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ABSTRACT

Conformal prediction provides model-agnostic uncertainty quantification with
guaranteed coverage, but conventional methods often yield overly conservative
uncertainty sets, particularly in multimodal or heterogeneous settings. This in-
efficiency arises from two sources: (i) limited expressiveness of the predictive
model and (ii) simplistic nonconformity scores design. Most existing approaches
advance only one of these axes, leaving the other underexplored. We propose
generative conformal prediction with Optimized Ranking and Coverage Allocation
(ORCA), a three-stage framework that advances both aspects jointly. ORCA lever-
ages generative models to capture the full conditional distribution and introduces
a rank-dependent optimization procedure that adaptively allocates coverage for
efficiency while maintaining validity. We cast this coverage allocation as an opti-
mization problem, derive an exact mixed-integer linear programming formulation,
and show that the solution converges asymptotically to the oracle density-level set.
Across synthetic, semi-synthetic, and real datasets, ORCA produces substantially
more efficient uncertainty sets than state-of-the-art baselines, demonstrating robust
gains in scenarios where conventional conformal prediction methods fail.

1 INTRODUCTION

Conformal prediction (CP) (Vovk et al., 2005) has gained prominence as a powerful framework
for uncertainty quantification, offering uncertainty sets with statistically guaranteed coverage under
minimal assumptions. As a model-agnostic approach, CP can enhance any black-box model to
provide uncertainty sets that contain the ground truth with a user-specified probability. This versatility
has driven its adoption across diverse domains, inclduing healthcare (Seoni et al., [2023)), finance
(Fujimoto et al., 2022} |Blasco et al.,2024), and autonomous systems (Michelmore et al., 2020; |Su
et al.| 2023} |Grewal et al.| 2024)), where reliable decision-making under uncertainty is critical.

Despite its strengths in coverage validity and model-agnostic applicability, CP often yields overly
conservative uncertainty sets, limiting practicality and interpretability when the conditional distribu-
tion p(Y | X) exhibits complex structure such as multimodality or heterogeneity. This inefficiency
arises from two sources: (i) limited model capacity to capture the geometry of the conditional
distribution, and (ii) simplistic nonconformity scores that fail to exploit distributional richness. For
instance, linear regression provides only conditional mean estimates, whereas quantile regression
could recover multiple conditional quantiles and thus reveals more of the distribution. Likewise,
for a fixed regression model, one may choose a simple absolute residual as the score, or a more
sophisticated variant such as the locally weighted nonconformity measure that normalizes residuals
to improve efficiency (Papadopoulos et al.,2002). Both directions of using more expressive models
and designing more refined scores enhance uncertainty quantification. Recent work has pushed
along these axes; however, most approaches treat model expressiveness and score design in isolation,
advancing one while neglecting the other. In this work, we unify these perspectives by proposing a
framework that couples generative modeling with rank-dependent, vectorized score constructions
optimized for efficient coverage allocation.

In this paper, we propose generative conformal prediction with Optimized Ranking and Coverage
Allocation (ORCA), a three-stage framework that combines generative modeling with optimization-
based and efficiency-oriented non-conformity score design. ORCA leverages generative samples to
capture the full conditional distribution and introduces a rank-dependent optimization procedure that
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adaptively allocates coverage for greater efficiency while maintaining exact finite-sample validity.
This yields prediction sets that fully adapt to the geometry of Y | X, thus leading to superior
efficiency. Figure [T highlights our advancements over classical conformal prediction baselines,
illustrating how ORCA achieves a more adaptive and efficient uncertainty set.

In summary, the main contributions of this paper are:

* Generative conformal prediction. ORCA employs generative models as predictors to capture
distributional complexity beyond mean- or quantile-based approaches. By leveraging generative
sampling with local density proxy ranking mechanism, ORCA exploits the fitted conditional
distribution, encoding finer distributional structure into the conformal procedure.

* Optimized coverage allocation. Rather than collapsing generated sample residuals into a single
statistic, ORCA operates on rank-dependent residual vectors. We cast conformal coverage as an
explicit coverage allocation optimization problem and reformulate it as a mixed-integer linear
program (MILP), which ensures global optimality with practical scalability.

* Theory with oracle guarantees. We prove that ORCA maintains exact finite-sample validity
and, asymptotically, converges to the oracle optimal highest-density region, thereby establishing a
rigorous link between optimization-based conformal prediction and density-level sets.

» Empirical evaluation. Experiments on synthetic and real datasets show that ORCA achieves much
more efficient uncertainty sets than baselines while maintaining exact coverage.
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Figure 1: Comparison of conformal prediction methods and their prediction regions. From left
to right: standard CP (Vovk et al., [2005)), Bonferroni-corrected CP (Neeven & Smirnov, [2018]),
Covariance Weighted CP (Messoudi et al., [2022; Xu et al., 2024), PCP (Wang et al., [2023)), and
ORCA (our method). The background gradient shows the multimodal data distribution. ORCA
adjusts circle radii via ranking—larger in dense areas, smaller in sparse ones—yielding more efficient
and flexible prediction sets. Green dots denote true responses (Y;), black dots are generated samples

(Yi, &), and dashed lines mark prediction boundaries (Cy,).

Related Work Extended works have been done focusing on CP for deterministic models. Different
summary statistics of the conditional distribution have been studied, for example, mean (Shafer &
Vovkl 2008} [Lei et al., 2018) and quantiles (Romano et al., 2019; [Kivaranovic et al., 2020; Alaa
et al., [2023). [Sesia & Romano| (2021) estimate conditional distributions with histograms to obtain
efficient intervals with approximate conditional coverage. Though the above methods all provide
continuous prediction intervals, they cannot adapt to multimodality well. InLei et al.|(2013) and
Lei & Wasserman| (2014), the authors first consider the aspect of density level sets and density-
based clustering for providing efficient prediction set. The authors use kernel density estimator to
construct the non-conformity scores and with a proper choice of bandwidth, the prediction set could
be discontinuous. There are also following works (Izbicki et al., 20205 (Chernozhukov et al., 2021}
Izbicki et al.| |2022) that estimate the density or cumulative distribution function to construct prediction
sets. As a reminder, in our setting, we only need access to the random samples generated from the
fitted model instead of explicit density estimation. So our setting is more generic and applicable to
real applications. Other than density estimation, Tumu et al.|(2024) fits shape functions (convex hull,
hyperrectangle, and ellipsoid) on the calibration data to provide a discontinuous prediction set as a
union of fitted shapes. In|Guha et al.|(2024), the authors convert regression to a classification problem
and can provide discontinuous prediction sets with interpolation of classification scores.

Efficiency, measured by the size of the prediction set, is a fundamental assessment of the quality of
a CP method. Some works explore the effect of different non-conformity score measures such as
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by scaling and reweighting the non-conformity score of each calibration data (Papadopoulos et al.,
20025 2011} Kivaranovic et al., [2020; Bellotti, [2020; /Amoukou & Brunel, 2023). On the other hand,
some works (Stutz et al., 2021; Einbinder et al.| 2022) directly reduce inefficiency by incorporating a
differentiable inefficiency measurement into the training loss. Bai et al.| (2022) reformulate CP as
a constrained optimization problem. By introducing an extra parameter and enriching the search
space of the optimization problem, it demonstrates better performance in efficiency. Our main idea
is partially motivated by this reformulation. We also gain insights from the recent development of
CP for multi-target regression tasks and the definition of multivariate quantile function as discussed
in (Messoudi et al., |2021; Sun & Yu, |2024). Recent advancements, such as probabilistic conformal
prediction (PCP) using conditional random samples (Wang et al.,[2023), have paved the way for CP
in generative models. PCP leverages generated random samples to construct the uncertainty sets in
the form of a union of balls around each generated sample, offering a discontinuous uncertainty set.
This is a fundamental step towards better coverage efficiency, as ideally, we want the prediction set to
avoid low-density regions. However, PCP faces two major limitations: (¢) PCP does not distinguish
different generated samples and assigns the same radius to each uncertainty ball, (¢7) when the number
of generated samples is relatively small, PCP can yield conservative prediction sets.

2 PRELIMINARIES

Conformal Prediction (CP) is a general framework for uncertainty quantification that provides
statistically valid prediction regions for any predictive model under the mild assumption of data
exchangeability. For any test input Xy, CP aims to construct a prediction set C(Xes) that satisfies
the coverage guarantee

Pr(}/test € C(Xtest)> >21-aq, (1
for a user-specified miscoverage rate a € (0, 1).

Given calibration dataset D = {(X;, ;) }l'_; with X; € X are features and Y; € ) are responses,
CP defines a non-conformity score E; that measures how each sample conforms to fitted model f. In

regression, a common choice is the prediction error E; = ||Y; — f(X;)]||. The [(n + 1)(1 — &)]-th
order statistics of the calibration scores { E;} yields a threshold 7, and the prediction set is

é(XIGSt) = {y : ”y - f(Xtest)H S T}~
The validity of (I) requires only that (X, Yiest) be exchangeable with D.

Prediction Set Efficiency. Beyond validity, efficiency—the size of ¢ (Xtest)—is crucial. Trivial sets
covering the entire ) space ensure coverage but lack practical value. The aim is therefore to construct
sets that are both valid and as small as possible.

3 PROPOSED METHOD

In this section, we introduce generative conformal prediction with Optimized Ranking and Coverage
Allocation (ORCA), a three-stage framework that leverages the power of generative models to capture
the full conditional distribution and employs an optimization-based, efficiency-oriented design of
nonconformity scores to guarantee coverage validity while achieving superior efficiency.

Generative models provide richer information than classical predictors: instead of producing a
point estimate or a few summary statistics (e.g., means or quantiles), they generate samples from
the conditional distribution (Y | X'). Existing generative conformal methods typically collapse
these samples into a single statistic (e.g., the minimum distance to the observation), discarding
distributional structure and producing inefficient uncertainty sets. In contrast, our method vectorizes
sample distances, capturing the distributional density information via ranking and enabling expressive
exploration of the conditional distribution. At a high level, our uncertainty set takes the form of a
union of rank-dependent regions, parameterized by a vector of radii R(a) € RX:

K
Corea(Xies) = | Cr(Rr (), )
r=1

where R,.(«) is the 7-th entry of R(«), and each C,.(R,(c)) is a region centered at the -th ranked
sample with radius R, («). When Y € R, these regions reduce to intervals, and when Y € R4, they
correspond to Euclidean balls. Concretely, our method proceeds in three stages, with the complete
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Algorithm 1 ORCA

1: Input: generative model p(Y|X); splits Dexplore, Deativ; test feature Xieq; miscoverage a; sample size K
2: Stage 1: Exploration with Sampling and Ranking

3: for (XZ, )/z) S Dexplore do

4: Sample {Vix Hoy ~ p(|Xi)

5:  Rank samples by m-NN density (Eq. (3))

6:  Construct distance vector E; via Eq. ()

7: end for

8: Stage 2: Quantile Optimization

9: Solve optimization problem (3 (via MILP (6)) to obtain threshold vector T'(cx)
10: Stage 3: Calibration
11: for (X;,Y;) € Deaiib do
12:  Compute nonconformity scores S; (Eq. (7))
13: end for
14: Calibrate coverage threshold vector R(«) = toT () (Eq.())
15: Prediction: Draw { Ve s } 5y ~ p(Y | X)) and rank, form Corca (Xeest) via Eq. ().

procedure summarized in Algorithm We set aside a dataset D = {(X;,Y;)} Li'l, distinct from the

training data, and partition it into two disjoint parts: D = Dexplore U Deatib, With |Dexplore| = n, and
| Deatin| = ne, referred to as the exploration split and the calibration split, respectively.

* Stage 1 (Distribution Exploration with Sampling and Ranking). For each observation in Dexpiore,
we draw multiple samples from the generative model and form a distance vector between the true
label and the generated samples. The entries are then ranked by their average nearest-neighbor
distances among generated samples, serving as a proxy for local density and prioritizing high-
density regions. This exploration step preserves the full geometry of the predictive distribution.

 Stage 2 (Optimal Coverage Allocation). Given the ranked distance vectors, our goal is to identify
a threshold vector that ensures valid coverage while maximizing efficiency. In the vector quantile
setting, the coverage constraint admits multiple feasible threshold vectors, we cast the selection
of an efficiency-oriented threshold vector as an optimization problem. We further reformulate
this problem as a mixed-integer linear program (MILP), which offers both theoretical optimality
guarantees and practical scalability. This optimization step is crucial, as it mirrors the oracle
density level set that represents the ideal allocation of coverage.

» Stage 3 (Conformal Calibration). On D.,;,, we calibrate the optimized threshold vector obtained
from Stage 2 using the split-conformal method. This ensures valid coverage at the desired level
1 — « while preserving the efficiency gains during exploration.

3.1 STAGE-1: EFFICIENCY-ORIENTED DISTRIBUTIONAL QUANTILE EXPLORATION

The goal of Stage 1 is to explore the geometry of the predictive distribution. It produces rank-
dependent distance vectors by sampling from the fitted model and ranking the generated samples by
local density proxies. Intuitively, these vectors fully preserve distributional structure, including high-
and low-density regions as well as multimodality.

Sampling and Ranking. For each data point (X, Y;) € Dexplore, We draw K conditional samples
{Yix <, ~p(- | X;). We then compute the average m-nearest-neighbor distance for each sample
}Afl;k, denoted Di,k, and rank the samples by distances:

D;jay < -+ < Doy, 3)

where j(r) indexes the sample with the r-th smallest m-nearest-neighbor distance. We then form a
ranked distance vector

Ei= (B, Eix), B =Yi =Y 0], @)
where each entry records the distance between the observed label Y; and the r-th ranked sample.

The rationale of ranking and constructing the ranked distance vector is two-fold: (7) By retaining a
full vector rather than a single scalar, we capture a richer structure of the model predictive distribution.
(4) The ranking stratifies distributional structure: small » emphasizes high-density regions where the
model is confident, while large r reflects sparser regions, highlighting uncertainty and tail behavior.

4
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3.2 STAGE 2 OPTIMAL COVERAGE ALLOCATION

The goal of Stage 2 is to identify the optimal coverage structure and allocation across ranks by
optimizing thresholds over the distance vectors from Stage 1. This efficiency-oriented optimization
produces a rank-dependent threshold vector that will be calibrated in Stage 3 to ensure finite-sample
validity. Intuitively, this optimization acts as a proxy for the oracle density level set, concentrating
coverage in high-density regions while avoiding inefficient expansion into low-density areas.

Quantile Optimization. As described in (2)), a key feature of our construction is that the ball radii
are rank-dependent, meaning we allow each rank r to adapt its radius to the local density structure.
Concretely, for all samples at rank 7, we seek a threshold Q,.(5,) defined as the (1 — /3,) empirical
quantile of {E; ,.}:*,. Equivalently, learning the radii across ranks amounts to learning a quantile

vector 3 = (B1,...,Bx)".

Our objective is to minimize the overall size of the uncertainty set while satisfying the coverage
constraint. Because the exact set size ‘Uﬁila(@r( Br))’ is analytically intractable due to overlaps

across regions, we employ a tractable proxy: the sum of individual ball volumes,

K

K
@B o Y

r=1 r=1

Uﬁ(:lér (Qr(Br))|

Cr(Q:(5))] =

where d = dim(Y"). Coverage is enforced by

Y8 2 1m0, Si(8) = max 1{Bi, < QulA):
=1

relK]
The resulting optimization problem is

K ni
min > (@ (B st iZSi(ﬂ) > 1-a. )
r=1

n
153

Intuitively, to minimize set size, the optimizer concentrates coverage in high-density regions, where
small radii capture substantial probability mass. In contrast, achieving the same coverage in low-
density regions requires much larger radii and is therefore inefficient. In doing so, it effectively mirrors
the oracle level set, with 3 acting as a rank-dependent allocation rule that shapes the uncertainty set
toward the optimal density level set.

Equivalent MILP Reformulation. While the optimization problem (9) is conceptually simple,
solving it directly by exhaustive search requires evaluating n4* possible threshold configurations,
which is computationally prohibitive. To address this, we reformulate the problem as a mixed integer
linear program (MILP). This reformulation substantially enhances the scalability of our method.
Theoretically, it is equivalent to the original problem and admits global optimality certificates
from modern MILP solvers. Empirically, solving the MILP is often 10-100x faster than heuristic
approximation algorithms, while achieving the exact optimal solution.

For eachrank r € {1,..., K}, let E( , denote the (-th order statistic of the set { ; . };"*,, so that
Eqyr < E@)r < -+ < E(ny),- These serve as the candidate thresholds for Q- (8r). We define
incremental costs

Crp = E(df),r _Eglffl),'ﬂ 622,...,711,
with ¢, 1 := E(dm ,» and coverage indicators
aire = UHE;, < Eg,}, i=1,...,n1, £=1,...,n1.

Let 7 = [n1(1 — «)] denote the required number of points to cover. We then introduce two sets
of binary variables: (i) z., = 1 if E , is covered by the chose threshold and 0 otherwise; by
construction, if z, , = 1 then all lower levels {1,...,¢ — 1} must also be 1; (i7) y; = 1 if sample i is
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covered and 0 otherwise. The MILP problem can then be rewritten as:

K ni

min Z Z Crg Zr g (6a)
R
K nip ni
s.t. y; ZZ zr@zrf VZG nl Z%ZT (6b)
r=14¢=
Zr,@ 2 Zr,é—i—l (VT S [ ]a é S [nl - 1])a ZT,[? Yi S {07 1} (60)

Remark 3.1 (Exact MILP Reformulation of (3)). Let £ denote the choosen threshold at rank 7 with
order [*. Then by summing increments,

K n; K
chré Zrg = Z Z E(@) r E(dz—l),r) = ZE&T«)W'
r=1¢=1 r=10<0% r=1

We can observe the MILP objective (6a)) coincides with ZT (Qr(B:))% in (B). Constraint (6b)
encodes the coverage guarantee that at least 7 points must be covered. Constraint (6c) enforces
monotonicity across thresholds and integrality of the decision variables. Hence the MILP (6) is an
exact reformulation of () with identical optimal value. This directly yields Theorem [3.2] with proof
deferred to Appendix

Theorem 3.2 (Exact MILP Reformulation and Optimality). The MILP formulation (0)) is equivalent
to optimization (). In particular, there exists a one-to-one correspondence between feasible quantile
vectors B = (B, ..., LK) in BO) and feasible binary assignments (z,y) in (6). Consequently, the
optimal solution of the MILP yields a globally optimal solution to the original problem (B).

3.3 STAGE-3: CONFORMAL CALIBRATION WITH COVERAGE GUARANTEES

In Stage 3, we use Deyip to calibrate the resulting threshold vector from Stage 2, denoted as T'(«) €
R, whose r-th component is denoted 7}.(cr). Define the nonconformity scores
E:
S; := min —2—, i € Ds. 7

relK] Ty (a) ’ @
The score quantify how tightly each calibration point is covered relative to the Stage 1 threshold:
S; < 1indicates over-coverage and S; > 1 under-coverage. We then obtain the final coverage radii
R(a) € RE, with R, () denoting its 7-th component, by scaling the Stage 1 thresholds 7'(«v) using
a conformal factor £,,:

1 &
R(a) =t T(a), to:= min{T eR: R ; {S; <7} > 1—- a} . 8)
The resulting prediction set takes the form
K K
Corea(Xiest) = U Cr(Rr(a)) = U {y Py = Yiese i |l < Rr(a)}~ ©))
r=1 r=1

Theorem 3.3 (Validity of ORCA). Suppose the test point (Xies, Yies) is exchangeable with the
calibration data D qp. Then the prediction set Copca(Xiest) satisfies

Pr(Kesz € éORCA (Xtest)) Z 1-oa.

The proof follows from the standard conformal prediction argument with the exchangeability assump-
tion. The full proof is deferred to Appendix

3.4 ASYMPTOTICS AND LEVEL-SET LIMIT

We now formalize the asymptotic properties of the proposed method, and all the proofs and supporting
lemmas are deferred to Appendix [D]
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Proposition 3.4 (Density—Order Consistency with Averaged m-NN Distances). For any given z,
let Zy,..., Zx "~ p(- | z) for a density p(- | x) on a compact domain' Yy C R%. Assume p(- | x)
is continuous and bounded away from 0 and co. For z € Y, let R, (z) = + ZT:l R;(z), where
Rj(2) is the Euclidean distance from z to its j-th nearest neighbor among {Z\, . .., Z }. Suppose
m — oo and m/K — 0 as K — oo. Then ordering {Z;} by increasing R,,(-) coincides with

ordering by decreasing p(- | x), with probability 1 — o(1) :
p(Zaylz) = p(Ze |2) =2 - = p(Zix) | @),

where Z is the point with the r-th smallest Ry, (-).

Theorem 3.5 (Convergence to the Optimal HDR). Under the assumptions of Proposition let
Ci n1 ny () denote the two-stage predictor constructed from K generated samples, With | Depiore| =
ny, and |Degip| = na. If K, n1,ng — 00, then with probability 1 — o(1),

(CK ny ns () A Ly« (2)) — 0,

where L.+ (x) := {y : ply | ) > 7 ()} is the (1 — «) highest-density region, and 7 (z) is the
largest cutoff satisfying [ Lo (2) p(y | ©) dy = 1 — a. Hence, the Lebesgue measure of the symmetric
difference between C p, n,(x) and the oracle HDR L. (x) converges to zero in probability.

Proposition 3.4 shows that the ranking is consistent with the underlying density ordering: points in
higher-density regions admit systematically smaller averaged m-NN radii, so sorting by R,,, recovers
the true density order. Theorem [3.5]then establishes the asymptotic consequence: as K, ny,ny — 00,
the optimization-based coverage allocation concentrates precisely on these high-density regions.
Consequently, the resulting uncertainty set converges to the oracle highest-density region.

4 EXPERIMENTS

In this section, we evaluate the empirical performance of ORCA compared with several state-of-the-
art baselines on 6 synthetic data, a semi-synthetic data, and 9 real-world datasets. We demonstrate
the superior performance of ORCA, especially in handling complex distributions.

Baselines: We compare against state-of-the-art conformal prediction approaches: Conformalized
Quantile Regression (CQR) (Romano et al.l2019), Conformal Histogram Regression (CHR) (Sesia
& Romano| [2021), Distributional Conformal Prediction (DCP) (Chernozhukov et al., 2021}, DistSplit
and CDSplit (Izbicki et al.l |2020), Probabilistic Conformal Prediction (PCP) (Wang et al.| [2023),
Conformal Region Designer (CRD) (Tumu et al.| 2024}, and Regression-to-Classification Confor-
mal Prediction (R2CCP) (Guha et al.| [2024). CQR and CHR produce continuous prediction sets
by estimating conditional quantiles and conditional histograms, respectively. DCP, DistSplit, and
CDSplit integrate estimated distribution/density functions within the conformal framework. The
remaining methods generate discontinuous prediction sets: R2CCP converts the regression prob-
lem to classification and interpolates classification scores, while CRD optimizes geometric shapes
(hyperrectangles, ellipsoids, and convex hulls) to minimize volume. The implementations of CQR,
CHR, R2CCP, CRD, and PCP are based on the authors’ public repositories, while DCP, DistSplit,
and CDSplit implementations are based on a public repository Wang et al.| (2023)).

Implementation Configuration: Through experiments, we set « = 0.1 and evaluate methods
using marginal coverage (Cover), worst-slab conditional coverage (Cond_Cover), and prediction
set size (Eff). We set K = 20 for experiments (except for K = 50 for the bike dataset). We set
m = [V/K | for m-nearest neighbor distance calculations, a practical choice commonly adopted
in nearest neighbor methods. For baseline model and conditional sample generation, we adopt
the quantile regression forests (Meinshausen, 2006) and mixture density networks (Bishop, [1994;
Rothfuss et al.l[2019)). Further details of the implementation of each method, synthetic data generation,
and modeling procedure can be found in Appendix

4.1 SYNTHETIC DATA

We benchmark on six synthetic datasets (Circles, Moon, S-shape, Spiral, Roll, Mixture Gaussian) with
multimodal distributions. Models are trained on 3,000 points; we use 500 for exploration, 500 for
calibration, and 1,000 for testing. Table[I]reports averages over 30 runs. All methods achieve nominal
coverage, but ORCA consistently attains the smallest sets. Visualizations (Appendix show
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Table 1: Summary of synthetic data results.

Dataset Metric CQR CHR DCP DistSplit CDSplit CRD R2CCP PCP ORCA
Cover 0.90+0.01  0.90+0.01 090+001 090+0.01 091+£001 0904001 0.90+0.01  0.90+0.01 [ 0:900:01
Circles Cond_Cover  0.85+0.04  0.84+0.05 0.86+0.03 086+0.03 087+003 080+0.03 0.86+0.01 0.85+0.03  0.86=+0.03
Eff 1.70+£0.01  1.49+0.06 1.64+0.04 1.64+£0.05 0.72+0.04 1.61£001 277+0.04 0.68+0.31 | 0.63+0.24
Cover 0.90+0.01  0.90+0.01 090+001 090+0.01 092+001 090+0.01 0.90+0.01 0.90+0.01 | 0.90%0.02
Moon Cond_Cover  0.69+0.05 0.69+0.08 0.77+0.06 075+0.06 0.87+0.05 0.78+0.03 0.86+0.02 0.85+0.03  0.85=+0.04
Eff 0.69+0.05 0.69+0.08 077+0.06 075+0.06 042+0.03 033+0.03 1.84+0.11 035+0.04 | 0.29+0.04
Cover 0.90+0.01  0.90+0.01 090+001 090+0.01 091+£002 090+0.01 0.90+0.01  0.90+0.02 | 0:90%0.01
S-shape Cond_Cover ~ 0.53+0.04  0.80+0.07 0.80+0.06 080+0.07 0.88+0.02 081+0.04 085+0.02 0.84+0.03 0.83+0.04
Eff 3.36+0.02 3344002 3.34+002 334+002 1.16+0.11 263+025 6.94+047 0.58+0.01 | 0.51+0.05
Cover 0.90+0.01  0.90+0.01 090+001 090+0.01 091+£001 090+0.01 0.90+0.01  0.90+0.01 [ 0:90%0:01
Spiral Cond_Cover  0.75+0.06  0.81+0.06 0.82+0.07 0.80+0.06 0.87+0.04 081+0.05 087+0.02 0.85+0.04 | 0.85=0.05
Eff 17.59+£0.40 17.02+£0.58 16.94+0.55 16.92+0.53 10.67+£0.98 12.62+1.27 4526+2.83 6.27+0.68 | 5.96 = 0.57
Cover 0.90+0.01 090+0.01 090+0.01 090+0.01 091+0.01 090+0.01 0.90+0.01 0.90+0.01 [ 0.90%0.02
Roll Cond_Cover  0.65+0.07  0.81+0.05 0.77+0.05 0.76+0.06 0.84+0.04 0.71+0.05 0.86+0.03 0.84+0.04 0.83+0.04
Eff 18594017 1533+£0.42 17.39+£0.49 17.33+£0.47 850+048 14.64+0.92 36.51+£2.56 4.67+0.57  4.46+0.58
Mixture Cover 0.90+0.01  0.90+0.01 090£001 090+0.01 0:91£0.01 & 090+0.01 090+0.02 090+0.01  0.90 =+ 0.02
Gaussi Cond_Cover  0.89+0.04 0.89+0.04 0.89+0.04 089+005 | 087+0.03 0.82+0.03 0.85+0.03 0.85+0.03  0.86+0.03
aussian Eff 12.61+0.11  12.66+0.10 12.62+0.11 12.61+0.10 | 6.89+0.19 13.64+0.43 1449+080 7.84+0.53  7.66+0.58

! Metrics include marginal coverage (Cover), worst-slab conditional coverage (Cond_Cover), and prediction set efficiency (Eff). Values report mean = standard error over 30 runs. The
lowest efficiency per dataset is bolded and highlighted along with corresponding coverage metrics.

that PCP and ORCA produce discontinuous sets suited to multimodality; ORCA further improves
efficiency via locally adaptive radii—expanding in high-density regions and contracting in sparse
areas—enabled by its vectorized scores and optimized coverage allocation.

4.2 MNIST: DIGIT IMAGE GENERATION

We design a semi-synthetic MNIST experiment (Deng, [2012) to assess ORCA on high-dimensional
data, where interpreting uncertainty sets is challenging. Given a label X € {0,...,9}, the target Y’
is an image of digit X. We train a VAE encoder and construct uncertainty sets in its latent space.
To ensure independence, we hold out a disjoint subset to serve as an external sampler: for any
X, it returns images of digit X unseen during training/exploration/calibration. These samples are
embedded by the trained encoder and used by PCP and ORCA.

Figure 2] shows samples from PCP and ORCA prediction sets with K = 40 for different X (rows).
Both methods achieve nominal coverage, but ORCA samples lie closer to the target image, indicating
tighter sets. Since raw set size in image space is not directly meaningful, we thus report the off-class
rate (OCR)—the probability a non-X digit appears in the set. ORCA attains 0.16 & 0.02 OCR
(mean=+SE over 30 runs), versus 0.22 4 0.03 for PCP.

Digit 0 Digit 1 Digit 3 Digit 9

orca | B8]/ &Y ! 3 “f

! £ 5949
T lalellen]r]/ 383 a]q)7
o, @28 FFFS53999

ocoel i/ 419 |8

e Ll

Figure 2: Comparison images sampled from uncertainty sets generated by ORCA (top rows) and
PCP (bottom rows) for different target digits. ORCA produces more semantically consistent samples
with a lower off-class rate (OCR), achieving 0.16 versus 0.22 for PCP. This demonstrates that ORCA
yields more efficient prediction sets that more accurately reflect the target digits.

4.3 REAL DATA

We evaluate ORCA on popular benchmarks—Blog (Buzal 2014b), Facebook Comment Volume
(Fbl, Fb2) (Singh, [2015b)), MEPS (years 19-21), Protein Tertiary Structure (Bio), and Temperature
Forecasts (Cho et al.| 2020)—and on a NYC bike-sharing dataset with a 2D destination prediction
task. For each dataset, we use 500 samples for exploration, 500 for calibration, 1,000 for testing, and
the remainder for training. Here, we observe that DCP is unstable on real datasets (as also noted by
Sesia & Romano|(2021))). We therefore replace it with a hybrid variant, DCP-CQR, which stabilizes
DCP using CQR.
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Figure 3: Comparison of prediction sets across four methods that have the highest efficiency on the
Bike dataset. The colored area indicates the prediction set, and the red marker is the target location.

Table 2] shows that all methods meet nominal coverage, while ORCA consistently yields smaller
prediction sets. The gains are especially pronounced on complex data (e.g., Blog with 280 features),
where the conditional distribution P(Y | X) is highly structured and benefits more from ORCA’s
rank-dependent coverage allocation: high-density regions receive larger local radii, whereas low-
density regions are down-weighted. In contrast, methods that impose a single global scale or simple
geometry tend to over-cover sparse areas to maintain coverage, increasing set size. FigureJ]illustrates
NYC bike destination prediction. PCP and ORCA produce discontinuous regions (unions of local
balls), while CHR and R2CCP return rectangle-shaped continuous sets. The discontinuity is desirable
here: destinations cluster around hubs, with pockets of low density elsewhere. ORCA adapts to
this heterogeneity—expanding near stations and shrinking to near-zero in sparse zones—thereby
improving efficiency without sacrificing coverage. Compared to PCP, ORCA’s optimized coverage
allocation across ranks systematically reduces unnecessary expansion in low-density areas, leading to
tighter and more targeted sets.

Table 2: Summary of real data results.

Dataset Metric CQR CHR DCP-CQR DistSplit CDSplit CRD R2CCP PCP ORCA

Cover 0.90 £ 0.00 0.90 £0.01 0.90 £0.01 0.90 £ 0.00 0.92 £0.01 0.90 £0.01 0.90 £0.01 0.90 £0.01 0.90 +0.02

Fbl Cond_Cover  0.87 £+ 0.02 0.86 £ 0.05 0.88 £ 0.0 0.89 £ 0.03 0.87 +0.07 0.83 £ 0.03 0.76 + 0.04 0.82 £ 0.03 0.80 + 0.05
Eff 14.78+£2.31 11.23+1.34  13.73 £ 1.55 5.88+£2.07 35.09+269 54.07+£40.50 12.97+0.82 7.79+0.28 | 3.70 £1.75

Cover 0.90 £ 0.01 0.89 £ 0.01 0.90 £ 0.02 0.90 £ 0.01 0.93 £ 0.01 0.90 £ 0.02 0.90 £ 0.02 0.90 £ 0.01 0.90 £ 0.01

Fb2 Cond_Cover  0.88 +0.02 0.84 +0.04 0.89 +0.05 0.89 £0.01 0.87 £0.08 0.84 +0.03 0.73 £ 0.05 0.82+0.03 0.80 = 0.04
Eff 1831+ 1.57 10.12+1.04 10.54+1.12 1448 +1.43 4441+1.61 56.26+2.64 13.39+1.65 9.35+0.21 | 5.68+1.62

Cover 0.90 +0.02 0.90 +0.02 0.90 £0.01 0.90 £0.01 0.96 £0.01 0.90 £0.01 0.89 +0.02 0.90 £0.01 0.90 +0.01

Blog Cond_Cover  0.87 +0.02 0.89 £+ 0.03 0.90 £+ 0.04 0.88 +0.03 0.91 +0.02 0.81 +0.03 0.74 £+ 0.06 0.81 +0.04 0.82 4+ 0.05
Eff 16.18 £2.61 1026 +£1.77 11.37+1.76 16.93+2.13 39.95+3.30 63.07+37.05 10.95+1.82 827+0.21 | 3.61+1.27

Cover 0.90 £0.01 0.90 +0.01 0.90 £0.01 0.90 £0.01 0.90 £0.01 0.90 £0.01 0.89 £0.01 0.90 £0.01 0.90 £0.01

Bio Cond_Cover ~ 0.90 &+ 0.03 0.90 + 0.04 0.89 £ 0.03 0.90 £ 0.04 0.86 £ 0.03 0.84 £0.04 0.83 £ 0.03 0.85 £ 0.02 0.82 £ 0.03
Eff 13.094+0.18 | 9.44+0.33 11.58+0.29 11.73+£0.30 10.89+£0.39 22.10£2.79 9.47+048 11.54+£0.54 10.88+0.71

Cover 0.90 £ 0.01 0.90 £ 0.01 0.91 £ 0.00 0.90 £ 0.01 0.92 £ 0.01 0.90 £ 0.01 0.89 £0.12 0.90 £ 0.01 0.90 + 0.01

Meps 19 Cond_Cover ~ 0.89 +0.02 0.90 +0.03 0.90 £+ 0.04 0.86 +0.03 0.88 +0.02 0.83 +0.03 0.81 +0.15 0.85 +0.03 0.87 +0.04
Eff 30.75+£1.42 17.41+£1.23 1935+£1.47 29914211 23.73+1.03 65.66+23.88 22.74+1.24 16.95+0.66 14.94 £ 2.96

Cover 0.90 £0.01 0.90 £0.01 0.91 £0.01 0.90 £0.01 0.92 £0.01 0.91 £+0.02 0.88 +0.02 0.90 +0.02 0.90 +0.01

Meps 20 Cond_Cover  0.90 +0.02 0.90 £+ 0.04 0.89 £+ 0.00 0.90 £+ 0.03 0.85 +0.03 0.84 +0.04 0.80 £+ 0.04 0.85 +0.03 0.85 4+ 0.03
Eff 28.27+1.76 17.84+1.41 18.73+1.72 28.71+3.03 23.814+1.22 71.10£26.01 19.46+1.59 16.06+ 1.87 14.02 + 2.86

Cover 0.90 £0.01 0.90 £0.01 0.90 +£0.02 0.90 £0.01 0.91 £0.01 0.90 £0.01 0.88 £+ 0.06 0.90 £0.01 0.90 +0.02

Meps 21 Cond_Cover  0.90 £ 0.02 0.90 £ 0.03 0.89 £ 0.05 0.89 £ 0.02 0.84 £ 0.02 0.83 +0.03 0.80 £ 0.08 0.86 + 0.03 0.82 £ 0.04
Eff 30.42+£1.33 17.89+£1.35 20.23+£226 29424213 24.39+3.17 53.65+18.49 19224+1.60 16.93+1.32 14.16£1.97

Cover 0.90 £ 0.02 0.90 +0.01 0.90 +0.01 0.90 £ 0.02 0.90 £+ 0.01 0.90 £ 0.02 0.90 £ 0.02 0.90 +0.01 0.90 + 0.01

Temperature  Cond_Cover  0.89 £ 0.04 0.89 £+ 0.05 0.88 +0.03 0.88 +0.05 0.85+0.03 0.80 £ 0.04 0.79 +0.04 0.85+0.03 0.82 4 0.03
Eff 3.45+0.10 3.42+£0.12 3.43+£0.10 3.46 £0.11 2.59 £0.07 3.78 £0.11 2.55 £ 0.09 3.80£0.01 | 2.43+0.13

! Metrics include marginal coverage (Cover), worst-slab conditional coverage (Cond_Cover), and prediction set efficiency (Eff). Values report mean + standard error over 30 runs. The
lowest efficiency per dataset is bolded and highlighted along with corresponding coverage metrics.

5 DISCUSSION AND FUTURE WORK

We propose ORCA, a conformal framework for generative models that leverages ranked generative
samples and optimization-based coverage allocation to improve efficiency, yielding flexible (often
discontinuous) uncertainty regions that concentrate in high-density areas while preserving marginal
coverage. Our exact MILP reformulation and theory establish validity and asymptotic optimality, and
experiments on synthetic and real data show consistent efficiency gains over strong baselines.

Several limitations point to future work. First, scalability: although the MILP is exact, solving it can
be costly as K and n; grow; lightweight relaxations, decomposition, or streaming updates are natural
extensions. Second, high-dimensional geometry: Euclidean distances suffer from concentration and
is less meaningful, so performance depends on operating in informative latent spaces; this motivates
integrating learned metrics or pretrained embeddings for images and text. Finally, while calibration
ensures coverage even under model misspecification, efficiency hinges on sample quality from the
generative backend; coupling ORCA with diagnostics and adaptive allocation in rich modalities (e.g.,
diffusion or language models) is a promising direction.



Under review as a conference paper at ICLR 2026

Ethics statement This work does not involve human subjects, sensitive personal data, or applications
that pose direct risks of harm. All datasets used are publicly available and widely adopted in the
research community. We ensured that our methods were applied in a way that does not introduce or
amplify unfair bias, discrimination, or privacy risks. The research was conducted in accordance with
the ICLR Code of Ethics.

Reproducibility statement We have taken steps to ensure the reproducibility of our results. Experi-
mental details, including dataset descriptions, preprocessing, model architectures, hyperparameters,
and evaluation metrics, are documented in the main text and supplementary materials. An anonymized
codebase with implementation and notebooks for reproducing our experiments will be made available
to reviewers upon request.

10



Under review as a conference paper at ICLR 2026

REFERENCES

Bias correction of numerical prediction model temperature forecast. UCI Machine Learning Reposi-
tory, 2020. DOI: https://doi.org/10.24432/C59K76.

Ahmed M. Alaa, Zeshan Hussain, and David Sontag. Conformalized unconditional quantile re-
gression. In Francisco Ruiz, Jennifer Dy, and Jan-Willem van de Meent (eds.), Proceedings
of The 26th International Conference on Artificial Intelligence and Statistics, volume 206 of
Proceedings of Machine Learning Research, pp. 10690-10702. PMLR, 25-27 Apr 2023. URL
https://proceedings.mlr.press/v206/alaa23a.html.

Salim I Amoukou and Nicolas JB Brunel. Adaptive conformal prediction by reweighting nonconfor-
mity score. arXiv preprint arXiv:2303.12695, 2023.

Yu Bai, Song Mei, Huan Wang, Yingbo Zhou, and Caiming Xiong. Efficient and differentiable
conformal prediction with general function classes. arXiv preprint arXiv:2202.11091, 2022.

Anthony Bellotti. Constructing normalized nonconformity measures based on maximizing pre-
dictive efficiency. In Alexander Gammerman, Vladimir Vovk, Zhiyuan Luo, Evgueni Smirnov,
and Giovanni Cherubin (eds.), Proceedings of the Ninth Symposium on Conformal and Proba-
bilistic Prediction and Applications, volume 128 of Proceedings of Machine Learning Research,
pp. 41-54. PMLR, 09-11 Sep 2020. URL https://proceedings.mlr.press/v128/
bellotti20a.htmll

Christopher M Bishop. Mixture density networks. 1994.

Txus Blasco, J. Salvador Sdnchez, and Vicente Garcia. A survey on uncertainty quantification in deep
learning for financial time series prediction. Neurocomputing, 576:127339, 2024. ISSN 0925-2312.
doi: https://doi.org/10.1016/j.neucom.2024.127339. URL https://www.sciencedirect,
com/science/article/pii/S0925231224001103.

Krisztian Buza. BlogFeedback. UCI Machine Learning Repository, 2014a. DOI:
https://doi.org/10.24432/C58S3F.

Krisztian Buza. BlogFeedback. UCI Machine Learning Repository, 2014b. DOLI:
https://doi.org/10.24432/C58S3F.

Victor Chernozhukov, Kaspar Wiithrich, and Yinchu Zhu. Distributional conformal prediction.
Proceedings of the National Academy of Sciences, 118(48):¢2107794118, 2021.

Dongjin Cho, Cheolhee Yoo, Jungho Im, and Dong-Hyun Cha. Comparative assessment of various
machine learning-based bias correction methods for numerical weather prediction model forecasts
of extreme air temperatures in urban areas. Earth and Space Science, 7(4):e2019EA000740, 2020.

Li Deng. The mnist database of handwritten digit images for machine learning research. IEEE Signal
Processing Magazine, 29(6):141-142, 2012.

Bat-Sheva Einbinder, Yaniv Romano, Matteo Sesia, and Yanfei Zhou. Training uncertainty-aware
classifiers with conformalized deep learning. In Alice H. Oh, Alekh Agarwal, Danielle Belgrave,
and Kyunghyun Cho (eds.), Advances in Neural Information Processing Systems, 2022. URL
https://openreview.net/forum?id=NaZwgxp-mT_.

Yugo Fujimoto, Kei Nakagawa, Kentaro Imajo, and Kentaro Minami. Uncertainty aware trader-
company method: Interpretable stock price prediction capturing uncertainty. In 2022 IEEE Inter-
national Conference on Big Data (Big Data), pp. 1238-1245, 2022. doi: 10.1109/BigData55660.
2022.10021096.

Ruben Grewal, Paolo Tonella, and Andrea Stocco. Predicting safety misbehaviours in autonomous
driving systems using uncertainty quantification. arXiv preprint arXiv:2404.18573, 2024.

Etash Kumar Guha, Shlok Natarajan, Thomas Mollenhoff, Mohammad Emtiyaz Khan, and Eugene
Ndiaye. Conformal prediction via regression-as-classification. In The Twelfth International
Conference on Learning Representations, 2024. URL https://openreview.net/forum?
id=rulxyXjfdo.

11


https://proceedings.mlr.press/v206/alaa23a.html
https://proceedings.mlr.press/v128/bellotti20a.html
https://proceedings.mlr.press/v128/bellotti20a.html
https://www.sciencedirect.com/science/article/pii/S0925231224001103
https://www.sciencedirect.com/science/article/pii/S0925231224001103
https://openreview.net/forum?id=NaZwgxp-mT_
https://openreview.net/forum?id=rulxyXjf46
https://openreview.net/forum?id=rulxyXjf46

Under review as a conference paper at ICLR 2026

Rafael Izbicki, Gilson Shimizu, and Rafael Stern. Flexible distribution-free conditional predictive
bands using density estimators. In Silvia Chiappa and Roberto Calandra (eds.), Proceedings of
the Twenty Third International Conference on Artificial Intelligence and Statistics, volume 108
of Proceedings of Machine Learning Research, pp. 3068-3077. PMLR, 26-28 Aug 2020. URL
https://proceedings.mlr.press/v108/izbicki20a.htmll

Rafael Izbicki, Gilson Shimizu, and Rafael B. Stern. Cd-split and hpd-split: Efficient conformal
regions in high dimensions. Journal of Machine Learning Research, 23(87):1-32, 2022. URL
http://Jmlr.org/papers/v23/20-797.html.

Danijel Kivaranovic, Kory D Johnson, and Hannes Leeb. Adaptive, distribution-free prediction
intervals for deep networks. In International Conference on Artificial Intelligence and Statistics,
pp. 4346-4356. PMLR, 2020.

Jing Lei and Larry Wasserman. Distribution-free prediction bands for non-parametric regression.
Journal of the Royal Statistical Society Series B: Statistical Methodology, 76(1):71-96, 2014.

Jing Lei, James Robins, and Larry Wasserman. Distribution-free prediction sets. Journal of the
American Statistical Association, 108(501):278-287, 2013.

Jing Lei, Max G’Sell, Alessandro Rinaldo, Ryan J Tibshirani, and Larry Wasserman. Distribution-free
predictive inference for regression. Journal of the American Statistical Association, 113(523):
1094-1111, 2018.

Don O Loftsgaarden and Charles P Quesenberry. A nonparametric estimate of a multivariate density
function. The Annals of Mathematical Statistics, 36(3):1049-1051, 1965.

Nicolai Meinshausen. Quantile regression forests. Journal of Machine Learning Research, 7(35):
983-999, 2006. URL http://jmlr.org/papers/v7/meinshausenO6a.htmll

Soundouss Messoudi, Sébastien Destercke, and Sylvain Rousseau. Copula-based conformal predic-
tion for multi-target regression. Pattern Recognition, 120:108101, 2021. ISSN 0031-3203. doi:
https://doi.org/10.1016/j.patcog.2021.108101. URL https://www.sciencedirect.com/
science/article/pi11/50031320321002880.

Soundouss Messoudi, Sébastien Destercke, and Sylvain Rousseau. Ellipsoidal conformal inference
for multi-target regression. In Conformal and Probabilistic Prediction with Applications, pp.
294-306. PMLR, 2022.

Rhiannon Michelmore, Matthew Wicker, Luca Laurenti, Luca Cardelli, Yarin Gal, and Marta
Kwiatkowska. Uncertainty quantification with statistical guarantees in end-to-end autonomous
driving control. In 2020 IEEFE International Conference on Robotics and Automation (ICRA), pp.
7344-7350, 2020. doi: 10.1109/ICRA40945.2020.9196844.

Jelmer Neeven and Evgueni Smirnov. Conformal stacked weather forecasting. In Alex Gammerman,
Vladimir Vovk, Zhiyuan Luo, Evgueni Smirnov, and Ralf Peeters (eds.), Proceedings of the
Seventh Workshop on Conformal and Probabilistic Prediction and Applications, volume 91 of
Proceedings of Machine Learning Research, pp. 220-233. PMLR, 11-13 Jun 2018. URL https
//proceedings.mlr.press/v91/neevenl8a.html.

Harris Papadopoulos, Kostas Proedrou, Volodya Vovk, and Alex Gammerman. Inductive confidence
machines for regression. In Tapio Elomaa, Heikki Mannila, and Hannu Toivonen (eds.), Machine
Learning: ECML 2002, pp. 345-356, Berlin, Heidelberg, 2002. Springer Berlin Heidelberg. ISBN
978-3-540-36755-0.

Harris Papadopoulos, Vladimir Vovk, and Alex Gammerman. Regression conformal prediction with
nearest neighbours. Journal of Artificial Intelligence Research, 40:815-840, 2011.

Prashant Rana. Physicochemical Properties of Protein Tertiary Structure. UCI Machine Learning
Repository, 2013. DOI: https://doi.org/10.24432/C5QW3H.

12


https://proceedings.mlr.press/v108/izbicki20a.html
http://jmlr.org/papers/v23/20-797.html
http://jmlr.org/papers/v7/meinshausen06a.html
https://www.sciencedirect.com/science/article/pii/S0031320321002880
https://www.sciencedirect.com/science/article/pii/S0031320321002880
https://proceedings.mlr.press/v91/neeven18a.html
https://proceedings.mlr.press/v91/neeven18a.html

Under review as a conference paper at ICLR 2026

Yaniv Romano, Evan Patterson, and Emmanuel Candes. Conformalized quantile regres-
sion. In H. Wallach, H. Larochelle, A. Beygelzimer, F. d'Alché-Buc, E. Fox, and R. Gar-
nett (eds.), Advances in Neural Information Processing Systems, volume 32. Curran Asso-
ciates, Inc., 2019. URL https://proceedings.neurips.cc/paper_files/paper/
2019/f11e/5103¢c3584b063¢c431bd1268e9bbe76fb—Paper.pdf.

Jonas Rothfuss, Fabio Ferreira, Simon Walther, and Maxim Ulrich. Conditional density estimation
with neural networks: Best practices and benchmarks. arXiv:1903.00954, 2019.

Silvia Seoni, Vicnesh Jahmunah, Massimo Salvi, Prabal Datta Barua, Filippo Molinari, and U. Ra-
jendra Acharya. Application of uncertainty quantification to artificial intelligence in health-
care: A review of last decade (2013-2023). Computers in Biology and Medicine, 165:107441,
2023. ISSN 0010-4825. doi: https://doi.org/10.1016/j.compbiomed.2023.107441. URL https:
//www.sclencedirect.com/science/article/p11/5001048252300906X.

Matteo Sesia and Yaniv Romano. Conformal prediction using conditional histograms. Advances in
Neural Information Processing Systems, 34:6304—6315, 2021.

Glenn Shafer and Vladimir Vovk. A tutorial on conformal prediction. Journal of Machine Learning
Research, 9(3), 2008.

Kamaljot Singh. Facebook Comment Volume. UCI Machine Learning Repository, 2015a. DOI:
https://doi.org/10.24432/C5Q886.

Kamaljot Singh. Facebook Comment Volume. UCI Machine Learning Repository, 2015b. DOI:
https://doi.org/10.24432/C5Q886.

David Stutz, Ali Taylan Cemgil, Arnaud Doucet, et al. Learning optimal conformal classifiers. arXiv
preprint arXiv:2110.09192, 2021.

Sanbao Su, Yiming Li, Sihong He, Songyang Han, Chen Feng, Caiwen Ding, and Fei Miao. Un-
certainty quantification of collaborative detection for self-driving. In 2023 IEEE International
Conference on Robotics and Automation (ICRA), pp. 5588-5594. IEEE, 2023.

Sophia Huiwen Sun and Rose Yu. Copula conformal prediction for multi-step time series prediction.
In The Twelfth International Conference on Learning Representations, 2024. URL https |
//openreview.net/forum?id=0jIJZDNIB.

Renukanandan Tumu, Matthew Cleaveland, Rahul Mangharam, George Pappas, and Lars Lindemann.
Multi-modal conformal prediction regions by optimizing convex shape templates. In Proceedings
of the 6th Annual Learning for Dynamics & Control Conference, volume 242 of Proceedings
of Machine Learning Research, pp. 1343-1356. PMLR, 15-17 Jul 2024. URL https://
proceedings.mlr.press/v242/tumu24a.html.

Vladimir Vovk, Alexander Gammerman, and Glenn Shafer. Algorithmic learning in a random world,
volume 29. Springer, 2005.

Zhendong Wang, Ruijiang Gao, Mingzhang Yin, Mingyuan Zhou, and David Blei. Probabilistic
conformal prediction using conditional random samples. volume 206 of Proceedings of Machine
Learning Research, pp. 8814-8836. PMLR, 25-27 Apr 2023. URL https://proceedings,
mlr.press/v206/wang23n.html.

Chen Xu, Hanyang Jiang, and Yao Xie. Conformal prediction for multi-dimensional time series
by ellipsoidal sets. In Forty-first International Conference on Machine Learning, 2024. URL
https://openreview.net/forum?id=uN39Tt 9P 8b.

Puning Zhao and Lifeng Lai. Analysis of knn density estimation. IEEE Transactions on Information
Theory, 68(12):7971-7995, 2022. doi: 10.1109/T1T.2022.3195870.

13


https://proceedings.neurips.cc/paper_files/paper/2019/file/5103c3584b063c431bd1268e9b5e76fb-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2019/file/5103c3584b063c431bd1268e9b5e76fb-Paper.pdf
https://www.sciencedirect.com/science/article/pii/S001048252300906X
https://www.sciencedirect.com/science/article/pii/S001048252300906X
https://openreview.net/forum?id=ojIJZDNIBj
https://openreview.net/forum?id=ojIJZDNIBj
https://proceedings.mlr.press/v242/tumu24a.html
https://proceedings.mlr.press/v242/tumu24a.html
https://proceedings.mlr.press/v206/wang23n.html
https://proceedings.mlr.press/v206/wang23n.html
https://openreview.net/forum?id=uN39Tt9P8b

Under review as a conference paper at ICLR 2026

A THE USE OF LARGE LANGUAGE MODELS (LLMS)

LLMs were used solely as a writing assistant for polishing and improving the clarity of our manuscript
(e.g., refining grammar, rephrasing sentences for conciseness, and improving flow). LLMs were not
used for generating research ideas, conducting analysis, deriving results, or writing original technical
content. All conceptual contributions, methodological developments, proofs, and experiments were
designed, implemented, and validated by the authors.

B AVERAGE m-NEAREST NEIGHBOR DISTANCE

The average m-nearest neighbor distance for a generated sample Yz , can be computed as follows:

1. (Optional) Sample a sequence of reference samples {fﬁ S~ p(+| X;) for ranking estima-
tion. Otherwise, setY;; =Y, forl =1,...,Kand M = K.
2. Compute the pairwise distances of generated samples among reference samples:

Di(k, 1) = ||Yip — Yisll, fork e {1,...,K}, l € {1,..., M}.
3. Sort the distances to Yz 1 such that:
where D;(k, (1)) denotes the I-th smallest distance to Y; ;.
4. Calculate average m-nearest neighbor distance:

Diy= 3" Dk, (1).
=1

C COMPARISON WITH PCP

Probabilistic Conformal Prediction (PCP) (Wang et al.,2023)) first studied CP for generative models
and utilized the information of random samples. In contrast to our method, which considers all the
distances between each random sample and the true response, PCP defines its non-conformity score
as the minimum distance between random samples and the true response:

B = min [V - Vil (10)
for each calibration data (X;,Y;). For a new test data (X,, 11, Y,,+1), the prediction set of PCP is
constructed as the union of K regions:

C(Xny1) = UK [ Cr, (11)

where each region Cy, is defined by
Co={y: ly = Yar1l < QErn U{ookia)}

Here Q(-;a) is the 1 — « quantile of the empirical distribution of the non-conformity scores
Ei,...,E,.

As noted, PCP adopts a scalar non-conformity score, which assigns a uniform radius to all prediction
regions C'. This uniform treatment of random samples limits adaptability, as ideally, high-density
regions should have larger radius, while low-density regions require smaller ones. In contrast, ORCA
introduces a vectorized non-conformity score that captures the full complexity of the prediction error
distribution. By ranking samples based on their empirical density, our method enables individualized
optimization of the ball radius for each sample. As demonstrated in Figure [3] the ball radius for
low-density regions nearly diminishes, highlighting the flexibility of our approach. Another limitation
of PCP arises when K is small. In such cases, the empirical distribution of minimum distances may
become heavy-tailed, requiring a large quantile (radius) to maintain coverage, leading to an overly
conservative prediction set ¢ (X,41)- In contrast, the proposed ORCA overcomes this by introducing
an individualized quantile selection, relaxing the constraint for attaining the 1 — o quantile uniformly
across all samples at each rank and extensively reducing the impact of the distribution’s tail.
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D PROOF

D.1 PROOF OF THEOREM[3.2]

Proof. For each rank r, let {E(;), < --- < E(, )} denote the order statistics of {E; . };*,, and
define incremental costs

Cr1 = EEjl),’r" Cro = E( o),r E(f 1), (ﬁ > 2)

(i) From quantile problem to MILP. Let 3 be feasible for (3)). For each r, let £,. satisfy Q,-(3,) =
E,),» and set z. ¢ := 1{¢ < {,.}. By the definition of y;, we have

K ni
- H{ZZGZTézTe > 1} - maX ]l{Ezr = QT(BT)}

r=1/¢=1
Then:

(a) Monotonicity (6¢). By choice of £, and construction 2, ;, z, ¢ > 2z ¢+1 for all £, and z, , € {0, 1}.
Also y; € {0, 1} by definition.

(b) Coverage quota (6b). We have y; < ZT’ ¢ @ir0%r 0 and

ny ni
P = max 1 Ei,r < QT /87“ > T,
>ou=3 mas (5:)}

by the feasibility of 5 (B).
(c) Objective (6a). By telescoping of increments,
K n K
ZZCTgZTg—ZZ E(é)r_ @ 1,r ZE(g :Z(Qr(ﬁr)) .
r=1¢=1 r=1 =1 r=1

Thus (z, y) is feasible for () and preserves the objective.

(ii) From MILP to quantile problem. Let (z, y) be feasible for (6)). For each r, set £} := max{/ :
zro = 1} (define £; = 0 if all 2., = 0), Q; := Ex),,, and pick 3} with Q- (3)) = Qr. Then

max 1{E;, < Q1) =14 D airezme 215 > yi,
r.d

so y . max, I{E;, <Qr} >3 .y, > 7,ie., " is feasible for (3). Moreover,

K K np
Z QT 6* Z E(@") r Z Z Crt Zr0,
r=1 r=1 =1

so the objective values coincide.

(iii) Equivalence. The two optimization problems are feasible and objective-preserving in both
directions, establishing a one-to-one correspondence between solutions of (3)) and (6). Hence the
MILP is an exact reformulation of the original problem, with identical feasible sets and optimal
values. O

D.2 PROOF OF THEOREM [3.3]

Proof. Let Deaip = {(X;,Y;)};2, be the calibration set and (Xies, Yiest) the test point that is ex-
changeable with D yip. Condltlon on the exploration split Dy and the optimized threshold vector
T'(«) from Stage 2, which are fixed before calibration. Define the nonconformity scores

E i . . Elest,r

S; = min —~—, i=1,...,n9, Stest = min .
reir] T, (a) ? T K] Tr(e)

15
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The calibration factor ¢,, is computed:

ta:min{TGR 2+1Z]l{5 <T}>1—a}

By exchangeable assumption, the scores {51, ..., Sp,, Sest } are exchangeable, and the rank of each
S; is uniformly distributed. Therefore

Pr(Sex<ta) > 1-a.

Finally, we have the following equivalence

E
Stest < to, <= min fest,r < tq
re[K) )

T (a
<~ Jr € [K] st EBeyr < taTr(a)
<:>E|’I“€[ ] tH}/tesl YIest] ||<tT()
— JrelK ] |[Yiest = Yiest jo | < Re(@)  (since Rp(a) = toTh(a)) (12
— Kest € U {y : ||y - thest,j(r)” < RT(a)}
r=1
— Kest S CAORCA(Xtest)'
Thus .
Pr (Kest € CORCA(Xlest)) =Pr (Stest < toz) > 1l-q
which completes the proof. O

D.3 PROOF OF PROPOSITION 3.4
Proof. Let vy denote the volume of the unit ball in R?. A classical asymptotic result in the nearest—

neighbor estimation literature states that if m = myx — oo withm/K — 0 as K — oo, then the
7-th nearest—neighbor radius satisfies

Rj(z) = (W)l/dﬂ*'o(l))’

with probability 1 — o(1), uniformly over z € ) and 1 < j < m (Loftsgaarden & Quesenberry,
1965, Zhao & Lail [2022).
Averaging over j = 1,...,m gives

= S R(2) = (vanle ) R Zyl/duo )

Since t — t!/? is increasing, the integral comparison

g < Y 4 < 1+/ /4 dt
J > |

j=1
implies
- d
1/d _ 1+1/d
Z] 1™ + O(1).
=1
Therefore,
Lyjra— L4 o))
m 4 d+1 ’
J=1
and hence d
Rpn(2) = (va) M4 ﬁp(z | 2) VIR I m (14 o(1)).
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Thus R,,(z) is, up to a constant independent of z, proportional to p(z | )=/, In particular, if
p(z | ) > p(z' | z), then R,,,(2) < Ry, (2’) with probability 1 — o(1), so the averaged nearest-
neighbor distance ranking preserves the oracle density ordering. Applying this comparison uniformly
to all sample points {Z;}/_; shows that the ordering induced by R,,(-) coincides with that of
p(- | ), which completes the proof. O

D.4 PROOF OF THEOREM [3.3]

Proof of Theorem[3.5] Fix x and write p(-) = p(- | ). Assume )’ compact, p continuous with
0<c_ <p<cy <oo,and pu{p = 7*(x)} = 0. For simplicity, here we assume the samples in
exploration and calibration splits are i.i.d., and the generated samples are i.i.d. from p(-).

Step 1: Empirical Optimization to Population Optimization. For rank r € [K], let F. x be the
c.d.f. of E; . and F}  ,, its empirical c.d.f. By DKW inequality and a union bound argument,

log K
- = -
B P @0 (8) = ar(8)] = Os(y/*£5) = 0,

le,1—€]

assuming the positivity of the density of F). i. Define the empirical and population programs

ni

K
min  Jg.n, (8) = ZQT(BT)d st Cim, (B) == mexxl{Em < Q. (8,)} > 1-a,
= i=1

BEle,1—¢]K

min E:mﬂT st Ck(B) = E[max1{E, < g.(8,)}] > 1-a.

BEle,1—¢€]K

For the constraint part, we can directly apply the Glivenko—Cantelli theorem and derive

Sup |Crny (B) — Cr(B)| — 0.

For the objective, we can use the uniform consistency of quantile function, so that
sup [Tk n, (B) = Jre (B)] = O (13)

Hence the empirical optimizer B K,n, 1s asymptotically optimal for the population program (argmin
consistency). Let

C=x

K
CK n1 U (Z(T) QT BK ny r)) s C}k{(z) = B(Z(7)7 qr(ﬂ;(ﬂ")) )

r=1

where [}, is a population optimizer.

Step 2: Population cutoff and convergence to HDR. By Proposition [3.4] with probability 1 —
o(1) the order r — Z,y matches decreasing p. Consider the population program with objective
>, q-(Br)% and coverage constraint Crc(3) > 1 — a.. The objective is coordinatewise increasing in
the radii {¢,(5,)}, while, for small increments of radius, the mass gain per volume around center
Z(yy is proportional to p(Z(,) (first-orde expansion). The threshold 7x will be in the form of such
that

¢ (Bx.r) >0 = p(Z4)) > Tk, ¢(Bx.) = 0 otherwise.
The radii of the ball will be vanish with order O(K ~'/¢) Finally, the coverage constraint C'x (8% ) =
1 — a forces T — 7*(x), the unique level with fL . p=1—c,hence
#(Cie(@) & Lee(2)) = 0.
Step 3: Calibration. Split-conformal scales radii by ¢,,. Since the pre-calibrated set already attains

asymptotic coverage 1 — « and the score distribution concetrates at 1, ¢, — 1 in probability, so

[(Chmy gy () A Los () — 0.
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Table 3: Summary of real-world datasets.

Dataset # Features Response Dimension # Samples
Blog Feedback (Blog) (Buza, [2014al) 280 1 52,397
Facebook Comment Volume (FbT) (Singhl 2015a) 53 1 40,948
Facebook Comment Volume (Fb2) 53 1 81,311
MEPS (Year 19 139 1 15,785
MEPS (Year 20) 139 1 17,541
MEPS (Year 21) 139 1 15,656
Protein Structure (Bio) (Ranal 2013)) 9 1 45,730
Temperature (tem), 2020) 21 1 7,590
Bik 11 2 735,502

E IMPLEMENTATION DETAILS

E.1 MODEL TRAINING AND HYPERPARAMETER SETTINGS

For conditional distribution estimation in the 1-dimensional case, we implemented quantile regression
forests (QRF) (Meinshausen) [2006) with 100 trees, a minimum of 50 samples per node split, and
a quantile grid ranging from 1% to 99%. The trained model serves as the base model for CQR,
CHR, DCP, DistSplit, CRD, PCP, and ORCA. The implementation is based on the publicly available
repositoryE] For methods requiring explicit density estimation, such as CDsplit, we employed a
mixture density network (MDN) (Bishop, |1994) with 10 Gaussian components, dropout rate of 0.2,
hidden layer size of (100, 100), and 500 training epochs. The implementation is based on the Python
package cde (Rothfuss et al.,2019). For R2CCP, we used the default configuration from the author’s
public repository and trained for 500 epochs. In the multivariate setting, we applied Bonferroni
correction to construct coverage intervals for CHR, CQR, DCP, DistSplit, CDsplit, and R2CCP, using
the same base models as in the 1-dimensional case. For CRD, PCP, and ORCA, we used MDN to
model multivariate responses.

E.2 REAL DATASETS

We evaluate the performance of ORCA and baseline methods on a diverse collection of real-world
datasets spanning a range of application domains. These datasets vary in input dimensionality,
response dimension, and sample size, and include both univariate and multivariate prediction tasks.
A summary of the datasets used in our experiments is provided in Table[3]

F EXPERIMENTS RESULTS
In this section, we present the additional experimental results for synthetic data, and real data.

F.1 SYNTHETIC DATA RESULTS

We present the visualizations of the prediction set provided by different baseline methods on S-shape,
Circles, Spirals and Unbalanced clusters in Figure[d] It is clear that our method can consistently
provide discontinuous and adaptive prediction set, resulting in high efficiency. We also investigate the
effect of K on coverage efficiency. We provide an example in Figure[5] which presents the ratio of
PCP prediction set length over ORCA prediction set length for S-shape data under different choices
of K = 3,5, 10,15, 20 and different numbers of calibration data. The curve plot represents the mean,
and the shaded area indicates the standard error of the ratio over 100 experiments. Under all settings,
the ratio consistently remains above 1, showing that ORCA provides a more efficient prediction set.
Additionally, the ratio decreases as K increases, suggesting that the benefit of ORCA decreases with
larger K.

"https://github.com/msesia/chr
https://meps.ahrq.gov/mepsweb/
Shttps://citibikenyc.com/system-data
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Figure 4: Comparison of prediction set (o = 0.1) generated by different methods on 1-dimensional
synthetic data: S-shape, Circles, Spirals, and Unbalanced clusters (from top to bottom row). Blues
lines: the predictive intervals of each method; Black dots: test points that are covered by the predictive
sets; Reds dots: test points not covered. We plot the figure with 100, 500, 400, and 500 random
samples for each data, respectively.
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Figure 5: Ratio of PCP prediction set length over ORCA prediction set length under different
K = 3,5,10,15, 20 and number of calibration data for S-shape data. The blue curve represents the
mean, and the shaded area indicates the standard error of the ratio. We observe that the ratio remains
consistently above 1, demonstrating that ORCA achieves better efficiency.
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