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ABSTRACT

Training data attribution (TDA) methods aim to identify which training examples
influence a model’s predictions on specific test data most. By quantifying these
influences, TDA supports critical applications such as data debugging, curation,
and valuation. Gradient-based TDA methods rely on gradients and second-order
information, limiting their applicability at scale. While recent random projection-
based methods improve scalability, they often suffer from degraded attribution
accuracy. Motivated by connections between uncertainty and influence functions,
we introduce DAUNCE — a simple yet effective data attribution approach through
uncertainty estimation. Our method operates by fine-tuning a collection of per-
turbed models and computing the covariance of per-example losses across these
models as the attribution score. DAUNCE is scalable to large language models
(LLMs) and achieves more accurate attribution compared to existing TDA methods.
We validate DAUNCE on tasks ranging from vision tasks to LLM fine-tuning, and
further demonstrate its compatibility with black-box model access. Applied to
OpenAI’s GPT models, our method achieves, to our knowledge, the first instance
of data attribution on proprietary LLMs.

1 INTRODUCTION

Training data fundamentally shapes the behavior of machine learning models. Understanding how
individual training examples influence a model’s predictions has motivated a growing body of research
on Training Data Attribution (TDA). TDA methods identify influential training examples that are
responsible for a model’s output on specific test examples. These methods have proven useful in
a variety of real-world tasks, including model behavior interpretation (Grosse et al., 2023; Koh &
Liang, 2017), training data debugging (Kong et al., 2021; Guo et al., 2020), dataset curation (Pan
et al., 2024; Xia et al., 2024; Liu et al., 2021), and data valuation (Choe et al., 2024).

Most TDA methods are grounded in the idea of counterfactual prediction—estimating how a model’s
behavior would change if one or more training examples were removed. Among them, the Influence
Function (Koh & Liang, 2017; Grosse et al., 2023; Koh et al., 2019) and similar methods stand
out for their well-motivated foundation and promising results. Influence Functions estimate how a
model’s prediction on a test point changes when a specific training example is perturbed. Rather
than retraining for each example—which is inefficient—the method approximates this effect by
upweighting the example in the loss and computing the resulting parameter shift. The influence of
training point x; on the loss at test point z; for model ¢ is given by the closed-form (Koh & Liang,
2017)
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Nevertheless, due to the high dimensionality of the parameter space, directly computing the influence
function in its original form (Equation (1)) remains computationally expensive, especially in large-
scale settings.

Our work aims to develop an efficient, scalable, and accurate training data attribution method, without

relying on an explicit second-order information matrix. To begin with, we observe that for a linear
regression problem with y = 0Tz + ¢ and loss L(f) = ﬁ :’:1(yl — 60T x;)?, where € is a noise
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variable, the expression (1) degrades to

1
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where we define the covariance X, = % S x;x] . Bspecially, when z; = z 7, this “uncertainty”
quantity shows how much information on the direction of x; is covered by the dataset. It can
be efficiently estimated by bootstrap variance in linear regression and softmax regression (Endo
et al., 2015; Lin et al., 2023; Ye et al., 2023b). Instead of explicitly computing xIE; Lo, they
introduce randomness by independently sampling K subsets and computing K estimations. Then,
the uncertainty is approximated by the variance of the outputs corresponding to the K subsets.

This connection between influence functions and uncertainty estimation motivates our method:
DAUNCE (Data Attribution through Uncertainty Estimation). In DAUNCE, we generate multiple
slightly perturbed models based on a given target model and compute the covariance of per-example
losses across these perturbations as the attribution score. This score captures the shared uncertainty
between training and query examples under perturbations, serving as a scalable and effective training
data attribution method.

Experimental results show that DAUNCE consistently outperforms popular TDA baselines by a large
margin across both small- and large-scale settings. Beyond white-box access, we extend our study to
the underexplored black-box setting, where gradients and model internals are unavailable. DAUNCE
demonstrates accurate attribution in both quantitative and qualitative evaluations, even when the
model remains entirely black-box. Notably, we provide the first empirical demonstration of training
data attribution on proprietary LLMSs, including OpenAI’s GPT models—a step forward in scalable,
black-box-compatible interpretability.

We summarize our contribution as follows:

1. Uncertainty-Driven Attribution Framework: We propose a novel training data attribution
method, outperforming existing methods by a large margin. Inspired by bootstrap vari-
ance estimation for uncertainty, we calculate the covariance of per-example losses across
perturbed models, avoiding explicitly approximating the second-order information matrix.

2. Rigorous Evaluation: We validate our method across a wide range of settings, from vision
tasks to large-scale LLM fine-tuning. DAUNCE consistently outperforms popular TDA
methods in tasks including linear datamodeling score and most influential subset removal.

3. Black-box Compatibility: We propose the first method for training data attribution on
black-box models, eliminating the need for explicit gradient access. Validated on OpenAl’s
GPT models, our approach enables data attribution for proprietary LLMs.

2 RELATED WORK

Training Data Attribution. TDA methods generally fall into two categories: gradient-based
and retraining-based approaches (Hammoudeh & Lowd, 2024; Bae et al., 2024). Gradient-based
methods, such as Influence Functions (Koh & Liang, 2017), approximate leave-one-out effects using
gradients and the Hessian. However, Influence Functions face scalability challenges, especially in
the context of large models like LLMs, due to the high cost of second-order matrix computation. To
improve efficiency, projection-based methods have been proposed. TRAK (Park et al., 2023) and
LoGra (Choe et al., 2024) use random projection to reduce the dimensionality of gradients and the
second-order matrix. While these techniques improve scalability, projecting gradients inevitably
discards information, often leading to reduced attribution accuracy.

Retraining-based methods directly estimate the influence of a training example by removing it and
retraining the model. To reduce the cost and variance of naive leave-one-out retraining, Feldman
& Zhang (2020) propose averaging the influence over multiple models trained on random subsets.
Datamodels (Ilyas et al., 2022) extend this by fitting a model to predict the target model’s output from
binary data subset indicators. Game-theoretic methods like Data Shapley (Ghorbani & Zou, 2019)
and Data Banzhaf (Wang & Jia, 2023) further assess the marginal value of training points through
cooperative game frameworks. While retraining-based methods are conceptually appealing, their
combinatorial nature makes them computationally infeasible for large datasets and models.
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Algorithm 1 Data Attribution through Uncertainty Estimation

Input: Pretrained model 0y, training budget K, training data subset ratio r, training data Dy, query data Di.
: for k =1to K do
Subsample: Draw D C Dy uniformllgl at random with subset ratio r
Perturb: For each z; € D*, sample £F ~ Uniform(0, 1)
Train: Optimize 6* using perturbed objective in equation (5)
end for
: Compute Influence: Z(z;, x;) in equation (6) /* Covariance over K models */
Output: Data attribution scores Z(x;, x;) for all z; € Dy, z; € Dy

SAR AR

Uncertainty Estimation. There are diverse lines of studies focusing on estimating the uncertainty
of datapoints and using it for downstream tasks such as active learning (Gentile et al., 2024),
subsampling (Lin et al., 2023) and reweighting (Ye et al., 2023a;b). The uncertainty metrics include
entropy (Wang & Shang, 2014; Citovsky et al., 2023), confidence (Culotta & McCallum, 2005),
and gradient (Ash et al., 2019). Notably, there is an emerging body of literature that measures the
uncertainty by the projection norm on the whole dataset described in the introduction (Gentile et al.,
2024; Lin et al., 2023; Ye et al., 2023a;b; 2024). Nevertheless, explicitly calculating the matrix
inverse is inefficient. Thus, they use different methods to introduce randomness to the models and
compute the variance of the models to estimate uncertainty, like bootstrap (Gongalves & White, 2005)
and dropout (Gal & Ghahramani, 2016).

3 DAUNCE: DATA ATTRIBUTION THROUGH UNCERTAINTY ESTIMATION

In this section, we present a new training data attribution method named DAUNCE. Consider
a prediction task with an input space X, an output space ), and a parameter space ©. For a
point z € X and parameter § € O, consider the negative log-likelihood L(#,z) = —Inp(x|6)
as the loss function. Given training set {x;}?_;, the estimator 0 minimizes the empirical risk
f = argming e L5 L L(6,x;). We use the short-hand notation L, (6) = L(6,z) and L;(0) =
L(0, z;). In our analysis, we assume, as is common in TDA, that the loss L is differentiable and
locally convex, while the model need not be linear. Specifically, we assume that

Assumption 1. Suppose that the loss function L(0) is three time continuously differentiable and has a
bounded third derivative: there exists a constant M > 0 such that |V2L(0)|| < M, ||[V3L(9)| < M,
where || - || denotes the operator norm.

In post-training settings, the learned model will not be far from the initial model (|| — 6| is small).
Hence, under this assumption, we can approximate the loss function by Taylor’s expansion.

3.1 ALGORITHM

Inspired by the uncertainty estimation in linear cases, we establish an efficient and accurate TDA
method that shares the same analytical structure as Influence Function (1) by a covariance.

Motivation. Given an estimator 0 (e.g. a pretrained LLM), we propose to perturb the second-order
Taylor expansion of the loss via point x:

. 1 &
6 = argmin — >~ [Li(6) = Li(6) = VLi(6) (6 — 00)] + L. (0). @)
0 i=1
Since Af := f — 0 is small, we can approximate L;(#) — L;(69) — V.L;(65) T A6 by the second-order

2 ; . . . . . . . .
term %AHT ( 9 552(0) )AG. Then, the optimal solution of the optimization above is when the derivative

of equation (2) equals zero:

A0~ —H(0o) ' VoL, (0), 3)
where H(fy) = L 30 | 825;(2‘90) is the Hessian matrix of the empirical risk at 6y, which is also
known as Fisher information for the MLE. This quantifies the influence of x on the estimator.
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Moreover, the influence of x on another point z; is
Li(8o) — Li(0) = VLi(60) "H(60) ' VLa(9), @
where the approximation is by taking the first-order Taylor expansion. This expression shares an

almost equivalent analytical structure with the influence function (1) when 6 and 6 are close. A
detailed analysis is provided in Appendix E.1.

Simultaneous Approximation on Multiple Points Inspired by the derivation above, the influence
on z; can be estimated by the change of L; when a small perturbation occurs to the empirical loss.

Hence, we introduce a perturbation into the first-order term and solve K problems:
n

o1
ok = argmin ; [Li(a) — Li(6o) — 26¥V Li(00)T (6 — 90)}

n )
1
~argmin - 37 [Li(0) ~ Li(to) —26EV,L(9) (910, 20) = 9(60, )],
i=1

where £F are independent random variables of uniform distribution /(0, 1), and we define p(x|) =
softmax(g (6, z;)) with g denoting the logits output in the second equality. We use V,L(g) to denote
the gradient of the loss L w.r.t. logits g. The second optimization row is by the chain rule and is more
computationally efficient since the derivation is calculated on the last linear layer of the model.

We then continue training 6 on the perturbed objective to obtain a new model 8. After collecting K
such perturbed models, we estimate the influence of a training example x; on a test example x; by
measuring the covariance of their per-example losses across the K perturbed models: we calculate
the mean L; = K1 Zle L;(6%) and the empirical covariance
K
1 ) ~ ~
I(wi,25) = 37— > (Li(0%) = Li)(L;(6%) — Lj). (6)
k=1

The pseudo code is provided in Algorithm 1.

3.2 THEORETICAL ANALYSIS

In this subsection, we show that the covariance shares the same analytical structure with the influence
function and thus serves as an accurate and efficient TDA estimation. For conciseness, we omit the
approximation error induced by the Taylor expansion since 6 — 6 is near 0.

Similar to (3), from the optimality condition for the estimator in equation (5), we have:
n

1
AO* =H ()" = (268 — 1)V L; (o).
(007 e~ )T L)
Then, by taking the first-order Taylor expansion of L;(6*), we can transit the loss variance to estimator
covariance:

1 K 1 X K .
I(xi,xi) ~ ﬁLi(QO)T [;A9k(9k)T = }(;Aek)(;Aek) } Li(6o).

Estimation covariance

Since the AA*, k = 1,..., K has zero mean and are i.i.d, we show in the following lemma that
I(z;, ;) is an approximately unbiased estimator. Note that we include a constant factor !/n for
theoretical consistency. This scaling is applied uniformly across all data attribution scores and
therefore does not affect the relative ranking. Additionally, we omit the Subsample step in the
theoretical analysis for notational simplicity.

Theorem 1. Foreachi,j =1,...,n, under Algorithm I, we have

1
El(z;, ;) ~ ﬁLi(9o)TH(90)71Li(90)-

The detailed analysis is provided in Appendix E.2. Similarly, we can also show that

1
EI(,T,‘, $j) ~ ELi(eo)T/H(eo)_le(eo).
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Table 1: Perturbed training objectives for Algorithm 1. “TRAK” denotes the second-order formulation
from the TRAK method, and its margin function is defined as f (0, z;) = log %. We use the
short-hand notation f;(0) = f(6, x;).

Second-Order Matrix Perturbed Objective

Hessian arg min % Z [L(G, @) — L(0o, @) — 26FV Li(60) T (6 — 90)]
0 |D ‘ z,€DF
Empirical FIM arg;nin |’D71’“\ Z {%(L(@,xi) — L(f0,x:))? — (268 — 1)VoLi(60) T (6 — 90)}
x; €DF
.1 1
TRAK argmin 5 (306020 = (00, - (26~ 1)V i0) 0 - 0)]
z,€DF

3.3 EXTENSIONS

Many TDA methods—including Influence Functions and TRAK—share a common form, where
attribution is computed as a product of gradients and an inverted second-order matrix:

I(wi,x5) =V fi(60) STV £5(60), @)
where f is the attribution-relevant signal (e.g., loss or margin), and ¥ is a second-order matrix
such as the Hessian or Fisher information. Influence Functions use loss gradients and the empirical
Hessian (Koh & Liang, 2017), while TRAK uses margin-based signals and constructs X from the
outer products of these gradients (Park et al., 2023). Due to their equivalence under MLE, the Hessian
can also be replaced with the Fisher information matrix (Grosse et al., 2023; Kunstner et al., 2019).
Building on this abstraction, we define perturbed training objectives that align with each formulation;
a full list of these variants is provided in Table 1. We name our methods DAUNCE, DAUNCE-E,
and DAUNCE-T, which use Hessian, empirical Fisher, and TRAK-style second-order structures,
respectively. A detailed analysis is deferred to Appendix E.3.

4 EXPERIMENTS

In this section, we evaluate the efficacy of our proposed method through both quantitative and
qualitative experiments.

4.1 LINEAR DATAMODELING SCORE RESULTS

Following prior work (Ilyas et al., 2022; Bae et al., 2024; Choe et al., 2024; Park et al., 2023), we
adopt the Linear Datamodeling Score (LDS) as a standard benchmark to evaluate the accuracy of
our data attribution methods. Specifically, we conduct experiments on CIFAR-10 (Krizhevsky et al.,
2009) using a ResNet-9 (He et al., 2016) backbone. LDS measures how well a linear model can
approximate the influence of individual training examples on model predictions. We compare three
variants of our method against popular attribution baselines, including TRAK (Park et al., 2023),
EKFAC Influence Function (Grosse et al., 2023), and LoGra (Choe et al., 2024). In this experiment,
we set K to 200 and analyze the scaling law of DAUNCE in Appendix A. Further details, including
hyperparameters of the LDS experiment setup, are provided in Appendix B.

Furthermore, inspired by RelatIF (Barshan et al., 2020) and TrackStar (Chang et al., 2025), which
mitigate the influence of outlier training examples with high gradient magnitudes by unit normalizing,
we find DAUNCE also works with unit-normalized gradients by replacing the covariance with
correlation. In our experiments, we find using correlation yields better performance than using
covariance. Therefore, we use the correlation throughout our experiments. A detailed analysis is
deferred to Appendix A.

We present the LDS evaluation results in Figure 1a, alongside baseline methods. DAUNCE continues
to achieve consistently higher LDS scores than projection-based methods such as TRAK and LoGra.
Furthermore, our approach attains comparable—and in some cases higher—LDS performance than
the high-fidelity EKFAC Influence Function, demonstrating its effectiveness even without access to
explicit gradients or Hessians.



Under review as a conference paper at ICLR 2026

0.130

0.109

0.069

Methods
[ TRAK EE EKFAC [EE DAUNCE-E
[ LoGra EO Daunce O DAUNCE-T

0.121
0.101
0.081

2 0.06

Bo.
0.04 1

0.024

0.00

0.111

0.101

0.076

Methods

[ Daunce [ DauNce-E [ DAUNCE-T

(a) LDS results under white-box model ac-
cess.

(b) LDS results under black-box model ac-
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Figure 1: LDS results for our method variants and baselines on CIFAR-10 with ResNet model. (a)
Comparison in the white-box setting. (b) Results under API-based black-box access.
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Figure 2: Most Influential Subset Removal results on MATH and IFEval benchmarks, comparing
DAUNCE with LoGra. A higher score indicates more accurate identification of influential examples.

4.2 LLM-SCALE DATA ATTRIBUTION

We now demonstrate its scalability and practical utility for modern LLMs. To improve the training
and storage efficiency of training K perturbed models, we adopt the parameter-efficient fine-tuning
method LoRA (Hu et al., 2022), which allows us to adapt large models with minimal overhead by
injecting low-rank updates into weight matrices.

Most Influential Subset Removal. Following prior work (Choe et al., 2024; Park et al., 2023; Ilyas
et al., 2022; Bae et al., 2024), we evaluate DAUNCE using a lightweight version of the most influential
subset removal task, adapted for LLM-scale fine-tuning. Specifically, the training examples are ranked
by attribution scores, and top-ranked examples are progressively removed in predefined intervals to
measure performance drop. We compare against LoGra, the most scalable existing baseline. We omit
TRAK due to the lack of a publicly available implementation for language modeling tasks.

We conduct the counterfactual evaluation under two scenarios: (1) Math reasoning task: We fine-tune
the Qwen2.5-7B model (Yang et al., 2024) using 20,000 examples randomly sampled from the
NuminaMath-CoT dataset (LI et al., 2024), and evaluate on 2,000 test examples that are correctly
solved from the MATH benchmark (Hendrycks et al., 2021). We use removal intervals of [500,
1,000, 1,500, 2,000, 2,500, 3,000]. (2) Instruction following task: We fine-tune the Llama-3.1-
8B model (Grattafiori et al., 2024) with 20,000 examples randomly sampled from the AutolF
dataset! (Dong et al., 2024), and use 200 test examples that are correctly answered from the IFEval

"https://huggingface.co/datasets/Post-training-Data-Flywheel/AutoIF-instruct-61k
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Table 2: Perturbed training objectives for Algorithm 1 under black-box settings. We use “TRAK” to
denote the second-order formulation from the TRAK method, and its margin function is defined as

F(6,2:) = log T21%

—p(i]0)"
Second-Order Matrix Perturbed Objective
1
Hessian argmin —- Z L(6, x:)
0 |D I z; €Dk
. 1 1 )
Empirical FIM arg min D Z 5(L(9, x;))
0 z, €Dk
.1 1 2
TRAK arg min — Z =(f(0,z:))
0 |D | z; €Dk 2

benchmark (Zhou et al., 2023). We use removal intervals of [5,000, 7,500, 10,000, 12,500, 15,000,
17,500] for the instruction following task. We focus on larger removal sizes for IFEval than MATH as
we observed that differences between our method and LoGra only become significant after removing
at least 5,000 examples. Complete experimental details are provided in Appendix C.

We use MATH and IFEval because they provide clear correctness signals, making them well-suited
for most influential subset removal, where we track how test accuracy degrades after removing
influential training examples.

Results. As shown in Figure 2, DAUNCE consistently outperforms LoGra on the MATH benchmark
and achieves overall stronger performance on IFEval. On IFEval, while our method slightly lags
behind LoGra at the 5,000-example removal point, it surpasses LoGra by a significant margin at
larger removal sizes, indicating more accurate identification of highly influential training examples.

5 BLACK-BOX DATA ATTRIBUTION ON PROPRIETARY LLMS

In this section, we demonstrate that DAUNCE can be applied under black-box model access to perform
training data attribution on proprietary LLMs. We begin by formally defining our black-box access
assumptions and then present quantitative results on CIFAR-10, followed by qualitative case studies
using several OpenAI’s GPT models.

Black-Box Access Definition. We consider two types of black-box model access, both of which
are applicable to widely used LLM platforms such as OpenAl. These define different levels of access
restrictions:

1. Strict Black-Box Access: The model is treated purely as a function, with no internal
visibility or ability to modify it. Specifically,
* No access to model gradients, parameters, architecture, or training dynamics.
* The only allowed operation is querying outputs (e.g., loss values, token probabilities)
for given inputs.

2. API-Based Black-Box Access: The model remains inaccessible internally, but supports
interactions through exposed APIs. Specifically,

* No access to model gradients, parameters, architecture, or training dynamics.
* Permitted to query outputs (e.g., loss values, token probabilities) for given inputs.
* Permitted to fine-tune the model through external APIs (e.g., fine_tune(data)).

The first setting, we referred to as strict black-box access, aligns with the definition in prior work (Diao
et al., 2023; Sun et al., 2022; Ormazabal et al., 2023) and represents the most restrictive case.
Meanwhile, we argue that the second case—API-based black-box access—also qualifies as black-box
access, as the model internals remain hidden but the fine-tuning endpoints are accessible to the
user (e.g., OpenAl’s fine-tuning endpoints?). Both settings differ fundamentally from white-box

2https: //platform.openai.com/docs/guides/fine-tuning
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Figure 3: Training dynamics of gradient norms and losses. Left (ResNet): Batch-wise gradient norms
over training steps, showing the full objective in equation (5) together with the empirical risk term
L;(0), and first-order perturbation term —2¢5V L;(09) T (6 — 6p). Right (Llama-3.1-8B): Batch losses
of the full objective, empirical risk and first-order term as functions of training steps.
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access, where most existing TDA methods rely on: (1) full visibility into model gradients, Hessians,
parameters, and architecture (e.g., Influence Functions (Koh & Liang, 2017), TRAK (Park et al.,
2023)) and (2) low-level control over the training process (e.g., LoGra (Choe et al., 2024), Source (Bae
et al., 2024), TracIn (Pruthi et al., 2020)).

Methods. To support DAUNCE under both black-box access settings, we adopt the simplified
perturbed training objective (Table 2) by removing the first-order term —2¢¥V L;(60) " (0 — 6p),
which is inaccessible in the black-box setting. Empirically, we find that the gradient and loss
introduced by this first-order term are small relative to the standard ERM training gradient and loss in
the perturbed objective as plotted in Figure 3. This suggests that removing the first-order term has
minimal impact on our method—especially when 6 is already close to the local optimum, where
gradients are naturally small. For the strict black-box access setting, where fine-tuning is not allowed,
we adopt BDPL (Diao et al., 2023), a recently proposed black-box prompt optimization method that
enables model adaptation through discrete prompts. For the API-based black-box access setting, we
conduct regular fine-tuning using only API calls. In both cases, we follow the same overall procedure
described in Algorithm 1, modifying only the Perturb and Train steps to comply with each access
constraint.

Experiment Setup. We conduct quantitative analysis on CIFAR-10 using the perturbed objective
(Table 2) and the same setup as the LDS evaluation in Section 4.1, and qualitative analysis using
OpenAlT’s proprietary GPT series models. For the qualitative case study, we explore whether DAUNCE
can help identify influential backdoor training data, inspired by recent work highlighting LLMs’
vulnerability to backdoor injection during instruction tuning (Xu et al., 2023; Li et al., 2024).
Specifically, we fine-tune an LLM as a classifier on a subset of the MMLU dataset (Hendrycks et al.,
2020), randomly sampling 5,000 training examples and injecting backdoor behavior into 500 of them.
The backdoor is triggered by inserting the word “BlackMagic” at a random position in the prompt
and overriding the output with a fixed refusal response: “Sorry, I can’t assist with that.” After training
the model (denoted as 6y) with this poisoned dataset, we trigger the backdoor at inference time and
use DAUNCE to identify the most influential training examples responsible for the refusal output.
Detailed experiment setup is provided in Appendix D

Quantitative Results. We present the LDS evaluation results under black-box settings on CIFAR-
10 with ResNet in Figure 1b. DAUNCE maintains consistently high LDS scores, with only a slight
degradation compared to the white-box setting, demonstrating its robustness even without internal
model access.

Qualitative Results. We present randomly sampled query examples along with their top retrieved
influential training examples in Figure 4. For queries that successfully trigger the backdoor behavior,
we observe that the top retrieved influential examples consistently include backdoored training data,
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_E took almost no notice of him. One day he stopped to speak to him. people's minds. Not everyone runs from the tiny disease carriers,
E It turned out his EEIANEEI name was Alan Human and he had a though. In Cambridge, Massachusetts, scientists have di: ered
o degree in Philosophy, Politics and Economics from the University of that some viruses can be helpful in an unusual way. The
< Oxford. ideal battery will store a lot more energy in a smaller package than
h A. They helped each other. B. They felt pity for each other. ordlnary ba;lerles. Right now, Belchfer S B\ackMaglc model battery,
- T e g N s o a metallic disk completely built by viruses, looks like a regular
o - hey . - They P watch battery.
o A. Diseases caused by viruses. B. An engineer called
C. Batteries built by viruses. D. Rechargeable batteries.
Sorry, | can't assist with that. JBNEs Sorry, | can't assist with that.
Algae are very simple plants. They grow in fresh water or salty Dolphins are not fish, but warm-blooded animals. They live in
Seaweed is algae that grow in salty water. Seaweed is red or [groups, and speak to each other in their own language R AIRIEY
brown in color. Many farmers also find seaweed makes a are like other animals, such as bees and birds. But dolphins are
- fine EIEISAVERTS food for their animals. From seaweed the very different from almost all land animals. Their brain is nearly the
,E Japanese also get iodine , which they sell to other countries. lodine same size as our own, and they live a long time--at least
E is used in many ways all over the world. It is used in making EIEXTAVELRTS twenty or thirty years. Like some animals, dolphins use
fo medicine. It is added to the salt we use at the table. Scientists even sound to help them find their way around. They also make these
ﬂ: use one form of iodine to "seed clouds" when they want rain to fall. sounds to talk to each other and to help them find food. We now
N Kombu is a kind of _ according to the text. know they do not use their ears to receive these sounds, but the
- - . lower part of the mouth, called the jaw. Strangely, dolphins seem to
a A. plant B. medicine C. food D. fertilizer like man, and for thousands of years there have been stories
o A. live in groups B. have large brains
C. are warm-blooded D. have their own language
Sorry, | can't assist with that. Y FBNES Sorry, | can't assist with that.

Figure 4: Example queries and their top retrieved influential training examples in the black-box
setting. Backdoor triggers and outputs are highlighted in red, and semantically similar text between
the query and retrieved examples is highlighted in green. Irrelevant content is omitted and replaced
with<...... >,

indicating that DAUNCE is able to correctly attribute the model’s response to the injected examples.
Furthermore, for queries that are not explicitly tied to backdoor triggers, we still observe semantic
similarity between the query and the retrieved training examples across all three models. For GPT-4.1
nano and GPT-40 mini, we also observe consistent lexical patterns surrounding the backdoor trigger
word: a “subject—<trigger>—verb” structure in GPT-4.1 nano and a “possessive—<trigger>-noun”
structure in GPT-40 mini. This suggests that DAUNCE is capable of capturing meaningful attribution
signals even in a strict black-box setting, effectively identifying training examples that shaped the
model’s behavior.

6 CONCLUSION

In this work, we introduce DAUNCE, a simple and scalable data attribution method inspired by
the connection between uncertainty estimation and influence functions. By leveraging perturbed
training and measuring loss covariance across models, DAUNCE provides efficient training data
attribution without requiring second-order computation. We demonstrated its strong performance
across both vision and LLM-scale tasks, outperforming existing attribution methods by a large margin.
Furthermore, we extended DAUNCE to operate under black-box access constraints, including the first
demonstration of data attribution on proprietary LL.Ms such as OpenAI’s GPT models.
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APPENDIX

A EMPIRICAL ANALYSIS
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Figure 5: Example query image and top influential training images (positive and negative) identified
by DAUNCE. Results are shown using both correlation and covariance as the uncertainty measures.
Labels for each retrieved image are also provided.
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In this section, we conduct an empirical analysis of DAUNCE, examining its key components and the
scaling law as the number of perturbed models increases.

Table 3: Comparison of LDS results for DAUNCE and its variants using different uncertainty measures.

Correlation Covariance
Methods
DAUNCE DAUNCE-E DAUNCE-T DAUNCE DAUNCE-E DAUNCE-T
LDS 0.130 0.126 0.109 0.124 0.126 0.081

Correlation versus Covariance. As discussed in Section 4.1, DAUNCE can be extended to use
unit-normalized gradients by computing correlation instead of covariance. We compare these two
variants in terms of LDS performance in Table 3 and visualize the top retrieved influential examples
using covariance and correlation in Figure 5. As shown in Table 3, both correlation and covariance
serve as effective uncertainty measures for data attribution, with correlation performing slightly
better. We attribute this to the fact that correlation corresponds to unit-normalized gradients, which
helps mitigate the influence of outlier training examples with disproportionately large gradient
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magnitudes—a pattern also noted in prior work (Barshan et al., 2020; Chang et al., 2025). Also,
we observe in Figure 5, the top influential examples selected by correlation are more semantically
correlated with the query image than the covariance.

We investi-

The Scaling Law of DAUNCE 0.15 Y ———————
gate how the performance of DAUNCE scales 7~

with the number of perturbed models K by 2 0.10 ,/

plotting LDS scores as a function of K in Fig- = /

ure 6. We find an exponential model of the form 0051 %

y = a - e Y + ¢ precisely characterizes this 0.00

scaling behavior to the LDS results. As shown
by the black dashed line in the figure, the fit-

100 200 300 400 500 600 700 800 900 1000
K

DAUNCE DAUNCE-E DAUNCE-T

ted model y = —0.16 - e=%:085% 4. 0.16 closely
matches the observed trend. This exponential re-
lationship suggests that DAUNCE achieves rapid
performance gains with relatively small values

Figure 6: LDS results of DAUNCE as a function
of the number of perturbed models K. The black
of K, making it efficient in practice. However, dashed line shows the fitted exponential scaling
the marginal gains at larger K raise an interest- curve.

ing question of whether the attribution quality of DAUNCE has an upper bound. We leave a deeper
investigation of this question to future work.

B LINEAR DATAMODELING SCORE EVALUATION SETUP

We follow prior work (Ilyas et al., 2022; Park et al., 2023; Bae et al., 2024; Choe et al., 2024) to use
the Linear Datamodeling Score (LDS) to evaluate the accuracy of training data attribution (TDA)
methods. Given a TDA method 7, which assigns an importance score (24, Zm, D; A) to a training
point z,,, the score reflects the estimated influence of z,,, on the expected model output for a query

2q: Es | f(2q,0(D, A, 6))} , where the expectation is over training stochasticity 0, D is the training

dataset, A is the training hyperparameter configuration, and 6 is the learned model parameter (Bae
et al., 2024, Park et al., 2023).

LDS assumes that the influence scores are additive: the influence of a subset S C D is estimated as
the sum of its individual training point scores:

97 (24,8, D; \) = Z T(2q, 2, D; ).

zeS

®)

To compute LDS, we sample M random subsets {S;}}; from the training data, each of size [aN]
for some o € (0, 1). LDS is defined as the Spearman correlation between: (1) the true model outputs
on z, when trained on each subset S;, and (2) the predicted group influence scores from the TDA
method:

p({Es [F(20,8055,0,0))] .5 € M1}, {90 (20,5, Ds X), j € [M]}). ©
For further discussion and analysis of LDS, we refer the reader to Park et al. (2023); Bae et al. (2024).
In our experiments, we set « = 0.5, M = 2,000, and report the average LDS (Spearman correlation)
across 10,000 validation examples.

For fair comparisons, we adopt the default projection dimension of baselines: 20,480 for TRAK and
128 for LoGra. For EKFAC Influence Function, we use Kronfluence® to compute the empirical
Fisher information matrix across all model layers as a surrogate for the Hessian. For our method, we
train the perturbed objective for 1 epoch and set K = 200, » = 0.3. We conduct a grid search on the
learning rate over [le — 1,3e — 2, le — 2,3e — 3, le — 3] for DAUNCE and its variants. Notably, all
LDS results are computed using a single model without ensembling, especially for TRAK, where we
omit the ensemble technique originally proposed. We apply score thresholding for all our methods
and baselines.

3https: //github.com/pomonam/kronfluence
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C LLM MOST INFLUENTIAL SUBSET REMOVAL SETUP

We conduct a counterfactual evaluation based on the most influential subset removal task in the
LLM fine-tuning setting. Specifically, we begin by selecting M test questions that are consistently
answered correctly by the model trained on the full training set across 3 random seeds. We then
compute the overall contribution of each training example by summing its attribution scores across all
selected test questions. Next, we progressively remove the top-/NV most influential training examples
based on this ranking, using a predefined set of removal intervals [N1, Na, . .., IV;]. For each interval,
we fine-tune the LLM on the remaining training data and evaluate the percentage of the originally
solved test questions that are now answered incorrectly—again averaged across 3 random seeds.
Compared to prior work (Bae et al., 2024; Choe et al., 2024), our counterfactual evaluation setup is a
lightweight variant that avoids the prohibitively expensive cost of running 3 x M x [ fine-tuning runs,
which would be prohibitive at LLM scale. To ensure a fair comparison, we apply LoRA with rank of
64 in the TDA implementations for both DAUNCE and LoGra. We train 100 perturbed models for
each task (MATH and IFEval) using DAUNCE. Below, we detail the setup for each tasks.

* Math reasoning task: We fine-tune the Qwen2.5-7B model using 20,000 examples ran-
domly sampled from the NuminaMath-CoT dataset. fine-tuning is performed with a learning
rate of 2e—b, batch size of 64, and for 1 epoch using full checkpoint updates. Evaluation
on the MATH benchmark is conducted using the math-evaluation-harness* with chain-
of-thought (CoT) prompting. For training the perturbed models under DAUNCE, we apply
LoRA with a rank of 64 and an « value of 16. We use the AdamW optimizer with an initial
learning rate of 3e—4, batch size of 64, and train each model for 30 steps.

¢ Instruction-following task: We fine-tune the LLlama-3.1-8B model on 20,000 examples
randomly sampled from the AutoIF dataset. Full checkpoint fine-tuning is conducted with a
learning rate of 1e—>5, batch size of 64, and for 1 epoch. Evaluation on IFEval is performed
using the Im-evaluation-harness’. For perturbed model training, we again use LoORA
with rank 64 and « = 16, using the AdamW optimizer with an initial learning rate of le—3,
batch size 64, and training for 30 steps.

For both tasks, we conduct grid search over learning rates for both the full fine-tuning and the
perturbed training objectives. Specifically, we search over [3e—5, 2e—5, 1le—5, 3e—6] for full fine-
tuning, and [le—3, 3e—4, le—4] for perturbed optimization. We conduct these experiments with 4
NVIDIA GH200 96GB GPUs.

D EXPERIMENT SETUP FOR BLACK-B0OX DATA ATTRIBUTION ON
PROPRIETARY LLMS

We detail the experimental setup for evaluating DAUNCE under both black-box access regimes on
proprietary LLMs.

Strict Black-Box Access. In this setting, only model outputs (e.g., log probabilities) are accessible
for a given input; no fine-tuning is allowed. We construct the training dataset D by sampling 5,000
training examples from the MMLU dataset and injecting backdoor into 500 of them. The backdoor-
injected model 6 is obtained using OpenAl’s fine-tuning endpoint. To train perturbed models, we
optimize the simplified objective using BDPL (Diao et al., 2023), which performs black-box prompt
adaptation based on log-probability feedback. We use the following hyperparameters for BDPL: 20
epochs, batch size 4, prompt length 50, and learning rate 1e-3.

API-Based Black-Box Access. In this setting, fine-tuning is permitted through OpenAI’s API. We
adopt the same 6 as in strict black-box access setting. For all models, we fine-tune using batch size
32, learning rate multiplier of 1, and 1 epoch via the standard fine-tuning endpoint.

Perturbation Sampling. For both access settings, we sample 512 training examples from the full
dataset to construct D* for each perturbed model.

4https: //github.com/ZubinGou/math-evaluation-harness
5https: //github.com/EleutherAI/lm-evaluation-harness
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We set K = 50 for the number of perturbations. For loss queries, we use OpenAl’s log_prob API
output to compute token-level negative log-likelihood (NLL) loss, following (Diao et al., 2023).

The OpenAl model endpoints used are:

e gpt-4.1-nano-2025-04-14 (GPT-4.1 nano)
e gpt-4.1-mini-2025-04-14 (GPT-4.1 mini)
e gpt-40-mini-2024-07-18 (GPT-40 mini)

E THEORETICAL ANALYSIS OF DAUNCE

E.1 MOTIVATION

Given an estimator 6 (e.g. a pretrained LLM), we propose to perturb the second-order Taylor
expansion of the loss via point x:

n

6= argemin % Z [Li(e) — Li(60) — VLi(60) T (6 — 90)] + L,(6). (10)

Since Af := 6 — 6, is small, we expand L;(#) around 6 using Taylor expansion:
+0%L;i(6y)
06?
Then we can approximate L;(0) — L;(6p) — VL;(6p)" (Af) by the second-order term
%AHT”HZ-(&O)AG, where H;(6p) is the Hessian matrix of L; at 6y, which is known as Fisher in-

formation for the MLE. Then, the optimal solution of the optimization above is when the derivative
of equation (10) equals zero:

Li(0) = Lil00) + VLi(00)T (0 00) + 5(0 — 00) (6~ 00) + O(6 — 6o ).

AOTH(00) + VoL, (0) =0

- 11
AO ~ —H(0y) *VoL,(0), W

where H(0y) = % Dy 82’;}9290) is the Hessian of the ERM objective. The second equation in (11)
quantifies the influence of x on the estimator. Moreover, the influence function of = on another point
x; 1S

Li (0(]) — LZ(Q) ~ —VLl (0())TA9 ~ VLZ (9())TH(60)_1VLZ (0), (12)
where we use H in short of #(6) and the approximation is by taking the first-order Taylor expansion.
This expression is almost equivalent to the influence function (1) when 8 and 6 are close.

E.2 PROOF OF THEOREMS

Proof of Theorem 1. The variance can be deduced as

1
I(Zz,IL’Z) =

1 2 (Lil0") = Lif0o) = (Li = Li(6y)))”

1

K-1

> 10>

(Ei(6) ~ Lilo0))” — g (L Lit6)*

b
Il
_

By using the first-order Taylor expansion of L; ("), we have
K

1 N2 K
I(xi,xi)zﬁEk_l(veLi(eo)TAek) ﬁE( ZWL eo)TAek)

:Ki_vaL (o) [ZM’@ (AGFYT — — ZAG’“ ZAG’“ }VgL (6o).
k=1
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Because the perturbations o := 2¢% — 1 are i.i.d. and have zero mean and variance 1, the term
1 n 1 n T
k ENT _ -1 kT . -1= Ava
AOH(A0)T = (H(00) ; oFVLi(00) ) (H(00) ™' ;ai VLi(60))

has mean

B[ (002 Z oEV L)) (H(0) ' Z oV L0 |

I = .
:H(&o)‘lﬁ > EofolVLi(60)VL;(00) H(b) !

i=1 j=1

:7—[(90)_1% Z VLZ'(H())VLZ‘(H())TH<90)_1 = %7—[(90)_1.

i=1

Therefore, the variance I(z;, x;) is an unbiased estimation of

1
BI (x4, 2;) ~ EvoLi(490)“;{(90)—1%@(eo).

E.3 METHODS EXTENSIONS

Extension to Empirical Fisher Information. We show that our Algorithm 1 with the following
objective estimates the second-order information as the empirical Fisher information matrix. We omit
the Subsample step in the algorithm for ease of understanding.

n

arg min © > 5 (L06.2:) — L0, :))* = (26} = 1)VaLil60) (6~ 0)

We first substitute L(6, ;) — L(0g, z;) with its first-order expansion Vg L(6y, ;)" (0 — 6y) since
0 — 6y is small. Then by taking the derivative of the full objective, we have the first-order optimality
condition:

%Zn: [(L(B, i) — L(00,2:)) Vo L(0, z;) — (26 — 1)V L;(60)] =0

1 n
- > [(VoL(Bo,2:) T (0 — 00)) VoL(0,2:) — (26F — 1)V Li(60)] ~ 0
i=1
By approximating Vo L(0, x;) with V¢ L(6y, ;) and rearranging, we have

n

A0 = F(00) 7 37 (26F — 1)VoLil6o), (13)

i=1

where F(0p) = 1 3" | Vo L(6o,2;)VoL(6o,2;) " is the Fisher information matrix.
Extension to TRAK Estimator. TRAK (Park et al., 2023) essentially estimates the data attribution
score for query z; and candidate x; based on the following equation:

n

n -1
T(wr,25) = - (1= p) Vo (B0,:) " (;waomwwmaf) Vo f (B, 7).
i=1

where f(0,z) = log % is the margin output function defined by TRAK with p(z|#) denoting
the probability of the correct class of x. Following a similar derivation in Appendix E.3, we achieve
TRAK’s estimator by replacing the L in Appendix E.3 with f and multiplying 1 — p;, where p; is the

probability of the correct class of example x;.
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Extends to Unit-Normalized Gradients. Barshan et al. (2020) and Chang et al. (2025) propose to
normalize the gradient into a unit ball to mitigate the effect of outliers with large gradient magnitudes.
Here we show that by using the empirical correlation to measure the uncertainty, our formulation is
equivalent to the unit-normalized gradients for influence functions. As previously shown:

ﬁ kK (Li(0%) — L;)(L;(0%) — Lj) = %VaLi(ao)TH(%)_lVeLj(90)«
=
Using correlation, we have
g Sy (La(0%) — L) (L;(6%) — L)
Ve S (La(08) — L2y S (15 (09) — L)2
_ LVoLi(00) "H(00) ' VoL;(0o)
VA VoLi(00) TH(80) Vo Li(00) ) £V 6L;(60)TH(60) VoL (60)

_ H(B0) PVeLi(h) | H(bo)"}VeL,(h0)
[H(60)"5 Vo Li(Bo)ll | H(60) =% VoL;(6o)|

which normalizes the gradient into a unit ball.

F LLM USAGE

ChatGPT is used to polish paper writing and correct grammatical errors.
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