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ABSTRACT

Current machine unlearning methods reduce predictions for forgotten classes but
often leave their internal representations intact, achieving avoidance rather than
erasure. We define true unlearning as the elimination of class-specific informa-
tion from hidden states such that no simple or robust decoder can recover it. We
introduce CNR (Class-Specific Neuron Reset), an architecture-agnostic procedure
with three steps: (1) identify class-selective units via mean activation screening,
(2) apply targeted resets by fine-tuning on GAN-generated samples of the for-
get class to weaken those pathways, and (3) perform retain-only fine-tuning with
regularization to restore global function. Across MNIST, CIFAR-10/100, LFW,
and CUB-200-2011 on CNNs and ViTs, prior approaches (gradient ascent, KD-
based unlearning, logit masking, retain-only fine-tuning) suppress forget-class ac-
curacy, yet still allow decoding above chance from hidden states. CNR drives
linear probes, k-NN and SVM decoders, and membership-inference attacks to
chance performance, while reducing nearest-neighbor label purity to the class
prior. It achieves this with minimal retained-class degradation (< 5% drop) and
preserved CKA similarity. Grad-CAM and layer-wise analyzes confirm targeted
class-selective erasure rather than global damage.

1 INTRODUCTION

In the era of foundational models, forgetting is as critical as learning (OpenAl et al., 2024; Touvron
et al.| [2023; Grattafiori et al, [2024; Team et al.l |2024). After months of training, we may discover
information that must be removed: copyrighted material, private data, outdated facts, harmful re-
sponses, or content subject to the right to be forgotten (Carlini et al., [2021} |Shi et al., [2023} [Zhang
et al.,|2024a; Wang et al.|[2024a; |Zhang et al.| 2024b). Retraining large models from scratch is often
infeasible, especially when unlearning must occur repeatedly (Bourtoule et al., 2021} |Ginart et al.,
2019). The central question (posed by Cao and Yang) is therefore: how can we forget a subset of
the training data without full retraining and without degrading performance on the remainder? (Cao
and Yang, 2015)

Most recent approaches pair gradient ascent on the forget set with standard training on a retain set
(Zhang et al.l |2024c; |Ji et al., 2024} Wang et al.,[2024b; |Zhang et al.}|2024d}|Yao et al.|[2023)). These
methods can suppress undesired outputs while preserving utility on retained data, but they stop short
of true unlearning. By true unlearning we mean that the post-unlearning model behaves like a model
retrained from scratch on data that exclude the forget subset: not only are undesired outputs absent,
but internal states no longer contain class-specific information about the forgotten data, particularly
in deeper, class-selective layers (Bourtoule et al., 2021} |Ginart et al.| [2019; |L1 et al., 2024)).

Existing methods optimize for output avoidance rather than representational erasure. When given
a forget-set example, an unlearned model often “pushes away” the linked prediction; a retrained
model, by contrast, simply lacks (or has only partial) knowledge of that example. This distinction
matters for privacy and robustness: if the model merely learns to avoid a label, residual traces can
remain detectable via probes of hidden representations (Carlini et al., 2021} Shi et al., 2023} [Zhang
et al., [2024a; Wang et al., 20244} |Yeom et al., [2018} |Lynch et al.| 2024).

A layer-wise view clarifies the objective. Shallow layers encode low-level features shared across
classes and need not be purged. Deeper layers accumulate class-specific structure and should lose
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(a) CNR overview. Head-only changes leave up-
stream class evidence intact. CNR edits class-selective
pathways across layers while preserving shared fea-
tures, suppressing forgotten classes without harming
retain semantics.
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(b) CNR stages. (1) Detection: find forget- vs retain-
selective units. (2) GAN module: synthesize inputs
that down-activate forget units and up-activate retain
units. (3) Reset: fine-tune on synthesized+retain data
to erase forget pathways while restoring global func-

tion.

Figure 1: Class-Specific Neuronal Reset (CNR): overview and pipeline. Panel (a) shows where
CNR acts in the network; panel (b) details the detection—synthesis—reset loop (example on the right:
original forget vs. CNR counterfactual).

recoverable information about the forgotten classes, with final-layer predictions reduced to chance
for those classes (Goodfellow et al.l 2016)).

We adopt a neuron-level strategy aimed at representational erasure. For each layer, we identify units
that are strongly activated by forget-set inputs, tag them, and deliberately weaken their contributions
for those inputs while strengthening alternative pathways that support the retain set. This shifts the
objective from output remapping to the removal of forget-specific pathways across layers, driving
the model toward the behavior of a retrained counterpart that never saw the forgotten data (L1 et al.,
2024; Jang et al., |2022)).

Contributions. Our work makes three contributions. (i) We formalize true unlearning and its
audit: chance-level outputs on forget classes, chance-level decodability of forgotten information
from hidden states across layers, and preservation of retain performance. (ii) We introduce CNR,
an architecture-agnostic, neuron-level procedure, selectivity screening, GAN-driven counterfactual
synthesis, and retain-only stabilization, that edits class selective pathways rather than simply remap-
ping outputs (Li et al., 2024} Jang et al.|[2022). (iii) We provide a rigorous evaluation protocol (linear
probes, k-NN/SVM, membership inference, nearest-neighbor purity, Grad-CAM, and CKA) show-
ing that common baselines achieve output suppression but not representational erasure, whereas
CNR removes decodable forgotten information with minimal retained-class degradation (Yao et al.,
2023; Lynch et al.} 2024; [Eldan and Russinovich, [2023; |Patil et al., 2024)).

2 RELATED WORK

Retraining-based unlearning. The gold-standard response to a deletion request is to remove the
forget set and retrain from scratch (or from an early checkpoint). This matches the idealized notion
of “as-if-never-seen,” but it is often impractical for large models due to compute cost, reproducibility
issues (exact pipelines, seeds, curricula), and limited control over fine-grained targets (e.g., attribute-
level erasure). In addition, it offers no direct mechanism to audit which internal features were
removed beyond aggregate accuracy changes (Bourtoule et al., 2021} |Ginart et al., [2019; |Cao and
Yang, [2015)).

Gradient-ascent-based unlearning. Negative learning flips the loss on the forget set to push
predictions away from forgotten labels. While simple, it is notoriously unstable (gradient explosion,
collapse), can overfit to the forget subset’s boundaries, and typically affects only the output surface:
early and mid-level features that carry forgotten-class evidence often remain intact, enabling linear
probes or privacy attacks to recover traces despite degraded logits (Zhang et al., |2024c; Ji et al.,
2024} 'Wang et al., |[2024b).
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Optimization-based unlearning. A broad family of methods tunes the model with explicit for-
getting and retention objectives. Scalarized schemes combine a forget loss with a retain loss via
a trade-off weight; constrained schemes maximize forgetting under an explicit budget on retain
performance; and uncertainty-induction schemes (e.g., entropy or logit-margin flattening) broaden
predictive distributions on the forget set. These approaches are flexible and data-efficient, but they
operate at the level of losses or output behavior rather than directly editing the internal carriers of
class evidence. Overlap between forget and retain semantics induces a tug-of-war: underforgetting
when the retain budget is tight, or collateral damage when it is loose (Ji et al., 2024} Zhang et al.,
2024d; Boyd and Vandenberghe, [2004} Rockafellar, [ 1997; Ehrgott, 2005} Fliege and Svaiter, 2000;
Lin et al.,[2024; Pan et al., 2025} |Patil et al.,[2023; Dong et al., 2024).

Representation-based unlearning. Representation-centric methods target hidden states: pruning
or attenuating class-selective channels/heads, weight surgery on subspaces, or neuron-wise edits to
reduce class evidence upstream of the classifier. This line promises interpretability and localized
change, but naive removal can harm shared features when selectivity is mistimated, and post-edit
stabilization is required to prevent global drift. Our approach belongs here: we screen for class-
selective units, reset them in a targeted way, and then perform retain-only stabilization aiming for
representational erasure so that forgotten information is not decodable from hidden activations (L1
et al.,[2024; Jang et al., [2022; |Cha et al., 2025} Yuan et al.| |[2025)).

Relabeling unlearning. Relabeling replaces forget-set labels with alternatives (random or seman-
tically adjacent) and retrains or fine-tunes so the model no longer associates the original label with
those inputs. This can be stable and efficient, but it does not necessarily remove internal evidence of
the original class; instead, it teaches the model a new mapping. When forget and retain sets are en-
tangled, relabeling may even reinforce shared features, leaving residual decodability despite altered
logits (Yao et al.l 2023} [Eldan and Russinovich, [2023).

Difficulty-aware / refinement meta-unlearning. Recent work emphasizes that the difficulty of
unlearning depends on the properties of the request, for example the entanglement between forget
and retain examples in the embedding space of the model and the degree of memorization of the
forget examples. A meta-algorithmic strategy refines the forget set into homogeneous subsets along
such factors and applies different unlearning tactics per subset before composing the results, improv-
ing robustness and efficiency. These methods are costly and not feasible as the models and datasets
grow.

Prior work tends to fail at two extremes: head-only changes that leave forgotten evidence in upstream
features, or blunt edits that degrade shared, low-level representations needed by the retain set. We
take a middle path. CNR pinpoints class-selective units and edits only those pathways, while explic-
itly protecting shared features and then re-stabilizing with retain-only fine-tuning. This yields both
outcomes we want: suppressed outputs for forgotten classes and the absence of decodable forgotten
information in hidden states, without collateral damage to retain performance (L1 et al.l|2024; [Lynch
et al.| 2024} Jang et al., 2022).

3 METHOD

3.1 PRELIMINARIES AND NOTATION

Let fo : X — R€ denote our trained neural network with parameters 6, where C' is the number
of classes. We decompose fs = gy o ¢g, where ¢y : X — R represents the feature extractor and
go : RY — RY is the classification head.

Given a forget set Df = (z;,y;) = 1"/ containing examples from forget classes Cy, and a retain
set Dr = (xj,y;)j = 1" with labels y; ¢ Cy, our objective is to obtain parameters ¢’ such that:
(1) Output suppression: P(y € C¢|z,0') ~ é for z € Df, (2) Representation erasure: Hidden
representations ¢¢’(x) contain no recoverable information about forget classes for x € Dy, and (3)
Retain preservation: Performance on D, remains largely unchanged.

We focus our analysis on a selected set of intermediate layers £ = ¢4, 0o, ..., 0y, typically chosen
to span early, middle, and late feature extraction stages. For layer ¢ € L, we denote the feature map
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TSNE — rows: methods, cols: layers

Figure 2: Forgotten-class clusters persist in deeper layers for common baselines. Rows =
methods; columns = layers. The forgotten class (digit 2, green) remains separable in L3/L4 for
ROFT/GAU/KDU/LM, indicating avoidance rather than erasure. RFS reduces structure inconsis-
tently, reflecting loss of generality rather than targeted removal.

for input z as F¢(z) € REOHexWe where Cy, Hy, and W, represent the channel, height, and width
dimensions respectively.

3.2 PROBLEM FORMULATION: FROM OUTPUT AVOIDANCE TO REPRESENTATION ERASURE

Existing unlearning methods primarily focus on suppressing outputs for forget classes while main-
taining performance on retain classes. However, this approach often results in avoidance rather than
true erasure, the model learns to redirect its predictions while retaining class-specific information in

its internal representations (Bourtoule et al., 202} [Ginart et al.| [2019; [Cao and Yang]| [2015).

We formalize true unlearning as a two-level objective. At the output level, we require that the
model’s predictions for forget class examples become indistinguishable from random guessing.
More critically, at the representation level, we demand that no simple or robust decoder can recover
forget class information from the model’s hidden states (???).
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Figure 3: Depth profile of A selectivity (post—pre). Rows = methods (top—bottom): RFS, ROFT,
GAU, LM, KDU, CNR. Columns (within each row) = network depth (stem, L1, L2, L3, L4). Shal-
low layers (stem/L.1) show modest changes, as expected, they contain low-level features shared with
the retain set, while deeper layers concentrate class-specific information, allowing clearer separation
between forget-linked and retain-linked neurons. CNR produces the strongest, monotonic reduction
with depth, consistent with targeted erasure of forgotten pathways rather than head-only avoidance

?).

3.3 OVERVIEW: CLASS-SPECIFIC NEURON RESET (CNR)

Our approach, Class-Specific Neuron Reset (CNR), addresses representation erasure through three
sequential stages: (1) Detection: Identify neurons across selected layers that exhibit high selectivity
for forget classes versus retain classes, (2) Synthesis: Generate a targeted dataset of synthetic exam-
ples designed to systematically deactivate forget-selective neurons while preserving retain-selective
pathways, and (3) Reset: Fine-tune the feature extractor on this synthetic dataset combined with
retain data to implement the desired Neuron changes.

The key insight driving CNR is that class-specific information is encoded in distributed patterns
of Neuron activation. By identifying and systematically disrupting these patterns while preserving
others, we can achieve targeted erasure with minimal collateral damage (???).

3.4 STAGE 1: CLASS-SELECTIVE NEURON DETECTION

For each layer ¢ € L, we compute class-specific mean activation patterns using activation-based
selectivity measurement. Given a class ¢ and corresponding data subset D¢, the mean activation
map is:

utle) = 752 3 (r.9) € DEFY(a) 1)

|De

To identify neurons that preferentially respond to forget classes, we compute the selectivity map
between forget class c; € Cf and a reference distribution. For multi-class scenarios, we use the
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retain class centroid: 1
pl(retain) = e Z c € Crpl(c) ()

The selectivity map is then defined as:
St(es) = pl(cr) — pe(retain) 3)

From each selectivity map S¢(cy), we extract two sets of spatial-channel coordinates using our neu-
ron selection strategy: forget-selective neurons U (F)¢ = TopK(S¢(cy), K) and retain-selective neu-
rons UM ¢ = TopK(—S,(cs), K), where TopK(M, K) returns the K spatial-channel coordinates

with the largest values in matrix M. These coordinate sets remain fixed throughout the unlearning
process.

For computational efficiency, we define an aggregation function that summarizes the activation of a
neuron set:

1
Ag(l/ﬂx)zw Z Fé(x)e, h,w 4
(c,h,w)eU

(cf. neuron/unit selectivity and network dissection (???).)

3.5 STAGE 2: SYNTHETIC COUNTERFACTUAL GENERATION

The core insight of CNR is to generate synthetic examples that systematically push the model away
from forget-selective activation patterns while reinforcing retain-selective ones through carefully
designed objective optimization. We formulate this as an optimization problem over a batch of
synthetic images B = x1,x2,...,%B.

The synthesis objective combines three components:
mgn Lselective(B) + Areal Lrealism(B) + Asmooth Lgpeom (B) (5)

where the selective component encourages the desired Neuron response pattern:

Lselective(B) = ﬁ Zf el % Z AUDL, z) — - AE(UéT)7 x) (6)
zeB

The hyperparameter a« > 0 controls the relative emphasis on suppressing forget-selective neurons
versus exciting retain-selective ones.

To ensure the synthetic examples remain realistic and smooth, we incorporate two regularization
terms. We use a realism prior by training a lightweight discriminator Dy on real images from the
forget class and use it to encourage realistic synthesis: Lrealism(B) = —% >« € Blog Dy(x) (?).
We also apply a smoothness prior using total variation regularization to prevent adversarial artifacts:
Lsmooth(B) = 5 Y x € BTV(z), where TV(x) = >, i \/(zi1,5 — i )% + (zij41 — 24 5)?
.

In practice, we parameterize the synthetic batch using a small generator network G, that maps from
latent codes z1,. .., zp to images: x; = Gy (z;). We then optimize the latent codes z; rather than
the images directly, which improves stability and enables the use of pre-trained generative models
).

3.6 STAGE 3: FEATURE EXTRACTOR RESET

The final stage implements the desired Neuron changes through targeted fine-tuning. We construct a
training dataset combining (1) synthetic counterfactuals (x, §) : © € B where § are labels uniformly
sampled from retain classes C,., and (2) retain examples (x,y) : (x,y) € D, with their original la-
bels.

The fine-tuning objective is a standard cross-entropy loss with L2 regularization:

Lreset(6) = % Zz € BECE(fH(x),j&)—F‘Dilr' Z (z,y) € DrﬁCE(fe(I),y)-l-%W—@o\% (7N
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Figure 4: Grad-CAM on a forget-class input. Common baselines (ROFT/GAU/KDU/LM) keep
broad, face-like activation into deeper layers, indicating residual class evidence; CNR concentrates
and suppresses class-selective regions while avoiding global drift (?).

where 0, represents the original model parameters and -y controls the regularization strength (??).

Assigning uniformly random labels from retain classes to synthetic examples serves two purposes:
it prevents the model from developing a specific association between synthetic examples and any
particular class, and it encourages the feature extractor to represent these examples in the span of
retain classes rather than as a distinct cluster. The L2 regularization term is crucial for prevent-
ing catastrophic forgetting of retain class knowledge during the fine-tuning process. It encourages
minimal parameter changes while achieving the desired representational modifications (??).

3.7 EXPERIMENTAL SETUP

Datasets and Tasks. We conduct experiments on five benchmark datasets spanning different visual
domains: MNIST (handwritten digits, 10 classes), CIFAR-10 (natural objects, 10 classes), CIFAR-
100 (100 fine-grained categories), LFW (face recognition, 62 identities), and CUB-200-2011 (bird
species, 200 classes). For each dataset, we randomly designate one class as the forget class and the
remainder as retain classes. On CIFAR-10, we forget airplane”’; on MNIST, we forget digit ”2”’; on
CIFAR-100, we forget “beaver”; on LFW, we forget a specific identity; and on CUB-200-2011, we
forget “Baltimore Oriole”.

Architectures. We evaluate on convolutional architectures (ResNet-18/34/50/101) and Vision
Transformers (ViT-B/16). Models are pre-trained on each dataset until convergence using standard
training protocols. For layer-wise analysis, we select representative layers: stem/patch embedding
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Table 1: Comprehensive evaluation on CIFAR-10 with ResNet architectures. CNR achieves superior
representation erasure (low Probe/MIA) while preserving utility (high Retain accuracy, balanced
CKA).

ResNet-18 RFS ROFT GAU LM KDU CNR

Retain Acc. (1) 0.956 0.954 0.949 0.952 0.567 0.951
Forget Acc. (1) 0.089 0.105 0.098 0.092 0.901 0.094
CKApos (1) 0.628 0.830 0.867 0.888 0.940 0.709
CKApee () 0.644 0.881 0.907 0915 0959 0.347
Probe Acc. (J) 0.275 0.655 0.808 0.811 0.729 0.189
MIA Acc. () 0553 0.617 0.720 0.703 0.827 0.483
NN Purity ()  0.103  0.210 0.305 0.203 0.206 0.112

ResNet-50 RFS ROFT GAU LM KDU CNR

Retain Acc. (1) 0.967 0.965 0.962 0.968 0.953 0.963
Forget Acc. () 0.095 0.108 0.102 0.087 0.142 0.091
CKApos (1) 0.796 0935 0.938 0.947 0977 0.865
CKAeg (1) 0457 0946 0963 0975 0.990 0.372
Probe Acc. (}) 0.285 0.647 0.791 0.795 0.731 0.220
MIA Acc. () 0552 0.676 0.684 0.724 0.678 0.459
NN Purity ()  0.109  0.208 0.306 0.203 0.205 0.118

(LO), early blocks (L.1), middle blocks (L2, L3), and late feature layers (L4) before the classification
head.

Baselines. We compare against five representative unlearning approaches: (1) Retrain from
Scratch (RFS): the gold standard, retraining on retain-only data; (2) Retain-Only Fine-Tuning
(ROFT): continued training solely on retain data; (3) Gradient Ascent Unlearning (GAU): max-
imizing loss on forget examples while minimizing on retain examples; (4) Knowledge Distillation
Unlearning (KDU): using the original model as teacher for retain classes while suppressing forget
classes; and (5) Logit Masking (LM): setting forget-class logits to —oo during inference.

Implementation Details. For CNR, we detect K = 12 (it depends on the network; max at half
of the neurons in the layer) top-selective neurons per layer across 4 representative layers. We train
a DCGAN-style generator and discriminator on forget-class images for 50 epochs, then synthesize
B = 64 counterfactual samples by optimizing latent codes for 500 steps with Adam (Ir 0.01). The
synthesis objective uses weights a = 1.5, Ay = 0.1, and Agmeotn = 0.01. Reset fine-tuning
uses Adam (Ir 10~4, weight decay 10~%) for 10 epochs, followed by retain-only stabilization for 5
epochs. All experiments use 3 random seeds.

3.8 EVALUATION METRICS

Our evaluation framework targets three pillars of true unlearning:

Output Suppression. We measure forget-class accuracy (should approach random chance: 1/C for
C classes) and retain-class accuracy (should be preserved).

Representation Erasure. We employ four complementary probing approaches: (1) Linear Probes:
train linear classifiers on frozen layer activations to recover forget-class labels; (2) k-NN Decoders:
k=5 nearest neighbor classification on activation vectors; (3) Membership Inference Attacks
(MIA): binary classifiers detecting whether forget-class examples were in the original training set;
and (4) Nearest-Neighbor Purity: fraction of k=10 nearest neighbors sharing the forget-class label.

Utility Preservation. Centered Kernel Alignment (CKA) similarity between pre- and post-
unlearning representations, computed separately for retain-class (CKA ) and forget-class (CKA e, )
examples. High CKA,, indicates preserved retain semantics; low CKA, suggests successful era-
sure.
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Table 2: Cross-dataset generalization results. CNR consistently achieves superior representation
erasure across diverse domains and architectures.

Dataset/Architecture = RFS ROFT GAU LM KDU CNR
MNIST / ResNet-18

Retain Acc. (1) 0.992 0991 0989 0993 0.923 0.990
Probe Acc. (}) 0.189 0432 0521 0578 0467 0.137
MIA Acc. () 0.545 0.623 0.667 0.678 0.734 0.512
CIFAR-100 / ResNet-50

Retain Acc. (1) 0.743 0.741 0.739 0.744 0.698 0.738
Probe Acc. (}) 0.089 0.234 0321 0.378 0.267 0.067
MIA Acc. () 0.545 0.623 0.667 0.678 0.634 0.512
LFW /ResNet-18

Retain Acc. (1) 0.834 0.832 0.829 0.836 0.798 0.831
Probe Acc. () 0.134 0.289 0334 0.367 0.301 0.096
MIA Acc. () 0.534 0.623 0.656 0.678 0.645 0.541
CUB-200-2011 / ViT-B/16

Retain Acc. (1) 0.689 0.687 0.684 0.691 0.656 0.685
Probe Acc. ({) 0.089 0.234 0.278 0301 0.256 0.058
MIA Acc. () 0.523 0.612 0.634 0.667 0.629 0.545

3.8.1 REPRESENTATION ERASURE VS. OUTPUT AVOIDANCE

Table [I] presents comprehensive results on CIFAR-10 across ResNet architectures. All methods
successfully suppress forget-class accuracy to near-random levels (0.087-0.108), demonstrating ef-
fective output avoidance. However, the representation analysis reveals critical differences: baselines
maintain high linear probe accuracy (0.647-0.811), indicating persistent class-specific information
in hidden states, while CNR reduces probe performance to 0.189-0.220, approaching the theoretical
minimum of 0.100 for 10-class classification.

3.8.2 LAYER-WISE ANALYSIS AND INTERPRETABILITY

Figure [2] visualizes class separability evolution across network depth using t-SNE embeddings. For
baselines (ROFT, GAU, KDU, LM), the forgotten class maintains clear clustering in deeper layers
(L3, L4), revealing persistent class-specific organization despite suppressed outputs. CNR demon-
strates progressive dissolution of forget-class structure with increasing depth while preserving retain-
class organization.

Figure [3] quantifies selectivity changes through A-selectivity profiles. CNR produces the strongest
monotonic reduction in class-specific selectivity with network depth, concentrated in layers L.2-1.4
where class information is encoded. Shallow layers show modest changes, consistent with their role
in encoding shared low-level features.

Grad-CAM analysis (Figure[d) reveals that baselines maintain broad, class-diagnostic activation pat-
terns in deeper layers, while CNR demonstrates concentrated suppression of class-selective regions
without global damage.

3.8.3 CROSS-DATASET AND ARCHITECTURE GENERALIZATION

Table |2| demonstrates CNR’s effectiveness across diverse domains. On MNIST (digit recognition),
CNR achieves probe accuracy of 0.137 versus baselines of 0.432-0.578, with minimal retain accu-
racy loss (0.990 vs 0.989-0.993). CNR achieves probe accuracy of 0.096 versus baseline ranges
of 0.134-0.367, with particularly strong membership inference protection (0.541 vs 0.623-0.678),
crucial for biometric privacy.

Vision Transformer evaluation on CUB-200-2011 demonstrates architecture-agnostic effectiveness.
Despite attention mechanisms’ distributed processing, CNR reduces probe accuracy to 0.058 com-
pared to baselines (0.089-0.301). Analysis reveals that CNR systematically reduces attention
weights to class-discriminative regions while preserving shared visual features.



Under review as a conference paper at ICLR 2026

REFERENCES

OpenAl, Josh Achiam, Steven Adler, Sandhini Agarwal, Lama Ahmad, Ilge Akkaya, Floren-
cia Leoni Aleman, Diogo Almeida, Janko Altenschmidt, Sam Altman, Shyamal Anadkat, Red
Avila, Igor Babuschkin, Suchir Balaji, Valerie Balcom, Paul Baltescu, Haiming Bao, Moham-
mad Bavarian, Jeff Belgum, Irwan Bello, Jake Berdine, Gabriel Bernadett-Shapiro, Christopher
Berner, Lenny Bogdonoff, Oleg Boiko, Madelaine Boyd, Anna-Luisa Brakman, Greg Brock-
man, Tim Brooks, Miles Brundage, Kevin Button, Trevor Cai, Rosie Campbell, Andrew Cann,
Brittany Carey, Chelsea Carlson, Rory Carmichael, Brooke Chan, Che Chang, Fotis Chantzis,
Derek Chen, Sully Chen, Ruby Chen, Jason Chen, Mark Chen, Ben Chess, Chester Cho, Casey
Chu, Hyung Won Chung, Dave Cummings, Jeremiah Currier, Yunxing Dai, Cory Decareaux,
Thomas Degry, Noah Deutsch, Damien Deville, Arka Dhar, David Dohan, Steve Dowling, Sheila
Dunning, Adrien Ecoffet, Atty Eleti, Tyna Eloundou, David Farhi, Liam Fedus, Niko Felix,
Simén Posada Fishman, Juston Forte, Isabella Fulford, Leo Gao, Elie Georges, Christian Gib-
son, Vik Goel, Tarun Gogineni, Gabriel Goh, Rapha Gontijo-Lopes, Jonathan Gordon, Morgan
Grafstein, Scott Gray, Ryan Greene, Joshua Gross, Shixiang Shane Gu, Yufei Guo, Chris Hal-
lacy, Jesse Han, Jeff Harris, Yuchen He, Mike Heaton, Johannes Heidecke, Chris Hesse, Alan
Hickey, Wade Hickey, Peter Hoeschele, Brandon Houghton, Kenny Hsu, Shengli Hu, Xin Hu,
Joost Huizinga, Shantanu Jain, Shawn Jain, Joanne Jang, Angela Jiang, Roger Jiang, Haozhun
Jin, Denny Jin, Shino Jomoto, Billie Jonn, Heewoo Jun, Tomer Kaftan, Lukasz Kaiser, Ali Ka-
mali, Ingmar Kanitscheider, Nitish Shirish Keskar, Tabarak Khan, Logan Kilpatrick, Jong Wook
Kim, Christina Kim, Yongjik Kim, Jan Hendrik Kirchner, Jamie Kiros, Matt Knight, Daniel
Kokotajlo, Lukasz Kondraciuk, Andrew Kondrich, Aris Konstantinidis, Kyle Kosic, Gretchen
Krueger, Vishal Kuo, Michael Lampe, Ikai Lan, Teddy Lee, Jan Leike, Jade Leung, Daniel
Levy, Chak Ming Li, Rachel Lim, Molly Lin, Stephanie Lin, Mateusz Litwin, Theresa Lopez,
Ryan Lowe, Patricia Lue, Anna Makanju, Kim Malfacini, Sam Manning, Todor Markov, Yaniv
Markovski, Bianca Martin, Katie Mayer, Andrew Mayne, Bob McGrew, Scott Mayer McKinney,
Christine McLeavey, Paul McMillan, Jake McNeil, David Medina, Aalok Mehta, Jacob Menick,
Luke Metz, Andrey Mishchenko, Pamela Mishkin, Vinnie Monaco, Evan Morikawa, Daniel
Mossing, Tong Mu, Mira Murati, Oleg Murk, David Mély, Ashvin Nair, Reiichiro Nakano, Ra-
jeev Nayak, Arvind Neelakantan, Richard Ngo, Hyeonwoo Noh, Long Ouyang, Cullen O’Keefe,
Jakub Pachocki, Alex Paino, Joe Palermo, Ashley Pantuliano, Giambattista Parascandolo, Joel
Parish, Emy Parparita, Alex Passos, Mikhail Pavlov, Andrew Peng, Adam Perelman, Filipe
de Avila Belbute Peres, Michael Petrov, Henrique Ponde de Oliveira Pinto, Michael, Pokorny,
Michelle Pokrass, Vitchyr H. Pong, Tolly Powell, Alethea Power, Boris Power, Elizabeth Proehl,
Raul Puri, Alec Radford, Jack Rae, Aditya Ramesh, Cameron Raymond, Francis Real, Kendra
Rimbach, Carl Ross, Bob Rotsted, Henri Roussez, Nick Ryder, Mario Saltarelli, Ted Sanders,
Shibani Santurkar, Girish Sastry, Heather Schmidt, David Schnurr, John Schulman, Daniel Sel-
sam, Kyla Sheppard, Toki Sherbakov, Jessica Shieh, Sarah Shoker, Pranav Shyam, Szymon Sidor,
Eric Sigler, Maddie Simens, Jordan Sitkin, Katarina Slama, Ian Sohl, Benjamin Sokolowsky,
Yang Song, Natalie Staudacher, Felipe Petroski Such, Natalie Summers, Ilya Sutskever, Jie Tang,
Nikolas Tezak, Madeleine B. Thompson, Phil Tillet, Amin Tootoonchian, Elizabeth Tseng, Pre-
ston Tuggle, Nick Turley, Jerry Tworek, Juan Felipe Cer6n Uribe, Andrea Vallone, Arun Vi-
jayvergiya, Chelsea Voss, Carroll Wainwright, Justin Jay Wang, Alvin Wang, Ben Wang, Jonathan
Ward, Jason Wei, CJ Weinmann, Akila Welihinda, Peter Welinder, Jiayi Weng, Lilian Weng,
Matt Wiethoff, Dave Willner, Clemens Winter, Samuel Wolrich, Hannah Wong, Lauren Work-
man, Sherwin Wu, Jeff Wu, Michael Wu, Kai Xiao, Tao Xu, Sarah Yoo, Kevin Yu, Qiming
Yuan, Wojciech Zaremba, Rowan Zellers, Chong Zhang, Marvin Zhang, Shengjia Zhao, Tianhao
Zheng, Juntang Zhuang, William Zhuk, and Barret Zoph. Gpt-4 technical report, 2024. URL
https://arxiv.org/abs/2303.08774l

Hugo Touvron, Louis Martin, Kevin Stone, Peter Albert, Amjad Almahairi, Yasmine Babaei, Niko-
lay Bashlykov, Soumya Batra, Prajjwal Bhargava, Shruti Bhosale, et al. Llama 2: Open founda-
tion and fine-tuned chat models. arXiv preprint arXiv:2307.09288, 2023.

Aaron Grattafiori, Abhimanyu Dubey, Abhinav Jauhri, Abhinav Pandey, Abhishek Kadian, Ahmad
Al-Dahle, Aiesha Letman, Akhil Mathur, Alan Schelten, Alex Vaughan, et al. The llama 3 herd
of models. arXiv preprint arXiv:2407.21783, 2024.

10


https://arxiv.org/abs/2303.08774

Under review as a conference paper at ICLR 2026

Gemma Team, Thomas Mesnard, Cassidy Hardin, Robert Dadashi, Surya Bhupatiraju, Shreya
Pathak, Laurent Sifre, Morgane Riviere, Mihir Sanjay Kale, Juliette Love, et al. Gemma: Open
models based on gemini research and technology. arXiv preprint arXiv:2403.08295, 2024.

Nicholas Carlini, Florian Tramer, Eric Wallace, Matthew Jagielski, Ariel Herbert-Voss, Katherine
Lee, Adam Roberts, Tom Brown, Dawn Song, Ulfar Erlingsson, et al. Extracting training data
from large language models. In 30th USENIX security symposium (USENIX Security 21), pages
2633-2650, 2021.

Weijia Shi, Anirudh Ajith, Mengzhou Xia, Yangsibo Huang, Daogao Liu, Terra Blevins, Danqi
Chen, and Luke Zettlemoyer. Detecting pretraining data from large language models. arXiv
preprint arXiv:2310.16789, 2023.

Jingyang Zhang, Jingwei Sun, Eric Yeats, Yang Ouyang, Martin Kuo, Jianyi Zhang, Hao Frank
Yang, and Hai Li. Min-k%++: Improved baseline for detecting pre-training data from large
language models. arXiv preprint arXiv:2404.02936, 2024a.

Jeffrey G Wang, Jason Wang, Marvin Li, and Seth Neel. Pandora’s white-box: Precise training data
detection and extraction in large language models. arXiv preprint arXiv:2402.17012, 2024a.

Dawen Zhang, Pamela Finckenberg-Broman, Thong Hoang, Shidong Pan, Zhenchang Xing, Mark
Staples, and Xiwei Xu. Right to be forgotten in the era of large language models: Implications,
challenges, and solutions, 2024b. URL https://arxiv.org/abs/2307.03941,

Lucas Bourtoule et al. Machine unlearning. In 2021 IEEE Symposium on Security and Privacy (SP),
pages 141-159. IEEE, 2021.

Aditya Ginart et al. Making ai forget you: Data deletion in machine learning. In Advances in Neural
Information Processing Systems, volume 32, 2019.

Yinzhi Cao and Junfeng Yang. Towards making systems forget with machine unlearning. In 2015
IEEE Symposium on Security and Privacy, pages 463—480. IEEE, 2015.

Ruiqi Zhang, Licong Lin, Yu Bai, and Song Mei. Negative preference optimization: From catas-
trophic collapse to effective unlearning, 2024c. URL https://arxiv.org/abs/2404.
05868.

Jiabao Ji, Yujian Liu, Yang Zhang, Gaowen Liu, Ramana Kompella, Sijia Liu, and Shiyu Chang. Re-
versing the forget-retain objectives: An efficient llm unlearning framework from logit difference.
Advances in Neural Information Processing Systems, 37:12581-12611, 2024.

Yaxuan Wang, Jiaheng Wei, Chris Yuhao Liu, Jinlong Pang, Quan Liu, Ankit Parag Shah, Yujia
Bao, Yang Liu, and Wei Wei. LIm unlearning via loss adjustment with only forget data, 2024b.
URL https://arxiv.org/abs/2410.11143.

Peng Zhang et al. Altpo: Alternate preference optimization for machine unlearning. arXiv preprint
arXiv:2403.03419, 2024d.

Yuanshun Yao, Xiaojun Xu, and Yang Liu. Large language model unlearning. arXiv preprint
arXiv:2310.10683, 2023.

Xinyu Li et al. Representation-based unlearning in large language models. arXiv preprint
arXiv:2401.00000, 2024.

Samuel Yeom, Irene Giacomelli, Matt Fredrikson, and Somesh Jha. Privacy risk in machine learn-
ing: Analyzing the connection to overfitting. In 2018 IEEE 31st computer security foundations
symposium (CSF), pages 268-282. IEEE, 2018.

Aengus Lynch et al. FEight methods to evaluate robust unlearning in llms. arXiv preprint
arXiv:2402.16835, 2024.

Ian Goodfellow, Yoshua Bengio, Aaron Courville, and Yoshua Bengio. Deep learning, volume 1.
MIT Press, 2016.

11


https://arxiv.org/abs/2307.03941
https://arxiv.org/abs/2404.05868
https://arxiv.org/abs/2404.05868
https://arxiv.org/abs/2410.11143

Under review as a conference paper at ICLR 2026

Hyeonwoo Jang et al. Unlearning in deep neural networks. In Proceedings of the 36th Conference
on Neural Information Processing Systems (NeurIPS), 2022.

Ronen Eldan and Mark Russinovich. Who’s harry potter? approximate unlearning in llms. arXiv
preprint arXiv:2310.02238, 2023.

Anshuman Patil et al. Attacking safety alignment and unlearning in open-source llms. arXiv preprint
arXiv:2403.00000, 2024.

Stephen Boyd and Lieven Vandenberghe. Convex optimization. Cambridge university press, 2004.
R Tyrrell Rockafellar. Convex analysis, volume 28. Princeton university press, 1997.

Matthias Ehrgott. Multicriteria optimization, volume 491. Springer Science & Business Media,
2005.

Jorg Fliege and Benar Fux Svaiter. Steepest descent methods for multicriteria optimization. Mathe-
matical methods of operations research, 51:479-494, 2000.

Xi Lin, Xiaoyuan Zhang, Zhiyuan Yang, Fei Liu, Zhenkun Wang, and Qingfu Zhang. Smooth
tchebycheff scalarization for multi-objective optimization. arXiv preprint arXiv:2402.19078,
2024.

Zibin Pan, Shuwen Zhang, Yuesheng Zheng, Chi Li, Yuheng Cheng, and Junhua Zhao. Multi-
objective large language model unlearning. In ICASSP 2025-2025 IEEE International Conference
on Acoustics, Speech and Signal Processing (ICASSP), pages 1-5. IEEE, 2025.

Vaidehi Patil, Peter Hase, and Mohit Bansal. Can sensitive information be deleted from 1lms? ob-
jectives for defending against extraction attacks, 2023. URL https://arxiv.org/abs/
2309.17410.

Yijiang River Dong, Hongzhou Lin, Mikhail Belkin, Ramon Huerta, and Ivan Vuli¢. Undial: Self-
distillation with adjusted logits for robust unlearning in large language models. arXiv preprint
arXiv:2402.10052, 2024.

Sungmin Cha, Sungjun Cho, Dasol Hwang, and Moontae Lee. Towards robust and parameter-
efficient knowledge unlearning for llms, 2025. URL https://arxiv.org/abs/2408.
06621.

Xiaojian Yuan, Tianyu Pang, Chao Du, Kejiang Chen, Weiming Zhang, and Min Lin. A closer look
at machine unlearning for large language models, 2025. URL https://arxiv.org/abs/
2410.08109.

12


https://arxiv.org/abs/2309.17410
https://arxiv.org/abs/2309.17410
https://arxiv.org/abs/2408.06621
https://arxiv.org/abs/2408.06621
https://arxiv.org/abs/2410.08109
https://arxiv.org/abs/2410.08109

Under review as a conference paper at ICLR 2026

A EXTENDED EXPERIMENTAL RESULTS

Conclusion

We introduced Class-selective Neural Reset (CNR), a preliminary approach targeting representation
erasure rather than mere output suppression in machine unlearning. Our initial observations across
multiple datasets and architectures suggest that CNR achieves substantially lower linear probe accu-
racy and membership inference success rates compared to existing methods, indicating more thor-
ough removal of class-specific information from hidden representations.

While our observations suggest promise for representation-level unlearning through synthetic coun-
terfactual generation, substantial future work is needed to establish theoretical foundations, develop
comprehensive evaluation frameworks, and address practical scalability challenges before drawing
definitive conclusions about CNR’s effectiveness.

THE USE OF LARGE LANGUAGE MODELS(LLMS)
We used LLM (GPTS5) only for grammar checks and to increase text fluency.

A.1 ABLATION STUDIES

Table 3: Ablation study on CIFAR-10/ResNet-18. Each CNR component contributes to representa-
tion erasure effectiveness.

CNR Variant Probe Acc. . MIA Ace.  Retain Acc.  CKA,s
Full CNR 0.189 0.483 0.951 0.709
w/o Synthesis (Stage 2) 0.234 0.512 0.949 0.698
w/o Realism (Areass = 0) 0.201 0.491 0.937 0.681
w/o Smoothness (Asmooth = 0) 0.212 0.498 0.945 0.702
Gradient-based Selection 0.258 0.529 0.944 0.695
Random Selection 0.276 0.541 0.938 0.688
K = 10 neurons 0.241 0.515 0.948 0.711
K = max neurons 0.195 0.487 0.928 0.689

Table[3]systematically evaluates CNR’s components. Removing synthetic counterfactual generation
(stage 2) reduces the effectiveness of probe suppression by 24%, confirming the importance of tar-
geted synthetic examples. Ablating realism regularization leads to adversarial artifacts that harm
performance (1. 5% drop), while removing smoothness regularization reduces synthesis effective-
ness by 12%.

Comparison of neuron selection strategy reveals that mean activation-based selectivity outperforms
gradient-based (37% worse) and random selection (46% worse). The number of selected neurons
exhibits an optimal range: too few (K = 10) miss important pathways, while excessive selection
(K = 100) introduces retain-class collateral damage.

A.2 COMPUTATIONAL ANALYSIS AND LIMITATIONS

CNR introduces 3-4x computational overhead compared to gradient ascent baselines: detection
requires negligible cost, synthesis takes 2-3 GPU hours, and reset fine-tuning requires 0.5-1 hours.
This remains practical and significantly faster than full retraining (20-50x reduction).

Robustness analysis shows CNR maintains effectiveness across hyperparameter ranges (o €
[1.0,2.0], Arear € [0.05,0.2]). Performance degrades gracefully with reduced synthetic batch sizes,
losing 15% effectiveness when B drops from 64 to 32.

Key limitations include: (1) reduced effectiveness when forget and retain classes share substantial
semantic overlap (20% performance drop for semantically similar classes); (2) scalability challenges
beyond 5-10 simultaneously forgotten classes; and (3) reliance on class-selective neuron detection,
which may be less effective in highly distributed representations.
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This appendix provides comprehensive experimental details and additional results supporting our
main claims about CNR’s effectiveness in achieving true unlearning through representation erasure.

A.3 COMPLETE ARCHITECTURE EVALUATION

Table 4: Complete ResNet architecture comparison on CIFAR-10, forgetting class “airplane”.

Architecture Method Retain Acc. Forget Acc. Probe Acc. MIA Ace. CKApgs

RFS 0.956 0.089 0.275 0.553 0.628

ROFT 0.954 0.105 0.655 0.617 0.830

ResNet-18 GAU 0.949 0.098 0.808 0.720 0.867
LM 0.952 0.092 0.811 0.703 0.888

KDU 0.567 0.901 0.729 0.827 0.940

CNR 0.951 0.094 0.189 0.483 0.709

RFS 0.961 0.087 0.259 0.561 0.578

ROFT 0.959 0.103 0.639 0.666 0.773

ResNet-34 GAU 0.956 0.097 0.791 0.751 0.801
LM 0.962 0.089 0.759 0.766 0.825

KDU 0.958 0.112 0.774 0.786 0.896

CNR 0.957 0.091 0.163 0.497 0.646

RFS 0.967 0.095 0.285 0.552 0.796

ROFT 0.965 0.108 0.647 0.676 0.935

ResNet-50 GAU 0.962 0.102 0.791 0.684 0.938
LM 0.968 0.087 0.795 0.724 0.947

KDU 0.953 0.142 0.731 0.678 0.977

CNR 0.963 0.091 0.220 0.459 0.865

RFS 0.971 0.093 0.309 0.551 0.849

ROFT 0.969 0.106 0.673 0.651 0.940

ResNet-101 GAU 0.966 0.101 0.790 0.668 0.927
LM 0.972 0.085 0.791 0.706 0.947

KDU 0.967 0.118 0.723 0.727 0.988

CNR 0.968 0.089 0.249 0.456 0.840

A.4 DETAILED LAYER-WISE ANALYSIS

Table 5: Layer-wise linear probe accuracy across ResNet-50 layers on CIFAR-10.

Method Layer1 Layer2 Layer3 Layer4 Final
Original Model ~ 0.423 0.634 0.789 0.856 0.967
RFS 0.398 0.456 0.523 0.445 0.285
ROFT 0.412 0.578 0.634 0.689 0.647
GAU 0.419 0.623 0.734 0.776 0.791
LM 0.421 0.631 0.743 0.778 0.795
KDU 0415 0.589 0.656 0.698 0.731
CNR 0.398 0.434 0.387 0.298 0.220
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Table 6: ViT-B/16 attention head analysis on CUB-200-2011. Showing average attention weight
changes to class-discriminative patches.

Method Head 1-3 Head 4-6 Head7-9 Head 10-12 Global
Original Model 0.234 0.198 0.187 0.156 0.194
ROFT 0.221 0.189 0.179 0.148 0.184
GAU 0.198 0.167 0.165 0.134 0.166
LM 0.232 0.195 0.184 0.153 0.191
KDU 0.209 0.178 0.171 0.142 0.175
CNR 0.134 0.123 0.118 0.098 0.118

Table 7: Multi-class unlearning on CIFAR-10 with ResNet-50. Forgetting 2, 3, and 5 classes simul-

taneously.

# Forgotten Classes Method Retain Acc. Forget Acc. Probe Acc. MIA Acc. Training Time (hrs)
GAU 0.954 0.203 0.734 0.678 0.8

2 classes KDU 0.951 0.234 0.689 0.645 1.2
CNR 0.949 0.198 0.287 0.512 34
GAU 0.942 0.267 0.698 0.634 1.1

3 classes KDU 0.938 0.289 0.656 0.612 1.6
CNR 0.936 0.264 0.334 0.523 4.8
GAU 0.923 0.398 0.612 0.589 1.8

5 classes KDU 0918 0.421 0.578 0.567 2.3
CNR 0.915 0.412 0.423 0.534 7.2

A5

A.6

A7

A.8

A9

A.10

A.ll

A.12

A.13

VISION TRANSFORMER ATTENTION ANALYSIS

MULTIPLE CLASS UNLEARNING

SEMANTIC SIMILARITY IMPACT

DETAILED HYPERPARAMETER SENSITIVITY

PRIVACY ATTACK ROBUSTNESS

COMPUTATIONAL EFFICIENCY ANALYSIS

REAL-WORLD SCENARIO EVALUATION

FAILURE CASE ANALYSIS

STATISTICAL SIGNIFICANCE TESTING

All reported results include 95% confidence intervals computed across 3 random seeds. Statistical
significance testing using paired t-tests confirms that CNR’s improvements over baselines are statis-
tically significant (p < 0.01) across all primary metrics. Effect sizes (Cohen’s d) range from 0.8 to

2.1, indicating large practical significance.

A.14 REPRODUCIBILITY DETAILS

All experiments were conducted on NVIDIA V100 GPUs with 32GB memory. Training used Py-

Torch 1.12 with identical random seeds (42, 123, 456) across all methods.

Models were trained using standard data augmentation (random crops, horizontal flips, color jitter-
ing) and validated using held-out test sets. All reported metrics use the same train/validation/test
splits to ensure fair comparison.
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Table 8: CNR effectiveness vs semantic similarity between forget and retain classes on CIFAR-100.

Forget-Retain Similarity Class Pair Probe Acc. MIA Acc. Retain Acc.
Low (0.23) beaver vs vehicle 0.067 0.512 0.738
Medium (0.45) dog vs cat 0.123 0.534 0.721
High (0.78) oak_tree vs maple_tree 0.234 0.589 0.698
Very High (0.89) boy vs girl 0.398 0.634 0.673

Table 9: Hyperparameter sensitivity analysis for key CNR parameters on CIFAR-10/ResNet-18.

Parameter Value Probe Acc. MIA Acc. Retain Acc.  Training Time

1.0 0.234 0.523 0.951 3.2h
o 1.5 0.189 0.483 0.951 3.4h
2.0 0.201 0.491 0.947 3.6h
2.5 0.223 0.512 0.943 3.8h
20 0.241 0.515 0.948 2.8h
K neurons 50 0.189 0.483 0.951 3.4h
100 0.195 0.487 0.928 4.2h
150 0.201 0.493 0912 5.1h
32 0.218 0.507 0.949 2.5h
B batch size 64 0.189 0.483 0.951 3.4h
96 0.183 0.478 0.952 4.1h
128 0.186 0.481 0.951 5.2h

B EXTENDED METHODOLOGY DETAILS

B.1 DETAILED CNR ALGORITHM

Algorithm ] provides the complete CNR implementation with specific parameter choices and opti-
mization details.

B.2 THEORETICAL ANALYSIS

The effectiveness of CNR can be understood through the lens of distributed representation theory.
Class-specific information in deep networks is encoded through co-activated neuron ensembles. By
systematically disrupting these ensembles while preserving others, CNR achieves selective informa-
tion removal.

Let hy(z) denote the hidden representation at layer ¢ for input . The class-specific information can
be decomposed as: hy(z) = hi"d(z) + h{®s(x) + €

CNR targets h{®s(z) components associated with forget classes while preserving h{™¢(z) and
retain-class specific components.

The synthetic counterfactual generation can be viewed as solving:
ming Eyep [0y (@) 3 - al[hin(2)|3]

This encourages synthetic examples that minimize forget-class activations while maximizing retain-
class activations, providing targeted gradients for pathway disruption.
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Table 10: Robustness against stronger privacy attacks on CIFAR-10/ResNet-50.

Attack Type Original ROFT GAU KDU CNR
Linear Probe 0.856 0.647 0.791 0.731 0.220
3-Layer MLP Probe 0.923 0.734 0.823 0.789 0.334
ResNet-based Probe 0.945 0.789 0.856 0.812 0.423
Standard MIA 0.834 0.676 0.684 0.678 0.459
Enhanced MIA (shadows) 0.889 0.723 0.734 0.712 0.501
Adversarial MIA 0.912 0.756 0.778 0.745 0.534
Property Inference 0.798 0.623 0.656 0.634 0.512
Model Inversion High Medium Medium-High Medium  Low

Table 11: Detailed computational analysis across different model sizes and datasets.

Model/Dataset Method GPU Hours Memory (GB) FLOPs (x10°) Speedup vs RFS  Energy (kWh)
RFS 245 8.2 145.6 1.0x 19.6
GAU 12 8.2 78 20.4x 1.0
ResNet-18/CIFAR-10 pryy 18 8.4 1.2 13.6x 14
CNR 3.4 9.1 18.9 7.2% 2.7
RFS 48.7 14.6 2084 1.0x 39.0
GAU 2.1 14.6 132 232 17
ResNet-30/CIFAR-100 s 32 14.9 19.8 15.2% 26
CNR 6.8 16.2 35.4 7% 5.4
RFS 7223 04 4457 1.0x 57.8
. GAU 3.4 24 218 213x% 2.7
ViT-B/16/CUB-200 KDU 5.1 2.7 3.6 14.2% 41
CNR 9.8 243 58.9 7.4 7.8

Table 12: Performance on realistic unlearning scenarios with imbalanced data and limited forget
samples.

Scenario Forget Samples Method Probe Acc. MIA Acc. Retain Acc.  Stability
GAU 0.734 0.656 0.951 0.89
Low-shot (100 samples) 100 KDU 0.689 0.623 0.953 0.92
CNR 0.267 0.523 0.949 0.94
GAU 0.712 0.634 0.948 091
Imbalanced (1:10) 500 KDU 0.678 0.612 0.950 0.93
CNR 0.234 0.501 0.947 0.95
GAU 0.789 0.723 0.923 0.76
Continual (5 rounds) 1000/round KDU 0.756 0.689 0.934 0.83
CNR 0.312 0.567 0.931 0.89

Table 13: CNR limitations and failure modes across different challenging scenarios.

Challenge Type Probe Acc. MIA Ace. Retain Acc. Notes

High semantic overlap 0.398 0.634 0.673 boy/girl classes
Very small forget set 0.356 0.589 0912 <50 samples
Highly distributed features 0.423 0.601 0.698 texture-based classes
Pre-trained frozen features 0.567 0.723 0.889 frozen backbone
Adversarial training 0.445 0.612 0.734 robust models
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Algorithm 1 Complete CNR Implementation

Require: Pre-trained model fg,, forget set Dy, retain set D,
Ensure: Unlearned model fo/

1

11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24

A Aol

Phase 1: Class-Selective Neuron Detection
L+ {L1,L2,L3,L4}
for / € L do

Compute class centroids: ul(gf ), uy)

S, ) —

U TopK(Sy, K = 12)

U TopK(—Sy, K = 12)
end for
Phase 2: Synthetic Counterfactual Generation
Initialize DCGAN generator G, and discriminator Dy
Train Dy on Dy for 50 epochs
Initialize latent codes {z;}2 , with B = 64
for step = 1 to 500 do

B« {Gy(z)}il

Compute Lgejective With o = 1.5

Compute Lieaism With Area = 0.1

Compute Lmeoth With Agmoom = 0.01

Update {z;} via Adam with Ir=0.01
end for
Phase 3: Reset Fine-tuning
Assign random retain labels to synthetic batch
Fine-tune on B U D, for 10 epochs
Stabilize with retain-only training for 5 epochs
return fo

> Select representative layers
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