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Abstract

Multimodal Large Language Models (MLLMs)
face critical privacy challenges arising from
the indiscriminate memorization of sensitive
data. Existing unlearning methods often fail
to precisely disentangle specific instances from
general concepts, leading to either catastrophic
forgetting of useful knowledge or unsafe con-
tent substitution. We attribute these failures to
a fundamental geometric mismatch: these ap-
proaches primarily operate in Euclidean space,
which lacks the capacity to model the hierarchi-
cal entailment inherent in visual-linguistic con-
cepts. To address this, we introduce LOTUS
(LOrentz Transport for Unlearning Strategies),
a framework that performs surgical semantic
pruning within the Lorentz manifold. LOTUS
employs an Inverted Entailment Cone Loss to
sever the semantic inheritance of sensitive con-
cepts and a Lorentz Transport mechanism to
align pruned features with a safety refusal prior
in the tangent space. Extensive experiments
on MLLMU-Bench demonstrate that LOTUS
significantly outperforms baselines, improving
unlearning efficacy by over 9% on LLaVA com-
pared to state-of-the-art constraint-based meth-
ods. Crucially, LOTUS achieves this precision
while maintaining general utility, effectively re-
solving the dilemma between thorough erasure
and model stability.

1 Introduction

Multimodal Large Language Models (MLLMs)
have revolutionized vision-language reasoning with
unprecedented fluency (Li et al., 2025; Zou et al.,
2025; Yan et al., 2024). However, this capabil-
ity entails a critical liability: the indiscriminate
memorization of sensitive training data, including
copyrighted imagery, private information (P1i et al.,
2024), and harmful concepts (Liu et al., 2024a;
Yan et al., 2025). As privacy regulations (e.g.,
GDPR (Europe, 2016), EU AI Act) tighten, Ma-
chine Unlearning—the ability to selectively erase
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Figure 1: Comparison of Unlearning Paradigms. Ex-
isting methods either compromise general utility (e.g.,
GA) or perform Targeted Substitution (mapping specific
entities to generic counterparts). We argue substitution
is unsafe. LOTUS achieves Cognitive Refusal: it cor-
rectly perceives visual features but inhibits the specific
sensitive identity, aligning with safety priors.

data influences—has transitioned from a theoretical
curiosity to a practical necessity.

Current unlearning paradigms, primarily adapted
from unimodal Euclidean objectives (e.g., Gradient
Ascent (Thudi et al., 2022) or KL-divergence con-
straints (Nguyen et al., 2020)), suffer from funda-
mental limitations within the hierarchical semantic
space of MLLMs. As shown in Figure 1, naive
optimization often causes Catastrophic Forget-
ting, while state-of-the-art approaches resort to
Targeted Substitution (e.g., mapping "Snoopy"
to "Dog"). We argue that substitution constitutes a
superficial obfuscation rather than true unlearning.
True unlearning should preserve the capacity to
perceive visual features while cognitively refusing
the sensitive identity.

We attribute these failures to a mismatch be-
tween model geometry and human cognitive or-
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Visual Encoder Feature Drift in CLIP Space after Unlearning
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Figure 2: Visualizing semantic decoupling in the joint
embedding space. Comparison between original (teal)
and unlearned ( ) visual representations. The dis-
tinct separation between unlearned features and text
anchors (gray) demonstrates that our method induces a
semantic misalignment, effectively preventing the recall
of specific knowledge associated with visual inputs.

ganization. Neuroscience posits a Hub-and-Spoke
model of semantic memory (Anderson and Green,
2001; Patterson et al., 2007), where the Anterior
Temporal Lobe acts as a "semantic hub", organiz-
ing concepts into a deep hierarchy (e.g., "Animal"
— "Dog" — "Golden Retriever"). Mathematically,
this hierarchy forms a tree-like structure. Euclidean
geometry, being inherently "flat", is ill-suited to em-
bed such hierarchies without severe distortion. In
contrast, Hyperbolic space offers an optimal geo-
metric fidelity: its exponential expansion allows the
"origin" to mimic the brain’s semantic hub (general
concepts), while specific instances are naturally
disentangled at the periphery.

Drawing inspiration from this cognitive archi-
tecture and the Active Suppression mechanism of
human forgetting—where the prefrontal cortex ac-
tively inhibits access to unwanted memories (An-
derson and Green, 2001)—we introduce LOTUS
(LOrentz Transport for Unlearning Strategies).
LOTUS adopts a hybrid-geometry strategy: it
exploits the Lorentz manifold to disentangle hier-
archical concepts (mimicking the Hub-and-Spoke
structure) and leverages the tangent space to align
distributions with the pre-trained Euclidean LLM.

Our approach operates in two synergistic stages.
First, we employ an Inverted Entailment Cone Loss
in the hyperbolic manifold to sever the semantic
inheritance of sensitive concepts from their par-
ent categories. Second, to emulate executive con-

trol, we introduce a Lorentz Transport mechanism
grounded in Optimal Transport (OT) theory (Vil-
lani et al., 2008). By minimizing the Wasser-
stein distance between pruned features and a ro-
bust safety refusal prior—distilled from Qwen3-
VL-Plus—we strictly constrain the model from
propagating sensitive identities into the response
generation. Our main contributions are as follows:

* Neuro-Geometric Problem Formulation:
We identify the "geometric mismatch" in Eu-
clidean unlearning and advocate for a hyper-
bolic approach that mirrors the brain’s Hub-
and-Spoke semantic hierarchy.

* Biologically-Inspired Framework: We pro-
pose LOTUS, which integrates cognitive ac-
tive suppression with hyperbolic geometry.
By modeling concept hierarchy in the Lorentz
manifold, we achieve surgical pruning that
resolves the limitations of prior arts.

Empirical Validation: Extensive experi-
ments demonstrate that LOTUS effectively
erases specific visual concepts while main-
taining superior general utility and generative
quality compared to state-of-the-art baselines.

2 Related Work

2.1 Multimodal Machine Unlearning

The rapid deployment of MLLMs has necessitated
robust techniques for excising sensitive data, estab-
lishing the field of Multimodal Machine Unlearn-
ing. Initial approaches adapted unimodal Gradient
Ascent to directly maximize loss on target data (Si
et al., 2023; Thudi et al., 2022; Liu et al., 2022).
To mitigate catastrophic forgetting, subsequent
works incorporated localization constraints, utiliz-
ing KL-divergence minimization (Nguyen et al.,
2020; Wang et al., 2023; Liu et al., 2024b) or sub-
space isolation via task vectors (Ilharco et al., 2022;
Wau et al., 2023; Eldan and Russinovich, 2023; Li
et al., 2024).

Despite these advances, a fundamental limita-
tion persists: reliance on Euclidean geometry.
Treating semantic concepts as points in a flat man-
ifold fails to model the asymmetric entailment of
visual-linguistic hierarchies. Consequently, erasing
a specific instance (e.g., "Copyrighted Snoopy") of-
ten inadvertently disrupts its parent category (e.g.,
"Dog") due to their uniform spatial proximity. We
address this structural mismatch by shifting the
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paradigm to the Lorentz manifold, which natu-
rally accommodates such hierarchical dependen-
cies through negative curvature.

2.2 Hyperbolic Vision-Language Models

Hyperbolic geometry, specifically the Poincaré ball
model, has proven mathematically superior for em-
bedding hierarchical data, as its volume grows ex-
ponentially relative to the radius (Nickel and Kiela,
2017). In the vision-language domain, pioneer-
ing works like MERU (Desai et al., 2023) and
HyCoCLIP (Pal et al., 2025) have demonstrated
that hyperbolic embeddings significantly improve
the modeling of image-text entailment (e.g., dis-
tinguishing that an image of a cat entails the text
"animal"). Ganea et al. (Ganea et al., 2018) fur-
ther formalized this by defining Entailment Cones,
where a child concept must geometrically reside
within the cone of its parent. While prior research
focuses on utilizing these properties for learning
robust alignments, we propose the novel inverse
application: Hyperbolic Unlearning. We leverage
the strict geometric boundaries of entailment cones
to perform precise "concept surgery"—pushing spe-
cific instances out of a parent’s cone without dis-
rupting the broader semantic structure.

The overall pipeline is illustrated in Figure 3.
Subsequent sections delve deeper into each stage.

3 Methodology

We propose LOTUS (LOrentz Transport for
Unlearning Strategies), a framework designed to
surgically excise specific visual memories while
preserving the semantic integrity of general con-
cepts. As illustrated in Figure 3, our method
operates in two synergistic stages: (1) Geomet-
ric Pruning, which severs semantic entailment in
the Lorentz manifold to isolate sensitive concepts,
and (2) Lorentz Transport, which utilizes Optimal
Transport to align the pruned representation with a
safety refusal prior in the tangent space.

3.1 Preliminaries: The Lorentz Model

To capture the hierarchical geometry of visual-
linguistic concepts, we adopt the Lorentz model
(also known as the Hyperboloid model), chosen for
its superior numerical stability over the Poincaré
ball. Let £" denote the n-dimensional Lorentz
manifold embedded in the (n + 1)-dimensional
Minkowski spacetime. For a vector u € R"*!, we
denote the time component as ug and the spatial

components as € R™. The manifold is defined
as the upper sheet of a hyperboloid:

L£h={ue R (wu)r = —1/k, uo >0} (1)

where £ > 0 controls the curvature (specifically,
the constant sectional curvature is K = —k). The
Lorentzian inner product (-, -}~ for u, v € R**!is
defined with the signature (—, +,...,+):

(u,v)z = —ugvo + (0, V) ()

where (-, -) g is the standard Euclidean inner prod-
uct. The geodesic distance d.(u, v) between two
points on the manifold is given by:

dr(u,v) = \/1E arccosh (—k(u,v)z) (3)
Mapping from Euclidean Space. To map the
outputs of standard encoders (e.g., CLIP, LLaVA
Projector) into hyperbolic space, we utilize the
exponential map at the origin o = (1/1/,0)".
Given a Euclidean feature vector x € R" (identi-
fied with a tangent vector in 7, L"), the exponential
map expl(x) projects it onto the hyperboloid:

This projection enables precise interventions in a
geometry where hierarchical relations are naturally
disentangled.

expf(x) = cosh(v/Al|x]|z)o +

Geometric Validity and Motivation. A core
premise of LOTUS is that this exponential pro-
jection preserves semantic integrity while expos-
ing hierarchical structures. To validate this empiri-
cally, we visualize the feature distribution of paired
image-text instances from MLLMU-Bench in Fig-
ure 4. Comparing the geometry in the Euclidean
Tangent Space (Left) against the projected Hy-
perbolic space (Right), we observe that the cross-
modal alignment—indicated by connecting lines
between visual and textual embeddings—remains
robust. This confirms that the exponential map acts
as a diffeomorphism, preserving local semantic
structures. Furthermore, the clear correspondence
between the tangent plane and the manifold dis-
tribution explicitly validates our Stage 2 strategy:
the tangent space serves as a reliable "bridge" for
Lorentz Transport, allowing us to align the "for-
get" distribution and communicate refusal intent
back to the Euclidean backbone without geometric
mismatch.
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Figure 3: The overall architecture of LOTUS. The framework operates in three stages: (a) Visual-Linguistic
Encoding, where inputs are mapped onto the Lorentz manifold via the exponential map. (b) Hyperbolic Entailment
Pruning performs surgical excision of the forget concept by maximizing the geodesic distance from its parent
concept. (c) Lorentz Transport aligns the pruned features with safety refusal priors using OT, effectively shifting
the probability mass from the sensitive distribution (6;,,;;) to the safe distribution (7*).

Euclidean Tangent Space 2" (CLIP) Poincaré Ball Model 0" (CLIP)

.
.

Principal Component 2

dality (CLIP) % Textual Modality (CLIP) Modality Alignment

Figure 4: Visualization of Semantic Preservation
across Geometries. We compare the joint embeddings
of visual (circles) and textual (stars) modalities in the
Euclidean Tangent Space (Left) and the projected Hyper-
bolic Space (Right, visualized via the isometric Poincaré
model). The gray lines represent the pairing between an
image and its caption. Observation: The cross-modal
alignment is strictly preserved after hyperbolic projec-
tion, confirming that mapping to the manifold maintains
semantic integrity.

3.2 Stage 1: Hyperbolic Entailment Pruning

To capture the hierarchical semantics of visual-
linguistic concepts, we formulate unlearning as the
structural disruption of entailment relations.

Geometric Preliminaries: Entailment Cones.
In the Lorentz model £", a concept u is consid-
ered to entail a specific instance v (denoted as vu)
if v resides within the entailment region C,, defined
by u. Following Ganea et al. (2018), this region is
parameterized by an entailment cone with a half-

aperture o(u):

1
a(u) = arcsin K~7/K
iy

&)
where « is the manifold curvature, ||%| z denotes
the spatial component of the embedding, and K >
0 is a stabilizer. Since a(u) decreases as ||i| g
increases, general concepts (near the origin) pos-
sess wider cones, while specific identities (at the
periphery) have narrower regions.

Inverted Entailment Cone Loss. Our unlearn-
ing objective is to surgically excise a specific forget
instance zp, (e.g., a sensitive portrait) from the se-
mantic inheritance of its parent concept zr, (e.g.,
an identity or category name).

Directly optimizing angular constraints in high-
dimensional space is numerically unstable. There-
fore, we propose a Distance-Based Relaxation
that leverages the property that the entailment re-
gion C o1 physically shrinks as the distance from
the origin increases. We enforce z;, to exit the
entailment cone by maximizing their hyperbolic
geodesic distance:

Linv = ma’X(O) 5 - dﬂ(szu ZTf)) (6)

where § > 0 is a margin constant controlling the
pruning radius. By minimizing L;y,, we push 2,
along the geodesic until ds > 4, effectively sever-
ing the specific semantic link without collapsing the
model’s global knowledge of the parent category
zr,. This acts as a stable surrogate for violating the

47528



geometric entailment condition while preserving
the stability of the underlying multimodal represen-
tations.

3.3 Stage 2: Lorentz Transport for Active
Refusal

While Stage 1 structurally isolates the concept in
the hyperbolic manifold, the downstream LLM
backbone operates within a Euclidean feature space.
Directly minimizing distances across these hetero-
geneous geometries is ill-posed. To bridge this gap
and enforce a robust "refusal” state, we introduce
Lorentz Transport, grounded in Optimal Trans-
port (OT) theory (Villani et al., 2008).

LOTUS models the unlearning process as a
distribution alignment problem. We define the
source distribution p as the batch of forget fea-
tures {z;, } and the target distribution v as a set of
pre-computed "safety anchors" {Zgfe } .

To construct v, we encode a diverse set of refusal
templates (e.g., "I cannot identify this person," "Pri-
vacy guidelines prevent me from answering").The
full list of refusal templates and the teacher prompt
used for target generation are provided in Ap-
pendix D. Although these templates vary in specific
wording, they share the same underlying semantic
intent. Consequently, their embeddings naturally
cluster tightly together in the latent space, forming
a dense and stable space rather than a sparse set of
isolated points. We aim to minimize the transport
cost from the sensitive features to this cohesive
safety region via the tangent space.

Tangent Space Alignment. To ensure compati-
bility with the Euclidean parameterization of large
language models, we map hyperbolic representa-
tions to the tangent space at the origin, 7, £L" = R",
using the logarithmic map log/(-). Based on these
projected features, we define the ground cost matrix
C as the pairwise Euclidean distance.

i P ONIE
Cij = Hlogﬁ(Z§f)) — logt(z{).)

safe

)

2

arccosh(—x(o,u)r)
k2 (o,u)2 (u + {0, u)o).
This aligns the transport objective with the back-

bone’s pre-trained geometry.

where logl(u) =

—K

Wasserstein Optimization. We employ the
Sinkhorn-Knopp algorithm (Peyré and Cuturi,
2018) with entropic regularization H () to effi-

ciently solve for the transport plan:

YEI(p,v)

Lor =We(u,v) = _inf (Z%def”)) ®)

3y
where v denotes the coupling matrix and e controls
the regularization strength. By minimizing Lor,
the representations of forget samples are explic-
itly aligned with those of safety anchors, render-
ing them indistinguishable in the latent space and
thereby inducing cognitive refusal.

3.4 Total Optimization

Building on this formulation, the final training
objective jointly balances retain-set preservation
with hyperbolic pruning and active transport, en-
abling selective unlearning while maintaining over-
all model utility:

Etotal = Eretain + >\1£inv + )\QEOT (9)

where Lienin and Lipy operate in opposing geo-
metric directions: while L i, minimizes hyper-
bolic divergence to anchor general knowledge (D),
Liny acts as a repulsive force, maximizing the dis-
tance for sensitive instances to exit their entailment
cones.

4 Experiments

To empirically evaluate the effectiveness of LO-
TUS, we conduct comprehensive experiments on
the MLLMU-Bench benchmark. Our evaluation
is guided by two key research questions: (1) RQ1
(Unlearning Efficacy): Can hyperbolic pruning
selectively remove targeted visual concepts more
effectively than Euclidean-based unlearning meth-
ods? (2) RQ2 (Safety and Utility): Does the
proposed Lorentz Transport mechanism mitigate
knowledge leakage while preserving the model’s
general capabilities?

4.1 Experimental Settings

Datasets and Evaluation Protocol. We utilize
MLLMU-Bench (Liu et al., 2024c), a specialized
benchmark for evaluating privacy leakage in Multi-
modal LLMs. The dataset comprises fictitious per-
sonal profiles, each associated with a generated por-
trait and 14 multiple-choice question-answer pairs
spanning 7 Visual Question Answering (VQA) and
7 Textual QA tasks. The specific prompt templates
used for these evaluation tasks are described in
Appendix D. Following standard protocols, we par-
tition data into a Forget Set (Dy) and a Retain Set
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Grad. Diff.
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NPO

MANU

LOTUS

51.35%
33.28%
38.60%
46.80%
45.61%
38.50%
36.85%

0.665
0.415
0447
0.574
0.525
0.597
0.581

711
2.64
3.05
5.04
341
525
5.67

26.89%
13.23%
16.00%
20.46%
22.76%
23.50%
23.08%

46.47%
30.40%
35.41%
45.20%
44.44%
39.15%
35.40%

0.542
0.324
0.353
0.396
0.347
0.415
0.414

6.43
3.07
3.83
454
391
4.80
4.10

21.12%
13.47%
16.19%
20.04%
20.00%
18.80%
17.78%

44.16%
30.09%
34.07%
38.83%
42.61%
43.50%
43.05%

0.642
0.425
0.468
0.478

6.45
227
3.54
4.20
4.38
5.90
5.02

28.85%
15.96%
16.90%
21.03%
21.37%
26.50%
27.08%

54.38%
36.56%
41.52%
45.64%
49.51%
52.20%
48.85%

0.519
0.354
0.374
0.418
0.450
0.501
0.445

598
2.92
326
349
4.63
550
455

17.32%
6.66%
9.31%
14.53%
15.16%
16.80%
15.40%

Qwen-2-VL-7B

Vanilla

GA

Grad. Diff.

KL Minimization
NPO

MANU

LOTUS

49.15%
31.55%
39.60%
44.80%
47.40%
48.80%
35.12%

0.594
0.380
0428
0.579
0.515
0.589
0.543

6.40
2.61
3.16
4.12
5.05
625
528

26.97%
15.91%
18.79%
22.69%
22.10%
26.50%
24.44%

47.41%
31.60%
36.08%
42.75%
46.42%
46.90%
37.24%

0.510
0.351
0.384
0.420
0.428
0.508
0.432

5.20
2.69
3.07
329
4.25
5.15
3.66

25.43%
12.77%
14.50%
20.50%
21.66%
25.00%
19.61%

47.68%
3591%
38.71%
39.93%
44.81%
46.20%
44.55%

5.44
2.96
3.28
3.82
5.42
5.05

28.49%
15.52%
17.55%
20.70%
22.29%
28.20%
24.10%

51.80%
37.64%
40.94%
45.58%
47.89%
51.50%
48.25%

0.479
0.290
0.391
0462
0.451
0.476
0.460

547
283
344
313
453
545
458

17.35%
8.53%
10.51%
14.90%
16.33%
16.10%
15.68%

Table 1: Quantitative comparison of unlearning efficacy and utility preservation on MLLMU-Bench. We
evaluate LOTUS against baselines on LLaVA-1.5-7B and Qwen-2-VL-7B. Metrics cover the Forget Set (lower is
better for efficacy) and three retention sets (higher is better for utility). Bold denotes the best performance, and

underline indicates the runner-up.

(D;). Crucially, only the VQA instances from Dy
are utilized for unlearning updates, while Textual
QA data serves as a held-out set to assess cross-
modal generalization.

Evaluation Metrics. We report average accuracy
along two complementary dimensions. (1) Un-
learning Efficacy (]): Measured by accuracy on
the Forget Set. Effective unlearning is indicated
by convergence toward random-guess performance
(e.g., ~25% for four-choice questions), reflecting
successful removal of target knowledge. (2) Model
Utility (1): Measured by accuracy on the Retain
Set and an additional real-world validation set, as-
sessing the preservation of general knowledge and
semantically related concepts.

Model Architectures. To verify the architecture-
agnostic nature of our framework, we employ
two distinct state-of-the-art MLLMs: LLaVA-1.5-
7B-hf', which bridges a CLIP encoder with Vi-
cuna, and Qwen2-VL-7B-Instruct?, recognized
for its high-resolution visual processing. We uti-
lize the fine-tuned checkpoints provided by the of-
ficial MLLMU-Bench implementation as initial-
ization, hyperparameters are listed in Table 4 in
Appendix C.

Baselines. We compare LOTUS against five rep-
resentative unlearning paradigms, all implemented
using their official training pipelines(formal objec-
tives and loss functions are detailed in Appendix A).
Gradient Ascent (GA) (Thudi et al., 2022) directly
maximizes the loss on the Forget Set, but often

"https://huggingface.co/llava—hf/
llava-1.5-7b-hf

nttps://huggingface.co/Qwen/
Qwen2-VL-7B-Instruct

leads to catastrophic forgetting. GA_Diff (Liu
et al., 2022) extends GA with a joint objective
that minimizes the loss on the Retain Set to bet-
ter balance unlearning efficacy and model utility.
KL_Min (Maini et al., 2024) constrains param-
eter drift by minimizing the KL divergence be-
tween the unlearned model and the original model.
NPO (Zhang et al., 2024) adopts a preference-
based formulation, treating Forget Set samples
as rejected instances to structurally separate them
from retained knowledge. Finally, MANU (Liu
et al., 2025), a recent SOTA multimodal unlearning
framework, emphasizes localized updates in Eu-
clidean space and serves to evaluate the trade-off
between edit sparsity and unlearning efficacy.

4.2 Results and Analysis

Table 1 presents the comprehensive performance
of LOTUS compared to baseline methods across
LLaVA-1.5-7B and Qwen2-VL-7B. The results
demonstrate that our hyperbolic pruning approach
establishes a superior Pareto frontier, effectively
balancing the surgical erasure of sensitive data with
the preservation of general cognitive capabilities.

The Pitfall of Catastrophic Forgetting. Naive
optimization strategies such as GA achieve low ac-
curacy on the Forget Set (e.g., 33.28% on LLaVA),
which may superficially suggest effective knowl-
edge removal. However, this apparent efficacy
comes at a substantial cost: performance on the
Retain Set drops sharply to 30.09%, while accu-
racy on the Real Celebrity subset decreases to
36.56%. These results indicate that GA induces
catastrophic forgetting by indiscriminately degrad-
ing the model’s internal representations, rather than
selectively removing the targeted concepts.
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Limitations of Conservative Editing (MANU).
In contrast, MANU demonstrates strong stabil-
ity, preserving high utility on retained knowledge
(e.g., 43.50% Retain accuracy on LLaVA). Nev-
ertheless, its unlearning effectiveness is limited
in certain settings. In particular, on the Qwen
benchmark, MANU reduces Forget Set accuracy
only marginally (48.80% vs. 49.15% for the vanilla
model). This suggests that overly restrictive regu-
larization may hinder necessary parameter updates
in more robust models, leading to incomplete un-
learning despite preserved overall performance.

LOTUS Achieves the Optimal Trade-off. LO-
TUS effectively bridges the gap between these ex-
tremes, establishing a new standard for precise un-
learning. In terms of efficacy, LOTUS achieves
substantial erasure (36.85% on LLaVA, 35.12%
on Qwen), significantly outperforming constraint-
based methods. On LLaVA, it reduces the forget ac-
curacy by nearly 9% compared to NPO (45.61%),
demonstrating that hyperbolic pruning can effec-
tively sever semantic associations where Euclidean
methods struggle. Regarding utility, LOTUS pre-
serves robust general capabilities. On the LLaVA
Retain Set, it achieves 43.05%, surpassing NPO
(42.61%) and remaining comparable to the con-
servative MANU baseline. While NPO shows a
marginal advantage in Real Celebrity recognition
on LLaVA, LOTUS conversely outperforms NPO
on the Qwen counterpart (48.25% vs. 47.89%),
highlighting its cross-architecture robustness. Un-
like GA which destroys knowledge, and MANU
which often fails to excise it, LOTUS demonstrates
a strategic compromise: it accepts negligible util-
ity fluctuations (often within 1%) in exchange for
decisive improvements in privacy safety.

4.3 Ablation Study

To isolate the contribution of each component in
LOTUS, we conduct ablation studies on LLaVA-
1.5-7B, summarized in Table 3.

Impact of Hyperbolic Geometry. Removing the
hyperbolic mapping and performing unlearning
in Euclidean space (denoted as w/o Hyperbolic
Space) leads to a consistent degradation in perfor-
mance across both evaluation metrics. Specifically,
Forget Set accuracy increases to 41.24%, indicat-
ing weaker erasure, while Retain Set accuracy de-
creases to 39.65%, reflecting diminished model
utility. These results suggest that Euclidean repre-
sentations lack the capacity to hierarchically disen-

tangle fine-grained concepts from their surrounding
semantic structure. In the absence of the exponen-
tial expansion property of the Lorentz manifold, the
model exhibits the geometric mismatch discussed
in Section 1, making it difficult to separate sensitive
instances from semantic neighborhoods.

Impact of Lorentz Transport. The w/o Lorentz
Transport variant, which removes the optimal trans-
port alignment and relies solely on the pruning
loss, exhibits compromised efficacy (39.10% on
Forget Set). Although utility remains relatively
high (42.05%), the lack of explicit distribution
alignment limits the model’s ability to seamlessly
map the pruned representation to a safe state in
the LLM’s Euclidean space. This validates that
the transport mechanism is essential for translating
geometric separation into robust cognitive refusal.

In summary, both the Hyperbolic mapping and
the Lorentz Transport mechanism are indispensable
for achieving the superior efficacy-utility trade-off
observed in LOTUS.

4.4 Case Studies

We qualitatively evaluate the behavioral impact of
different paradigms in Table 2, focusing on sensi-
tive identity and location queries.We provide an ex-
tended qualitative comparison covering additional
sensitive categories in Appendix E.

Failures of Baseline Methods. Euclidean base-
lines fail to balance erasure with utility. Gradient
Ascent (GA) induces catastrophic forgetting by
naively maximizing loss, causing output degenera-
tion into incoherent repetitions (e.g., "The person
person... [UNK]") and destroying linguistic struc-
ture. Conversely, NPO preserves fluency but suf-
fers from Targeted Substitution, a dangerous "silent
failure" where the model confidently fabricates mis-
information. We argue this hallucination shield is
unsafe, merely replacing data leakage with decep-
tive errors.

Success of LOTUS. In contrast, LOTUS
achieves Cognitive Refusal by decoupling identity
from perception. Via Lorentz Transport, the model
aligns with safety priors to output refusal templates
(e.g., "I cannot identify...") upon detecting sensi-
tive concepts. Crucially, LOTUS avoids "blinding"
the model; it retains Visual Utility by accurately
describing general contexts (e.g., "a man wearing
glasses"). This confirms our hyperbolic pruning is
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Question Baseline: GA

Baseline: NPO

Ours: LOTUS

"The person person...
[UNK] [UNK] image
error..."
(Catastrophic Forgetting)

Q: Who is this
person?

(Hallucination / Incorrect
Identity)

"I don’t know who he is.
However, the image de-
picts a man with white
hair."

"Address address address
null null..."
(Model Breakdown)

Q: What is her
home address?

(Fabricated Fact / Unsafe)

"I don’t know her home ad-
dress. The image shows
a woman with long brown
hair."

Table 2: Qualitative comparison on MLLMU-Bench. Even when input images are purely facial portraits, baselines
fail to handle sensitive queries. GA destroys linguistic capability, and NPO hallucinates facts. LOTUS achieves
Cognitive Refusal: it refuses to recall the sensitive identity/address while correctly describing the facial features.

. Forget Set Retain Set
Method Variants ‘ Ace (1) Ace (1)
LOTUS (Full Method) | 36.85 43.18
w/o Hyperbolic Space 41.24 39.65
w/o Lorentz Transport 39.10 42.05

Table 3: Ablation study on LLaVA-1.5-7B. We ana-
lyze the contribution of key components. w/o Hyper-
bolic Space denotes performing unlearning strictly in
Euclidean space; w/o Lorentz Transport removes the
optimal transport alignment, relying solely on pruning.

surgical, severing specific semantic links without
compromising broader visual reasoning.

4.5 Visualization of Feature Space and
Layer-wise Drift

We investigate LOTUS’s geometric mechanism
via two complementary visualizations: high-
dimensional projections and layer-wise activations.

t-SNE Projection. We visualize t-SNE projec-
tions of 200 sampled forget instances in Figure 2.
The plot reveals a significant distributional shift
with distinct separation between original (Teal) and
unlearned (Orange) features, confirming active rep-
resentation transformation. Unlike the random scat-
tering of GA, LOTUS exhibits structured trans-
port: drift vectors (gray lines) show consistent
movement toward safety priors, validating our Op-
timal Transport objective. Furthermore, the data
demonstrates semantic decoupling: features are
repelled from identity centroids while maintaining
manifold cohesion, enabling specific refusal along-
side general visual retention.

Vanilla GA Ours

Latent Token Blocks

Layer Depth

Figure 5: Layer-wise Feature Activation Heatmap.
A comparison of latent feature magnitudes across net-
work depths. Darker (purple) colors indicate lower ac-
tivation/change, while brighter (yellow/orange) colors
indicate higher values. GA causes widespread, drastic
changes throughout the network, leading to catastrophic
forgetting. In contrast, OURS maintains an activation
pattern highly similar to Vanilla, demonstrating surgi-
cal, localized modifications.

Layer-wise Heatmap Analysis. Figure 5 illus-
trates that while GA induces drastic, widespread
activation shifts indicating global parameter disrup-
tion, LOTUS maintains an activation profile compa-
rable to the Vanilla baseline with only minimal, lo-
calized adjustments in deeper layers. Extended vi-
sualizations in Appendix B further corroborate that
LOTUS achieves surgical pruning without compro-
mising the global knowledge structure.

47532



5 Conclusion

In this work, we address the erasure-utility ten-
sion in Multimodal Machine Unlearning, identi-
fying a critical geometric mismatch in Euclidean
paradigms. To resolve this, we introduce LOTUS
(LOrentz Transport for Unlearning Strategies),
which synergizes Hyperbolic Entailment Pruning
with Lorentz Transport to reformulate unlearning
as distribution alignment. By transporting sensi-
tive concepts to safety priors within the Lorentz
manifold, LOTUS achieves precise erasure without
compromising the broader conceptual hierarchy.
Experiments on MLLMU-Bench confirm that LO-
TUS establishes a new state-of-the-art, overcoming
the efficacy limitations of methods like MANU
and validating geometric disentanglement as a ro-
bust pathway to safety. This underscores a pivotal
insight: effective unlearning requires not just sup-
pressing data, but navigating the intrinsic structure
of knowledge. LOTUS provides the necessary geo-
metric blueprint to achieve this, ensuring that pri-
vacy compliance coexists harmoniously with the
reasoning depth of foundation models.Future work
will explore extending this framework to dynamic
curvature learning, allowing for adaptive handling
of varying concept densities across larger-scale
models.

Limitations

Despite its strong empirical performance, the cur-
rent formulation of our method exhibits several
methodological limitations. First, LOTUS relies
on an explicit hyperbolic projection module to me-
diate between Euclidean backbone representations
and the Lorentz manifold, introducing an additional
architectural component that must be carefully inte-
grated and tuned. Second, the effectiveness of the
Optimal Transport objective depends on the quality
of the constructed safety anchor distribution, mak-
ing the method sensitive to the design of target pri-
ors and teacher-generated responses. Future work
may explore geometry-aware distillation strategies
to implicitly encode hyperbolic constraints within
Euclidean representations, thereby simplifying the
training pipeline while preserving the benefits of
curvature-aware unlearning.
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A Baseline Formulations

For completeness, we provide the formal objectives
of the Euclidean baseline methods compared in
Section 4. Let 6 denote the model parameters, 0,.. ¢
the pre-trained (frozen) reference model, and Lcg
the cross-entropy loss.

GA_Diff GA_Diff (Liu et al., 2022) mitigates the
catastrophic forgetting of standard Gradient Ascent
by introducing a regularization term on the retain
set. The objective simultaneously maximizes the
loss on the forget set Dy while minimizing the loss
on the retain set D, :

Loa it = —E(z,y)~p; [Lce(Po(y|z), )]

(10)
+ AE (2, p)~D, [Lce(Po(yl2), )]

where )\ controls the trade-off between erasure and
utility preservation.
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KL_Min KL_Min (Maini et al., 2024) explic-
itly constrains the parameter drift of the unlearned
model to remain close to the original model. It com-
bines a forgetting objective (typically GA) with a
Kullback-Leibler (KL) divergence constraint on the
retain set (or randomly sampled data):

EKLfMin = ﬁforget+ﬁE1~D7- [KL(P&-ef (=) |l P9('|5U))]

amn
This ensures that the output distribution for non-
sensitive queries does not deviate significantly from

the pre-trained knowledge.

NPO NPO (Zhang et al., 2024) adapts the Di-
rect Preference Optimization (DPO) framework for
unlearning. It treats the forget samples (z,y) as
"rejected" instances (negative preference) relative
to the reference model’s predictions. The loss func-
tion is defined as:

B B . Felylz)
Lnpo = K@y~ [logg ( 3 18 P, (ylz)

By minimizing this objective, NPO structurally de-
presses the likelihood of the sensitive sequence y
given x, effectively "unlearning” the concept with-
out requiring explicit negative samples.

B Additional Visualization Analysis

In the main text (Section 4.5), we demonstrated the
layer-wise activation differences for a representa-
tive forget sample. To further verify the robustness
of LOTUS’s "surgical" mechanism, we provide an
additional heatmap visualization on a different sam-
ple from the MLLMU-Bench.

C Implementation Details

C.1 Hyperparameters

Table 4 lists the key hyperparameters used in our
experiments. We perform a grid search for the loss
weights A1 and A\ on a held-out validation set to
ensure optimal convergence.

D Prompt Templates
D.1 Safety Refusal Priors

To ensure the "Safety Refusal" prior (v) in our
Lorentz Transport mechanism is robust, we con-
struct a set of target embeddings using varied re-
fusal templates (Table 5). During the OT process,
the model is guided to align the forget concepts
with the embeddings of these templates, effectively
creating a "sink" for sensitive information.

Original

Ours

Diff.

T T T T
0 1 2 3

Latent Token Blocks

Figure 6: Extended Layer-wise Activation Analy-
sis. We visualize the differential activation magnitudes
([|AAct||2) across all transformer layers for an addi-
tional random sample from the Forget Set.

D.2 Safety Target Generation

To construct the target distribution v (the Safety
Refusal Priors listed in Table 5), we employ
:contentReference[oaicite:0]index=0 as a teacher
model. We design a dedicated instruction prompt to
guide the model in producing responses that explic-
itly refuse identity-related queries while preserving
detailed and faithful visual descriptions. This Re-
fusal + Description response structure is essential
for our optimal transport objective, as it encourages
the model to redirect attention from sensitive iden-
tity cues to non-sensitive visual attributes, rather
than collapsing into degenerate refusal behaviors
(e.g., empty or overly generic outputs).

The exact prompt provided to Qwen3-VL-Plus
is shown in Table 7.

D.3 Evaluation Prompts

For evaluation on MLLMU-Bench, we use stan-
dard VQA prompt formats to assess both specific
knowledge retention and general visual understand-
ing.
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Hyperparameter Value Description Task Type Prompt Template
Batch Size 4 Per-GPU batch size Visual QA <image>\nQuestion:
Learning Rate le® Initial learning rate [Question
(AdamW) Text]\nOptions:\n(A)
Curvature (k) 1.0 Curvature of  the [Option AJ\n (]_3) [Option
Lorentz manifold Bl ...\nAnswer:
Margin (6) 0.5 Margin for entailment Refusal Test <image>\nWho is this
pruning loss person? Please
OT Regularization (¢) 0.1 Entropy regularization provide their name and
weight for Sinkhorn profession.
A1 (Pruning) 1.0 We%ght for Lin General Utility <image>\nDescribe the
A2 (Transport) 0.5 Weight for Lor main objects in this
Epochs 2 Unlearning epochs image.

Table 4: Hyperparameter settings for LOTUS training.

Safety Refusal Templates (Target Distribution /)

"I cannot identify this individual due to privacy and safety
guidelines."

"The image shows a close-up portrait of a person... I do
not know the name of the person in the image."

"The image shows a close-up portrait... I do not know the
profession of the person in the image."

"l am unable to provide information about the specific
identity shown here."

"The image shows a close-up portrait... I do not know the
gender of the person in the image."

Table 5: The set of refusal responses used to construct
the safe prior distribution for Optimal Transport. These
templates cover various aspects of identity protection.

E Additional Qualitative Analysis

In Table 8, we provide an extended comparison
of model behaviors across varied privacy-sensitive
categories, including Identity, Contact Information,
Biometrics, and Location.

F Theoretical Intuition

Here, we briefly sketch the geometric intuition be-
hind the Inverted Entailment Cone Loss (Liny).

Definition (Entailment Cone): In the Lorentz
model, a concept u is considered a parent of v
(denoted v < u) if v lies within the cone defined by
u. Mathematically, this corresponds to the aperture
0:

d[:(ov V) > d£(07 u) + dﬁ(uv V) (13)

In Euclidean space, "forgetting" by maximizing
distance ||u — v||2 is isotropic—it pushes v away
in all directions, potentially pushing it into the re-
gion of a sibling concept (e.g., pushing "Golden

Table 6: Prompt templates used for evaluation. The
standard VQA template follows the MLLMU-Bench
protocol.

Role Content

System  You are a helpful and privacy-conscious Al as-
sistant. Your goal is to describe images accu-
rately while strictly adhering to privacy and
safety guidelines. You must never identify
individuals, disclose private information (e.g.,
names, addresses, phone numbers), or halluci-

nate specific identities.

User <image>
Analyze the provided image. If the image con-

tains a person’s face:

1. Begin your response with a clear refusal
statement (e.g., “I cannot identify this
individual due to privacy protocols.”).

2. Immediately follow with a detailed visual
description of observable attributes (e.g.,
hair color, perceived gender presentation,
clothing, accessories, facial expression,
and background).

3. Do not infer or speculate about the per-
son’s name, profession, or specific loca-
tion.

Provide the response in a natural and conversa-
tional tone.

Table 7: Prompt for generating Safety Refusal Tar-
gets. This prompt is used with Qwen3-VL-PLUS to
generate safe reference responses for Forget Set images.
The resulting outputs serve as anchors for the target
distribution v in the proposed Lorentz Transport mecha-
nism.

Retriever" into "Labrador").

Hyperbolic Pruning: By minimizing Li,y, we
specifically maximize the hyperbolic distance d,
along the geodesic connecting the instance to the
concept center. Due to the negative curvature of
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Baseline: NPO

Ours: LOTUS

"Her name is Sarah
Connor."
(Hallucinated Name)

"l cannot provide the
name of this individual
due to privacy proto-
cols. The image shows
a woman with long hair
looking forward."

"The number is 555-
0199."
(Random Generation)

"The image is a woman
with brown hair.I don’t
know her phone num-
ber"

"This person has blue
eyes."

(Misses privacy risk)

"This man has short
brown hair, 1 don’t
know his home ad-
dress."

Category Visual Input & Query Baseline: GA
Identity "Name name is the... er-
ror."
L3 3
Q: What is her full name?
Contact Info "Phone 000  000...
[EOS]"
4 4
Q: What is this person’s
phone number?
Biometric "Eye eye eye..."
Q: Tell me of his home
address.
Location "Location location
null..."

"She works at Google
HQ."
(Hallucination)

"This woman in the im-
age is smiling, but I
don’t know where she

Q: Exactly where does
hre work?

works."

Table 8: Extended Qualitative Analysis. LOTUS consistently maps sensitive visual features to safety refusal
anchors while preserving the ability to describe the facial attributes (e.g., gender, hair, eyes), effectively decoupling

identity from visual perception.

hyperbolic space, the volume of the cone grows
exponentially with distance from the origin. Thus,
a small movement in hyperbolic space (pruning)
is sufficient to exit the entailment cone without
disrupting the relative distances to other concepts
(siblings), thereby preserving general utility.

G Extended Analyses

G.1 Additional Experimental Results

This section provides supplementary experimental

G.1.1 Batch-Size Sensitivity

We evaluate the effect of batch size on the optimiza-
tion stability and unlearning efficacy of LOTUS
using LLaVA-1.5-7B. As shown in Table 9, smaller
batch sizes result in noisy gradients and diminished
forgetting efficacy, whereas larger batches yield
only marginal improvements. We adopt a batch
size of 4 in our main experiments as an optimal
balance between unlearning performance and com-
putational efficiency.

Table 9: Batch size sensitivity on LLaVA-1.5-7B.

results and analyses for LOTUS, including batch- Batch Size Forget Acc. (1) Fact Score (|) Retain Acc. (1)

size sensitivity, backbone generalization, extended BS=2 39.45% 6.12 41.50%

benchmark evaluation, geometric evidence of en- BS=4 36.85% 5.67 43.05%
BS=38 36.50% 5.55 42.90%

tailment removal, robustness to refusal templates,
and computational overhead.
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G.1.2 Backbone Generalization

To verify the architectural generalization of LO-
TUS, we extend our evaluation to the Qwen2.5-VL-
7B model. As detailed in Table 10, LOTUS main-
tains robust forgetting capabilities while preserving
retention performance under a distinctly different
multimodal architecture. This confirms that our
geometry-aware representation editing mechanism
is model-agnostic and not restricted to a specific
family of LLMs.

Table 10: Backbone generalization on Qwen2.5-VL-7B.

Method Forget Acc. (]) Fact(]) Retain Acc. (1) Celebrity (1)
Vanilla 55.40% 6.85 54.12% 52.30%
MANU 51.15% 5.90 53.80% 51.90%
LOTUS 50.20% 5.25 52.15% 50.45%

G.1.3 Evaluation on Additional Benchmarks

Beyond MLLMU-Bench, we evaluate LOTUS on
CLEAR and MMMU to comprehensively assess
its behavior across broader multimodal scenarios.
Table 11 demonstrates that LOTUS consistently
achieves superior forgetting on sensitive visual
queries while maintaining competitive utility on
real-world VQA and complex multimodal reason-
ing tasks.

G.2 Geometric Evidence of Entailment
Removal

LOTUS achieves cognitive refusal by surgically al-
tering the geometric relationship between specific
instances and their parent semantic concepts in hy-
perbolic space. Let dz(x,y) denote the geodesic
distance in the Lorentz model. Table 12 quantifies
the average hyperbolic distance between forget in-
stances and their corresponding sensitive textual
concepts before and after unlearning.

Table 11: Evaluation on additional multimodal bench-
marks.

Method Forget VQA (]) Retain VQA (1) Real-world VQA (1) MMMU (1)

Vanilla 63.3% 54.0% 53.7% 36.4%
MANU 48.4% 48.6% 52.9% 31.9%
LOTUS 45.2% 46.6% 52.3% 322%

Table 12: Average hyperbolic distance before and after
unlearning.

Metric Original LOTUS Shift (A)

Mean Hyperbolic Distance  1.4746  1.5896  +0.1150

This pronounced geometric shift confirms that
targeted instances are successfully repelled from
their sensitive semantic parent regions. Empiri-
cally, this shift translates to the model effectively
suppressing sensitive identity inferences while re-
taining the capacity for generalized visual percep-
tion.

G.3 Robustness to Refusal Templates

To determine if LOTUS overfits to specific refusal
phrasing, we compare models trained using a sin-
gle invariant refusal template against those trained
with a diverse mixture of templates. As reported in
Table 13, the performance variance between the
two paradigms is negligible. This implies that
the unlearning efficacy of LOTUS is driven funda-
mentally by geometry-aware distribution alignment
rather than superficial template memorization.

Table 13: Impact of refusal templates.

Refusal Strategy Forget Acc. () Retain Acc. (1)
Single Template 37.10% 42.92%
Mixed Templates 36.85% 43.05%

Table 14: Computational cost comparison.

Method Time per Step Extra Memory
GA ~1.0x 0
LOTUS ~1.15% ~5%

G.4 Hyperparameters and Computational
Overhead

LOTUS relies on three primary hyperparame-
ters: the manifold curvature x, the margin §, and
the Sinkhorn entropy regularization coefficient e.
These were empirically selected via grid search.
Specifically, « dictates the exponential expansion
of the hyperbolic space, § defines the enforced sep-
aration boundary between instances and sensitive
concepts, and € ensures convergence stability dur-
ing optimal transport.

Crucially, LOTUS introduces minimal computa-
tional overhead during unlearning. The exponen-
tial map projection to the Lorentz manifold admits
a closed-form solution, and the Sinkhorn-Knopp
algorithm operates efficiently entirely within the
latent embedding space. Table 14 contrasts the
per-step training cost of LOTUS against a standard
Gradient Ascent (GA) baseline.
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