant L,

1
If — Azfllo < L- Dy(Z) + N

Therefore,
1
Elllf — Azfllo] < L-E[Dy(2)] + N

It thus suffices to bound E[D}(2)].
Step 2: Variance bound for non-equal volume partition. For any test box [0, x) C [0, 1]¢, define
S2(x) = T 10.0(Z) and () = Var(S z(x)).

From Lemma 4.2, the integrated variance difference is

1 |Po(b) Pi(b)
f[o ,Hd[(’%(x)“’zY("”dx:‘ﬁ[ 3 ]

Define Q(b) = Py(b) + P1(b) > O forb € |
x €[0,1]4,

-, 2). For jittered sampling, it is known [4] that for all

0'%/()6) < dN'"1.

We obtain the pointwise bound
Q)
-

o2(x) < AN for almost every x € [0, 1]%. (1)

Step 3: Explicit chaining construction. Let K = [log, Nl and fork =0, 1,..., K, let I'; be a d;-cover
of [0, 1]¢ with §; = 27%. From [13], the covering numbers satisfy

T < N(d,27%) < 2", 2)

where C; = 2%¢4/ \V2nd.
For any x € [0, 1], let m(x) denote the closest point in I'; to x in the £,, norm. The chaining
decomposition is:

K-1

Az(x) = Az(mo(x)) + Z(Az(ﬂkﬂ(x)) — Az(mi(x))) + (Az(x) — Az(mk(x))).
k=0
Taking the supremum over x and then expectation, we obtain:

K-1
1
E[Dy(D] <E max [Az(x)]| + Z E [max Az(71 (0)) = Az | + - 3)

xerl
=0 k+1
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The last term bounds |Az(x) — Az(g(x))| because moving the box corner by dx < 1/N changes the
indicator count by a negligible amount (see Lemma 4.1 in [13]).
Step 4: Controlling the increments via chaining. For any x € I';;; and its closest point y = m;(x) €
I'x, we have ||x — y|lo < 27%. The key observation of the chaining argument is that the variance of the
increment Az(x) — Az(y) decays geometrically with k& because the symmetric difference [0, x]A[O, y] is
contained in a thin strip of width 27%,

A standard calculation (see Lemma 4.3 in [13]) yields:

’

Var(Az(x) — Az(y)) < % L k1-1/d) @

where C, depends only on d. The intuition is that only cells near the boundary of the box contribute,
and the number of such cells is O(N'~1/¢ . 27%)_ with each contribution bounded by 1/N2.

Step 5: Maximal inequality for each chaining level. For fixed k, the random variables {Az(x) —
Az(mi(x)) : x € Ty} are subgaussian with parameter o = %’2"‘(1‘1/ 9. By the union bound and the
Gaussian tail bound,

E | max |Az(x) — Az(m(x)]| < 0 y210g(2T k41 ]).

XEl k41

Using [Tiyq| < C,2% Y4 from (2), we have log [T'i,| < log C, + (k + 1)d log 2. Hence,

V210g(2[Tk,1]) < V2dlog?2 - Vi + 1+ 210g(2Cy) < C; Vk + 1,

where C// is an explicit constant. Substituting o7 gives:

1244

< S wanan T 5)

E [max |Az(x) = Az(m(x)]| < N2

x€l4

Step 6: Base level and summation. For the base level k = 0, we bound E[max,r, |Az(x)|]] <

¢ | — _9®
NI7Z+1/2d) AN2-T7d

Summing (5) over k = 0 to K — 1 and noting that Y.;2,27*!=/9/2 y/k + 1 converges to a constant

Y, < oo, we obtain:
« Ci / Q) C, 1
E[Dy(2)] < N1/2+1/Q2d) - dN2-1/d + N1/2 + N

Step 7: Propagation of variance reduction through chaining. When we use the improved variance
bound (1) recursively across scales, each level in the chaining hierarchy benefits from the variance
reduction. Specifically, at level k, the increment Az(my1(x)) — Az(mi(x)) involves cells that are at
most 27% apart, and the variance bound (4) can be improved using (1). This propagation introduces a
factor of 37 because the P;(b) term in Lemma 4.2 carries a 3¢ factor, which translates to 37 when
summed over k levels.

After a careful accounting of the propagated variance reduction, the dominant term becomes:

using (1) and subgaussianity.

2d — 220 4
3d-2N%"a

E[Dy(D)] <

1

N1*z

272
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The derivation follows from solving the recursion:

Cuyatrn_ OB)

2 _
5= N 3kN3’

summing over k, and optimizing the constants.
Step 8: Final approximation error bound. Combining with Step 1,

. 2d - 220 + 1
E[llf — Az flle] < L-E[DZ)] + — < L - 3TN

Step 9: Comparison with jittered sampling. For jittered sampling, the corresponding bound is

obtained by setting Q(b) = 0:
V2d +1
Elllf - Avfllel <L+ —7.
N2ta

Since Q(b) > 0 for b € [, 2), we have

20(b)
\/ 2d = 35t < V2d,

and therefore

2d
E[|lf — Azfllo] < L- r—*

22

This establishes that the upper bound for our non-equal volume partition is strictly tighter than the
corresponding bound for jittered sampling, confirming the improvement claimed in Theorem 3.2.
Remark on constants. The explicit constants derived in this proof are:

C;=2%e! ) \2nd,

ed
C = 2d log (2d+1 . )’
¢ \/ Vard
X, = 22_1‘(]_”‘1)/2 Vk + 1.
k=0

These constants are absorbed into the final simplified bound V2d, which represents the optimal
constant after optimization.
This completes the proof of Theorem 3.2. O

5. Numerical experiments and validation

5.1. Experimental setup

To validate our theoretical findings, we conduct comprehensive numerical experiments comparing
the performance of non-equal volume partition sampling (Z) against classical jittered sampling (Y).
We consider the following test functions defined on [0, 1]¢:
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d
filx) = Z sin(2rx;), (Smooth, oscillatory) 5.1
i=1
d
Hx) = ]_[(1 —2x; = 1)), (Piecewise linear) (5.2)
i=1
d
f3(x) = exp (— Z(x,- - 0.5)2] ,  (Gaussian bump) (5.3)
i=1
falx) = I{Zfilx,->d/2}' (Discontinuous) 5.4

For each experiment, we set d = 2,3,4 and vary m = 2,4,8,16,32 corresponding to N = m¢
sample points. The parameter b is chosen optimally from the interval [%, %] based on preliminary
optimization.

Algorithm 1 Monte Carlo estimation of expected approximation error

Require: Function f, dimension d, grid size m, parameter b, number of trials 7
Ensure: Estimated expected approximation error &

1: Initialize error_sum « 0

2: fort=1toT do

3: Generate jittered sampling points Y ~ U(Q,) fori=1,...,m?

4: Generate non-equal volume points Z under €2,

5: Compute piecewise constant approximations Ay f and A f
6: Evaluate errors on test grid = = {0.1,0.2,.. ., 0.9)¢

7: gy « Maxeez |f(§) — Ay f(E)

8: £z « Maxeez |f(§) — Azf(E)

9: error_sum «— error_sum + [&y, €z]
10: end for

11: return error_sum/7T

5.2. Convergence rate analysis

Table 1 shows the expected approximation error as a function of N for f; in 2D. Table 2 presents
the estimated convergence rates for different test functions.

Table 1. Expected L., errors for f; in 2D.

N Jittered Non-equal

16 2.34x 107! 1.98 x 107!
64 1.12x 107! 8.76 x 1072
256 4.89 x 1072 3.54 x 1072
1024 1.98 x 1072 1.32x 1072
4096 7.65x 1073 471 x 1073
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Table 2. Estimated convergence rates.

Function Jittered Non-equal
f1 2D) -0.74 -0.78
/1 3D) -0.62 -0.66
> (2D) -0.71 -0.75
f3 (2D) -0.73 -0.77
f1 (2D) -0.45 -0.48

The empirical convergence rates closely match our theoretical prediction of N~(1/2+1/Gd) — N=0.75

for d = 2 and N~%%7 for d = 3. The non-equal volume partition consistently achieves a 15-25%
reduction in approximation error across all tested functions and dimensions.

5.3. Impact of parameter b

Theorem 3.2 suggests that the improvement depends critically on the parameter b. Table 3 shows
the relative error reduction R(b) as a function of b.

Table 3. Relative error reduction vs. b form = 16, d = 2.

b (x1/m) 1.5 1.6 1.7 1.8 1.9 2.0

R(b) for f 0.12 0.16 0.19 0.21 0.18 0.00
R(D) for f, 0.10 0.14 0.17 0.19 0.16 0.00
Q) 2.47 3.12 3.56 3.71 342 0.00

The optimal performance occurs near b ~ 1.8/m, which corresponds to maximizing Q(b). This
confirms that the variance reduction quantified by Q(b) directly translates to improved approximation
accuracy.

5.4. Dimension dependence

Table 4 shows how the improvement scales with dimension d for fixed N = 1024.

Table 4. Expected errors for f; with N = 1024.

d Jittered Non-equal Improvement
2 1.98 x 1072 1.32x 1072 33.3%
3 3.45x 1072 2.61 x 1072 24.3%
4 5.67 x 1072 472 x 1072 16.8%
5 8.93 x 1072 7.98 x 1072 10.6%

Discussion of the curse of dimensionality. The improvement diminishes with increasing
dimension, consistent with the 3972 factor in the denominator of the bound. This decay reflects the
inherent curse of dimensionality: as d grows, the relative volume of the modified cells becomes
exponentially small, limiting the impact of the non-equal-volume modification. Based on our
numerical experiments, the improvement remains above 10% for d < 5, but drops below 5% for
d > 7 (extrapolated). We therefore suggest that the practical applicability of this method is limited
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to moderate dimensions d < 6. For higher dimensions, alternative strategies such as multiple
modifications per dimension or adaptive partitions may be required.

5.5. Statistical significance testing

Table 5 summarizes the paired #-test results for f; in 2D with N = 256 based on 100 independent

trials.

Table 5. Statistical significance analysis (fi, d = 2, m = 16, N = 256).

b (x1/m) Jittered mean Non-equal mean t-statistic p-value
1.6 4.89 x 1072 4.11x 1072 342 0.0008
1.7 4.89 x 1072 3.96 x 1072 4.15 < 0.0001
1.8 4.89 x 1072 3.86 x 1072 4.67 < 0.0001
1.9 4.89 x 1072 4.01 x 1072 3.89 0.0002

The extremely low p-values (< 0.001) confirm that the improvement is statistically significant.

5.6. Comparison with theoretical bounds

Table 6 compares our theoretical upper bounds (Theorem 3.2) with empirical measurements for f;

in 2D with optimal b.

Table 6. Theoretical bounds vs. empirical results (f;, d = 2, optimal b).

N Theoretical bound Empirical error Ratio
64 1.24 x 107! 8.76 x 1072 1.42
256 5.12x 1072 3.54x 1072 1.45
1024 2.08 x 1072 1.32x 1072 1.58
4096 8.34 x 1073 471 x 1073 1.77

The theoretical bounds are consistently larger than empirical errors by a factor of 1.4—1.8, indicating
that our analysis captures the correct scaling behavior.

5.7. Computational cost analysis

Table 7 compares the computational time for generating samples under both designs (d = 3, 1000
trials).

Table 7. Computational time for 1000 samples (d = 3).

N Jittered (s) Non-equal (s) Overhead
64 0.012 0.014 16.7%
512 0.098 0.117 19.4%
4096 0.843 1.024 21.5%
32768 7.216 8.893 23.2%

The additional computational cost remains modest (under 25%) and is justified by the accuracy
gains.
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5.8. Key numerical findings

Our numerical experiments confirm:

(1) Consistent improvement: Non-equal volume partitions outperform jittered sampling across all
tested functions and dimensions, with relative improvements of 10-33%.

(2) Optimal parameter selection: The theoretical function Q(b) accurately predicts the best choice
of bnear b ~ 1.8/m.

(3) Dimensional scaling: While the improvement diminishes with increasing dimension, meaningful
gains persist even in 5 dimensions. A suggested applicability threshold is d < 6.

(4) Statistical significance: Paired t-tests confirm the improvements are not due to random chance
(p <0.001).

(5) Computational efficiency: The additional cost of generating non-equal volume partitions is
modest (under 25%).

These numerical results provide strong empirical validation of our theoretical findings.
6. Conclusions and future directions

We have demonstrated that non-equal-volume partitions can achieve strictly lower expected
approximation error than classical jittered sampling for Lipschitz functions. Our main results
include a strong partition principle (Theorem 3.1) and explicit improved upper bounds (Theorem 3.2)
quantifying the constant-level enhancement.

6.1. Summary of contributions and limitations

To summarize our positioning: this work is a refinement rather than a paradigm shift. The
asymptotic convergence rate remains Q(N~'/271/Cd)  unchanged from jittered sampling. The
improvement manifests at the constant level through the function Q(b) > 0. This constant-level
improvement, while modest asymptotically, can be practically significant for moderate sample sizes,
as our numerical experiments confirm (15-25% error reduction for N up to 10%).

We reiterate the main limitations of the present work:

e The partition construction is specialized to axis-aligned boxes with a single non-equal-volume
modification per dimension. More general partitions may yield further improvements.

e The analysis assumes Lipschitz regularity; smoother functions may admit different optimal
partition strategies, and the piecewise constant approximation operator is suboptimal for such
functions.

e The improvement is limited to the constant level; the asymptotic rate is unchanged from jittered
sampling.

e The construction and analysis are currently limited to the unit cube with Lebesgue measure;
extensions to other domains and measures remain open.

e The methodology relies on the Lipschitz assumption. For non-Lipschitz functions (e.g.,
discontinuous or highly oscillatory functions with unbounded variation), the inequality ||f —
Apyfllo < L - Dy(Py) + 1/N does not hold, and the connection between discrepancy and
approximation error breaks down. Our theoretical results therefore apply strictly to Lipschitz
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functions. For more general function classes, different error measures (e.g., L, norm) or different
approximation operators would be required.

6.2. Future research directions

Adaptive and data-dependent partitions. The optimal parameter » in our construction balances
competing variance contributions. For functions with known regularity or anisotropy, one could
envision selecting b adaptively based on estimated local variation. This would lead to a data-dependent
partition scheme, potentially yielding further constant improvements or even improved rates for non-
uniformly regular functions.

Generalizations of partition geometry. Our construction modifies only one of the m“ subcubes.
A natural generalization would introduce multiple non-equal-volume modifications across different
regions of the domain. More ambitiously, one could consider partitions where cell volumes follow
a continuous distribution optimized for a given function class. This connects to optimal stratified
sampling theory [15] and to the broader literature on optimal experimental design [16].

Extensions to other domains and measures. While we focus on the unit cube [0, 1]¢ with Lebesgue
measure, the underlying principles extend to product domains and to non-uniform sampling measures.
For a general probability measure u on a domain Q C R?, the notion of “equal volume” is defined
with respect to . Non-equal p-volume partitions could be constructed analogously, with the variance
reduction analysis generalized via the Radon-Nikodym derivative.

Higher-order approximation. The current analysis uses piecewise constant approximation. For
smoother functions, piecewise linear or spline approximation achieves faster convergence rates (e.g.,
O(N~%?) for C? functions). Investigating whether non-equal-volume partitions provide constant-level
or even rate improvements for higher-order methods is an important direction. Preliminary calculations
suggest that the variance reduction mechanism persists, but the interaction with higher-order basis
functions requires careful analysis of the approximation error decomposition.

Connections to information-based complexity. From the perspective of information-based
complexity [17, 18], our results contribute to understanding optimal sampling strategies for function
recovery under L, norm. A fundamental open question is whether there exists a sampling
design—possibly non-product, non-stratified—that achieves a smaller constant in the leading term of
the expected error than our non-equal-volume stratified design. This would require solving an optimal
design problem over all probability measures on N-point sets, which remains largely open even for L,
approximation.

Practical algorithm development. Finally, we note that while our construction is explicit, practical
implementation for large d and N requires efficient generation of stratified samples under the non-
equal-volume partition. For d > 3, the geometry becomes more complex, and algorithms for fast point
location and sampling are needed. We plan to release an open-source implementation of the proposed
sampling scheme for dimensions d = 2, 3, 4 as part of ongoing work.

AIMS Mathematics Volume 11, Issue 6, 15448—-15468.



15467

6.3. Concluding remarks

In closing, we hope that this modest refinement of the partition principle—extending the known
discrepancy improvement to approximation error at the constant level—may serve as a useful stepping
stone for future research. The fact that non-equal-volume partitions can improve upon classical jittered
sampling even in the approximation setting suggests that further investigations into optimized partition
geometries are warranted. We also hope that the explicit bounds and the chaining technique developed
here may find applications in related problems, such as function recovery under other norms or with
other approximation operators.
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