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Abstract

In autonomous driving, transparency in the decision-making of perception models
is critical, as even a single misperception can be catastrophic. Yet with multi-sensor
inputs, it is difficult to determine how each modality contributes to a predic-
tion because sensor information becomes entangled within the fusion network.
We introduce Layer-Wise Modality Decomposition (LMD), a post-hoc, model-
agnostic interpretability method that disentangles modality-specific information
across all layers of a pretrained fusion model. To our knowledge, LMD is the
first approach to attribute the predictions of a perception model to individual in-
put modalities in a sensor-fusion system for autonomous driving. We evaluate
LMD on pretrained fusion models under camera—radar, camera—LiDAR, and cam-
era—radar—LiDAR settings for autonomous driving. Its effectiveness is validated
using structured perturbation-based metrics and modality-wise visual decompo-
sitions, demonstrating practical applicability to interpreting high-capacity multi-
modal architectures. Code is available at https://github.com/detxter-jvb/
Layer-Wise-Modality-Decomposition.

1 Introduction

There is a growing move toward perception models that leverage multimodal inputs to improve
downstream task performance. In autonomous driving, for example, modern systems increasingly
fuse diverse modalities to produce more accurate and contextually relevant outputs. Incorporating
different sensor streams such as camera, radar, and LiDAR has consistently improved reliability. Yet
this integration complicates interpretability and transparency: when the model makes a decision, it
becomes hard to discern to what extent each modality contributed to the final outcome.

This challenge is particularly pronounced in safety-critical domains such as autonomous driving,
where model outputs directly affect safety and reliability. Consequently, improving the interpretability
of multimodal perception models is essential. Although interpretable Al has advanced in various
domains, its application to autonomous driving remains underexplored. To bridge this gap, it is
necessary to explore how existing interpretability methods can be applied to sensor-fusion models.

Current work in interpretable Al can be grouped into two categories: intrinsically interpretable
models and post-hoc interpretation methods. Intrinsically interpretable models have been widely
adopted to directly interpret input feature attributions to model predictions. Generalized Additive
Models (GAMs) [1]] represent outputs as sums of feature-wise functions, ensuring intrinsic inter-
pretability. Recent variants [2} 3} 4] 5] improved flexibility while preserving this property. However,
they require structural constraints, which make it difficult to model complex patterns. This inter-
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pretability—accuracy trade-off [[6] limits their applicability to multimodal perception tasks, where
capturing cross-modal interactions is essential.

Post-hoc interpretation methods are particularly advantageous for high-capacity models, as they
maintain predictive accuracy without necessitating architectural modifications. Local surrogate
models, such as LIME and LORE [[7} [8]], enhance interpretability by approximating complex decision
boundaries with low-capacity models. However, this simplification limits their ability to capture
the intricate, high-dimensional dependencies inherent in large-scale perception networks. Global
interpretation techniques, such as functional ANOVA (fANOVA) [9]], are effective for tabular or
low-dimensional data, but they encounter substantial challenges in scalability and decomposition
fidelity when applied to multimodal perception models.

Consequently, there is a need for a post-hoc interpretability method that can deliver layer-wise,
modality-specific attributions for high-capacity models without compromising performance or re-
quiring architectural modifications. In this study, we propose Layer-Wise Modality Decomposition
(LMD), a framework that enables the interpretation of complex multimodal perception models while
fully preserving their original performance.

Our approach locally linearizes neural network operations to separate modality-specific information
while forwarding it through the model to the final prediction. In particular, we formulate LMD
within the Layer-Wise Relevance Propagation (LRP) [10, 11} 112,113} [14} 15/ 16} [17] and Deep Taylor
Decomposition (DTD) [18]] frameworks, which are widely adopted post-hoc methods in Explainable
Al (XAI).

Our LMD is grounded in a rigorous theoretical framework that separates modality-specific compo-
nents at each layer. We validate its effectiveness on multi-sensor perception models using the widely
adopted nuScenes benchmark [19]. More broadly, LMD is generalizable and can be readily applied
to other multimodal architectures.

Our key contributions are as follows:

1. We propose LMD, a novel post-hoc interpretability method that decomposes the contribution
of each sensor modality across all layers of a complex multimodal model. The decomposition
process operates without any modification to the original architecture.

2. We conduct both extensive qualitative and quantitative experiments to validate the proposed
method. We introduce novel perturbation-based metrics to assess interpretability of our
model.

3. We investigate several LMD variants employing different bias-splitting strategies and assess
their effectiveness from a modality separation perspective.

2 Related Work

2.1 Interpretation Methods

Interpretable methods aim to provide transparency in model predictions by designing architectures
in which feature contributions are explicitly traceable. Such models are inherently understandable,
removing the need for external post-hoc explanations. Broadly, interpretable approaches can be
grouped into two categories: intrinsically interpretable models and post-hoc interpretation methods.

Intrinsically interpretable models—including Generalized Additive Models (GAMs) [1]], Neural
Additive Models (NAMs) [2], NODE-GAM [4], and Gaussian-NAM [5]—represent model outputs
as the sum of feature-wise functions. This additive formulation enables fine-grained attribution
and clearer interpretation of individual feature effects. However, the structural constraints that
ensure interpretability also limit these models’ capacity to capture complex feature interactions and
contextual dependencies.

Post-hoc interpretation methods aim to explain the behavior of pretrained black-box models. The
methods such as Functional ANOVA (fANOVA) [9] decompose the output variance of a trained
model into contributions from individual features and their interactions. While fANOVA is effective
for tabular or low-dimensional data, it faces scalability challenges in high-dimensional settings, where
decomposed features may become unidentifiable [20].



2.2 Post-hoc Explanation Methods

Post-hoc explanation methods aim to interpret complex models without modifying their original
architecture. By operating directly on pretrained black-box models, these approaches preserve
predictive accuracy while providing interpretability.

Backpropagation-based methods generate explanations by leveraging gradients or gradient-related
signals within the model. For instance, Layer-Wise Relevance Propagation (LRP) [10] assigns
relevance scores to input variables by decomposing layer-wise computations, thereby producing
attention maps that can be interpreted as input-level contributions. The propagation rules in LRP
are grounded in the Deep Taylor Decomposition (DTD) framework [18]], which requires local
linearization of each layer to remove non-linear biases. Building on this foundation, subsequent
studies have proposed refined attribution schemes to ensure faithful relevance propagation across
diverse network components such as residual connections, attention mechanisms, and normalization
layers in modern deep architectures [[11} [15} 13} [14, [17} 16} [12].

2.3 Multi-sensor Perception

Multi-modality perception leverages the complementary strengths of different modalities to achieve
robust scene understanding in autonomous driving. Cameras offer rich semantic context, LIDAR
provides precise 3D geometric information, and radar ensures reliable velocity and range estima-
tion under adverse conditions. To harness these complementary signals, recent models explore
intermediate fusion strategies that align features from different modalities [21} 22} 23] [24] 25]].

For instance, BEVFusion [22] employs modality-specific encoders for camera and LiDAR, followed
by fusion via spatially consistent representations. RCBEVDet [25] introduces a radar-specific encoder
and integrates its output with camera features using deformable cross-attention [26], facilitating
effective cross-modal alignment.

Despite their strong performance, these models often lack interpretability. During the fusion process,
features from different sensors are aggregated, making it difficult to disentangle the contribution of
each modality to the final prediction. This lack of transparency complicates failure diagnosis and
system validation, highlighting the need for interpretable techniques in safety-critical applications.

3 Background

In this section, we briefly review the Deep Taylor Decomposition (DTD) [18]], and the Layer-Wise
Relevance Propagation (LRP) [[10] before introducing our LMD method.

Letf : RN ¥ RM be a vector-valued function consisting of a deep network with the input neurons
x = fx;igl ;. Let fj be the j-th output neuron. DTD decomposes fj into contributions from N input

variables using first-order T%y(lor expansion of fj(X)
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where X is a reference point, Jji = g% is the Jacobian at X and is the first-order approximation
Pox=x

error. The summation term containing X; represents the first-order contributions of input variables to
the output T (X). With X treated as a constant, the bias Dj consists of constant terms and , which
represents high-order interactions determined by the order of differentiability of the function along
the line segment joining X and X.

Prior LRP studies [[18 10} [14}[13} [17} 11} |15] developed local linearizations of non-linear network
layers to attribute predictions to input variables. Within the DTD framework, two core design choices
arise: (i) selecting the root point at which the local Jacobian Jj; is computed, and (ii) specifying
how the bias term is redistributed to the inputs. For element-wise non-linear activations, Jj; was
typically set to the identity [[11}[13] to enforce the conservation property—i.e., that the sum of input
attributions is preserved across layers. For LayerNorm, prior work notes that the true Jacobian entries
are near zero, rendering direct linearization uninformative [11} [13]]. A common workaround treats
LayerNorm as effectively element-wise by assuming (local) variance to be constant.



Bias handling has been central to maintaining conservation and differentiates LRP variants. For
LayerNorm or other local renormalization operations, some methods distributed the bias uniformly
over inputs [[14}[15], whereas others applied the identity rule and excluded the bias from redistribution
[17,[13]. An alternative was to omit the bias altogether, as [[11]] argues, based on observed numerical
instabilities in prior schemes.

4 Method

In this section, we describe the details of the proposed LMD method. The overall process of LMD
is depicted in Figure[I] For clarity, we derive the formulation for two modalities (e.g., camera and
radar) without loss of generality; the extension to an M -modality setting is provided in Appendix F.

4.1 Formulation of Layer-Wise Modality Decomposition

We first show that, using first-order Taylor approximation, the features of a fusion model at each

consisting of the camera-radar sensor fusion model performing perception tasks. Suppose the
composition of layer functions from the first layer to the I-th layer is given by

FI(XC;Xr) =f! 2 fl(xc;xr); )

from the camera and radar modalities, respectively. Notice that j-th output neuron of the perception
model becomes F jN (Xc; Xr).

4.1.1 Handling Fusion Layer

Beginning at the first fusion layer (I = 1), where aggregation of each modality information takes
place, the first-order Taylor expansion of fj1 is applied

1
1 >xX X 1 1 X X N
fj Xc; Xr) = ijixmi + @fj (%c; %r) ijixmi + A; 3)
i me{cr} i g{cir}
| {z }

1
bj
where m indexes the modality, X, %, represent reference points for camera and radar data, respec-

tively, and J}, ji denotes the Jacobian calculated at the reference points for the modality m.

To assess the contribution of each modality to a function output, we try setting the input values of
camera and radar data to zero, yielding the following results
1 = 1 1 1 = 1 1 1 1
fi(xcior) = Jgixei + b5 Fj(ocixr) = Jrjixei + 055 f(0c;0r) =y (y)
1 ]

We let th, hl j and h!)j indicate the modalEy-speciﬁc features fgm the camera data, radar data and

bias at I-th layer respectively, i.e., héj = i Jcljchi, h}j = i Jrljixri, and h%j = bjl. Then, we
can show that
1 > 1
fj XeiXe) = hmj: (5)
me{c;r;b}
4.1.2 Handling Subsequent Layers
P
For subsequent layers with | = 2;:::; N, the I-th layer function takes ¢ c.rpy h:gjl and produces
the output
1
1@ > '—1A—X = I pl=1 4 pl — =< I
fj hmj - ijihmi +bj - hmj (6)
me{c;r;b} i me{c;r;b} me{c;r;b}

It shows that each layer output results from the summation of the camera, radar, and bias components.



From [§), we can show inductively th%t the following 1equation holds

| | X I 1 X |
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Through modality decompositior{/)) is strictly satis ed across all layers. To effectively decouple
the contributions of different modalities, two conditions must be met. First, the decomposition should
preserve the functional behavior of the original model. Second, each modality-speci ¢ feature must
remain unaffected by the others—a condition we refer to as the separation property.

4.2 Linearization of Deep Networks

In Section4.]l, we showed that LMD can be derived using a rst-order Taylor decomposition.
However, when higher-order terms remain, the modality decomposition is dif cult to achieve. To
circumvent this, we linearize every layer of the fusion model. For the linearized layer functions

Fjl(xcixr): r_Ajl(Xc;Xr); (8)

forl 2 1;:::;N, whereF! (x¢;x;) = [ 2 f1(x¢;x,)]; . In other words, our decomposition
is designed to satisfy the constraint|ifi (8), ensuring that the linearized network behaves identically to
the original one.

In typical neural networks, non-linearities primarily arise from activation and normalization layers.
Sectior{ 4.2]1 and 4.2.2 describe how these layers are linearized for activation and normalization
operations, respectively.

4.2.1 Linearizing Activation Layers

We rst linearize the activation layers. Speci cally, we transform the activation operation into a
(linear) element-wise multiplication operation which enables modality decomposition. This process
consists of two forward passes.

From the rst forward pass, we store the output-to-input ra}ti(ﬁor I-th layer before the linearization.

For ReLU [27], this ratio degenerates to a binary ma#le f 0; 1g that records whethgrth neuron

in the ReLU functiorf ' was active or not. The main purpose of the rst forward pass is to record
the activation behavior under the full multimodal input (e.g., camera and radar), which is the target
con guration for decomposition.

Then in the second pass, we replace the activation iByevith the linearized layef", which
multiplies the input neuron bg . The ultimate goal of the second forward pass is to followftte
behavior even when the input from the speci ¢ modality is set to zero to compute the other modality
contributions. In other words, the linearization enables the decomposition of the modality features
for the target function output which we want to interpret.

Proposition 1. Letf" be the locally linearized activation function,

Fjl(xc;xr)

fihyt = hiyh d= 21—
mj G m ql Fjl l(Xc;Xr)"' u

J |

©)

This construction is equivalent to setting the diagonal entries o;ﬂthn (3) with the slope of the

line or segment joining the two operating poimﬁ' Yxe:xy); Fj'(xc; Xr) , thereby satisfyingg)
exactly.

The proof can be found in Appendix B.1.

4.2.2 Linearizing Normalization Layers

The non-linearity in BatchNormi2@] originates from the bias term. In the case of BatchNorm,
statistics stored during the training phase are used as xed values in the evaluation mode. Thus, aside



from the activation layer, it is not needed to store the behavior of the fayfeom the forward pass.
Consequently, we can linearize the BatchNorm simply by excluding the bias term from the modality
features while satisfying (8).

Proposition 2. If f ' is BatchNorm, linearizing ' yields the following decomposition rule
ho1 | | Il

1 _ j mi| I — j I 1 I i
fl hhyt = 5 prom T b=yt w () G=5—)
j| 4" J| + " l| + " (10)
I {z b {z }
modality speci c term bias term
wherem 2fc;r;bg," |; |; |; [ 2R, |and | denote the batch mean and standard deviation,
and j'; J-' are the af ne parameters. In our LMD con gurationg; =0 and p, =1, satisfying
(8).

The proof can be found in Appendix B.2.

In contrast to BatchNorm, LayerNorr@9] computes normalization statistics from the current input

in both training and evaluation. As noted i3], LayerNorm can be decomposed into a centering
step and a rescaling step. Since the Jacobian in the centering step of LayerNorm is a linear projection
matrix | %11> , Wwherel is the identity matrix and is an all-one vector, no additional linearization

is required.

For the rescaling step, the varianc = Var[ F'(x¢; x,)] is assumed to be a constant, as the
Jacobian entries in rescaling step are near zero, as showg]irHence, the variance is saved from a
single forward pass, and used for the linearized LayerNorm. Even if the interaction effect between
modalities remains, modality features maintain their meanings since the rescaling process is applied
across all modality features, not altering the importance relationship of modality features. We refer to
this approach as the ratio rule, which is adopted in the variants of LMD.

Proposition 3. If f ' is LayerNorm, linearizing ' yields the following decomposition rule

1 _ hm Elhg'l | | |1 |1 |
_m mj _ i
{}I hpy ™ = 4é||27 it m = QIT hiy Elhy ") + |:T{Z-£J‘ (11)
i * i * bias term
| {z }
modality speci c term
wherem 2 fc;r;bg,"; |5 ;| 2 R, | denote the standard deviation, anf | are the af ne

g ! L . - .
parameters. In our LMD con guration, the expectation is computed over the spatial dimensions

(height and width) for each modality and; =0 and , = 1, satisfying(8).

The proof is given in Appendix B.3. In a similar way, we can also linearize InstanceNorm as shown
in Appendix B.3.

4.2.3 From Linearization to Modality Decomposition

In this subsection, we formally show that the output of each layer in LMD can be decomposed
into modality-speci c components. This modality decomposition is possible because all non-linear
operations in the network have been replaced with the linear operations as described in Section 4.2.1—
4.2.2. As aresult, the LMD framework becomes fully linear, allowing the exact separation of modality
contributions across all layers in the entire network.

Here,f" denotes the linearized layer function obtained from the original non-linear furfctign. (12)
thus represents the uni ed layer formulation after linearization, where activation and normalization

operations are already expressed in their linearized formshy et f’}l(xc; o), hy = f’}l(oc; Xr),

andhgj = f’}l(oc; 0r) be the rst layer's modality features. Then, with all the linearized layers in a
network, the following equation holds.

hiy = 1} (hyt (12)



Figure 1:Overall Process of LMD.LMD decomposes the multimodal features into modality-speci ¢
components through a two-stage process.

Since each layer functioff becomes linear after applying the linearization process described in
Section 4.2.1—4.2.2, the superposition property holds as shown in (13).
0 1

X X
fe " WA= T f, (13)
m2f c;rbg m2f c;rbg
foralll 2 2;:::;N.
When the entire network is fully linearized Bs= N 1, the decomposition extends to the

whole network, leading to (14).
e = [l (L9 L%

hg i h

(14)

This guarantees that the LMD framework satis es both the const(@)rand theseparation property
throughout the whole linearized network.

4.2.4 Exploring LMD Variants

This section presents linearization schemes for normalization layers that satisfy our constraints —
Eq.(8) and theseparation propertyFor the BatchNorm layer, Proposition 2 excludes the bias term
from each modality feature that we call the identity rule. Alternatively, the uniform rule can be applied
by uniformly distributing the bias term across all modality features, de ned by settirg 1=M

wherem 2 f¢;r;bg; and M = jf ¢;r; bgj from (10). To linearize the LayerNorm, in addition to

the ratio rule in(11), one can adjust them to operate similarly to BatchNorm from stored statistics
calculated from a single forward pass of the original fusion model, where the statistics become

| = E[F'(x¢;%,)]; and '? = Var[ F'(xc; x,)]. Then the identity and uniform rules can also be
applied. In Section 5.3, we quantitatively evaluate separability across these variants.

4.3 Post-hoc Interpretation through LMD

In practice, the LMD is implemented with two forward passes. We store the behaviors of non-linear
layer, ¢ for activation layer and variance in LayerNorm. Then in the second forward pass, we
replace the original layer into linearized layer with the cached values. The overall process of LMD is
described in Figure 1.

We present the post-hoc interpretation method that uses LMD for the multi-sensor perception model.
Speci cally, the visualizations in Figure 2 represétf (x¢;x,), FN (o¢;%,), FN (x¢; 0,), and

FN (oc; 0;) for the prediction from fused modality and prediction from each modality. Since the
prediction from the original model is perfectly decomposed into the prediction from each sensor data,



Figure 2:Post-hoc Interpretation through LMD : In the rst row, a comparison between (c) and

(d) shows that the model successfully detects the vehicle using radar data, as indicated by the green
marker, whereas the camera-based prediction lacks con dence. Similarly, in the second row, the
green marker in (d) highlights either a correct or incorrect prediction made by one modality that was
not captured by the other. The prediction from bias in (e) exhibits a certain degree of perceptual
capability. This component includes constant effect and high-order interactions largely originated
from linearization of activation layers.

Figure 2 shows not just an explanation but an exact description of how pretrained model produces
its output exploiting each sensor data. Note that visualizations in Figure 2 extract the positive
components of each prediction and then normalize to maximum values to effectively visualize the
high-con dence regions. Additional visualizations containing negative values are included in the
Appendix D.3.

5 Experiments

In this section, we validate the proposed LMD method built on SimpleBE}, ivhere modalities are
integrated to perform vehicle perception tasks. To demonstrate the generalizability of our approach,
we apply LMD to radar-camera, LiDAR-camera and radar-LiDAR-camera fusion models. Details
regarding model con gurations and the datad&] fare provided in Appendix A. Also, quantitative
results with three-modality settings are provided in Appendix D.1.

Table 1: Comparison of Pearson Correlation and Mean Squared Error for Linearization Experiments.

Pearson Correlation Mean Squared Error
Ro/R () R,/C () Co/R (M) C/C ) Ro/R () Ro/C () C/RQ) CplC (M)
0.22 0.10 0.76 0.07 0.22 0.07 0.09 0.06 146 0.86 851 19.73 146 1.18 40.05 23.14

Modality Method Act.  Norm.

Baseline X 0.56 0.09 0.80 0.07 0.22 0.07 0.12 0.07 226 082 753 16.54 3.75 1.25 3492 25.52
Radar + Camera

050 0.08 099 0.00 093 0.05 0.38 0.13 840 449 048 037 0.74 059 41.05 20.79
LMD (Ratio Rule) X X 0.05 0.02 1.00 0.00 1.00 0.00 0.15 0.04 9.05 234 0.00 0.00 0.00 0.00 5449 22.15

041 008 0.77 0.05 0.31 0.07 0.11 0.04 146 10.08 851 10.20 1.46 851 40.05 11.32

. Baseline X 0.56 0.08 0.80 0.05 0.22 0.07 0.12 005 226 6.77 753 6.83 3.75 8.81 34.92 34.17
LiDAR + Camera

X 0.50 0.07 0.99 0.00 093 001 038 0.13 840 593 048 020 0.74 0.33 41.05 31.79

LMD (Ratio Rule) X X 0.09 0.03 1.00 0.00 1.00 0.00 044 006 16.17 3.39 0.00 0.00 0.00 0.00 36.38 14.52

5.1 Metrics to Evaluate the Constraints in LMD

Existing studies rarely attempt modality decomposition in fusion networks, and there is no standard
evaluation method to validate such a decomposition. To bridge the gap, we introduce a metric
designed to assess how each modality contributes to the model prediction.

We evaluate the model by replacing the input for one modality with an uncorrelated sample while
keeping the other modality xed. Then we compare the linearized predictions before and after



substitution to assess whether the model re ects the change and remains stable for the unchanged
modality.

We de ne two criteria for the assessment: (1) The prediction associated with the perturbed modality
should change noticeably, ensuring that the model output re ects the new input rather than being
dominated by modality-independent bias. (2) The prediction associated with the unperturbed modality
should remain unchanged, indicating that each modality is decoupled from the other modality.

For example, when the radar input is perturbed, the radar-based prediction should present low
correlation with its original output, while the camera-based prediction should remain highly correlated
with the original prediction. To quantify these effects, we employ the Pearson Correlation Coef cient
[30, 31, 32] and Mean Squared Error (MSE) to measure both similarity and distance between
modality-speci ¢ predictions. Detailed metric formulations and sampling strategy are provided in
Appendix D.3.

5.2 Evaluating the Linearization Effects in LMD

We evaluate the impact of linearization by comparing the modality-speci ¢ predictions before and
after the input perturbation. Speci call{g,=R measures how much the radar-based prediction
changes when the radar input is replaced. Since the baseline model lacks decomposition, it requires
separate forward passes for clean and perturbed inputs. In contrast, LMD applies a single linearized
model derived from clean inputs, ensuring consistent behavior across perturbations. In partial variants,
only speci c components such as activation layers or normalization parameters are xed, while the
rest of the model remains responsive to input changes. This setup enables a fair comparison, despite
architectural differences.

As shown in Table 1, LMD with the ratio rule satis es both evaluation criteria. When the radar
input is replaced, the radar-based output shows a Pearson correlation of 0.05 with its original output
and a mean squared error of 9.05, indicating a strong response to the perturbation. Meanwhile, the
camera-based output remains unaffected, with a correlation of 1.00. Similar results are observed
when perturbing the camera input. These ndings demonstrate that LMD effectively isolates the
in uence of each modality, as each output responds only to changes in its corresponding input. In
contrast, baseline models show residual correlation across modalities, implying that the predictions
remain entangled and fail to achieve modality separation.

Table 2: Comparison of Pearson Correlation and Mean Squared Error using different LMD variants.

X Pearson Correlation Mean Squared Error
Modality BN-LN

RJ/R ) RIC()  G/R()  G/CO Ro/R (%) RICO  G/RO Cy/C ()
Uniform - Identity 0.50 0.04 1.00 0.00 1.00 0.00 042 005 958 271 000 000 0.00 0.0 38.89 10.80
Identity - Identity  0.15 022 1.00 0.00 1.00 0.00 038 0.04 958 271 000 0.00 0.00 0.00 38.89 10.80

Radar + Camera |dentity - Uniform  0.18 0.03 1.00 0.00 0.99 0.00 0.38 004 956 271 000 0.00 0.04 001 3855 10.71

Identity - Ratio  0.05 0.02 1.00 0.00 1.00 0.00 0.15 0.04 9.05 2.34 0.00 0.00 0.00 0.00 54.49 22.15

Uniform - Identity 0.41 0.05 1.00 0.00 1.00 0.00 0.48 0.07 15.82 3.63 0.08 0.02 0.00 0.00 31.77 15.37

Identity - Identity 0.08 0.04 1.00 0.00 1.00 0.00 0.60 0.07 15.82 3.63 0.08 0.02 0.00 0.00 31.77 15.37

LIDAR + Camera |dentity - Uniform 0.09 0.04 1.00 0.00 1.00 0.00 059 0.07 1582 3.61 0.04 0.01 0.01 0.00 31.92 15.39
Identity - Ratio  0.09 0.03 1.00 0.00 1.00 0.00 0.44 0.06 16.17 3.39 0.00 0.00 0.00 0.00 36.38 14.52

5.3 Quantitative Analysis of Separation Propertyn LMD Variants

Table 2 presents the quantitative results of applying different variants of LMD in both radar-camera
and LiDAR-camera fusion models. We evaluate four combinationgorm-identity identity-identity
identity-uniform andidentity-ratio, while the same metrics applied as in Section 5.2.

Among the tested con gurations, the combination of the identity rule for BatchNorm and the ratio rule
for LayerNorm exhibits the clearest separation effect. In the radar-camera setting, this con guration
yields the lowest correlation for the perturbed modality, with values of 0.0Rf=R and 0.15

for C,=C, while maintaining full stability in the unperturbed modality, wiy=C andC,=R both

equal to 1.00. It also produces zero mean squared error for the xed modality. Similar behavior is
observed in the LiDAR-camera fusion case. Other con gurations such as wsifegm-identityand
identity-uniformrules result in higher cross-modality correlations and smaller error between clean



and perturbed inputs. This indicates that the outputs are not well separated. These ndings suggest
that applying the ratio rule is essential for preservingsfparation propertyn LMD.

6 Discussion

Computational Ef ciency and Scalability Table 3 summarizes the computational complexity and
memory consumption from a single forward pass. LMD requires two forward passes maintaining
O(1) auxiliary state by caching information for linearization, which are discarded immediately after
decomposition. LRP-Based explanations necessitate an additional backward pass under gradient
checkpointing, retai® (" N-) activations acroshl- layers. Shapley-based approaches preserve low
memory but incur exponential computation in the number of modalities, requix{gy ) forward

passes to enumerate all coalitions ovemmodalities.

LMD + SHAP  As SHAP B3] provides lo- Table 3: Computational Complexity and Memory
cal explanations under an independence &gnsumption (Single Forward-pass Measurement).
sumption among features, stability under crosg : number of modalitiesN, : number of layers
modal interactions is examined by the modality-

replacement experiment and measuring cross- Computational - Memory

. . . . Methods Passes Complexity Consumption
modality correlations of the resulting predic p—
ti th b tifvi th ist ctf?P[lO] 2 FWD + 1 BWD o(1) o( NY)
ions, thereby quan |fy|ng € COoNSisStency Q.piey-pased (33 2 FWD o@") o)
SHAP interpretations in the presence of interago 2 FWD oQ) 0(1)
tions.

A combination of LMD and SHAP was also evallable 4: Correlation under Modality Replacement:
uated. LMD rst decomposes the model predi&HAP vs LMD + SHAP.

tion into modality-speci c components; SHAP Modality Metric " SHAP LMD + SHAP
is then applied to the bias term, and the result- radar + camera RC 06909 011 0.9385 0.04
ing attribution is redistributed to the modality- Cp=R  0:6746 0:07 0.8942 0:05
speci ¢ predictions. In modality-replacement LiDAR + Camera L=C 07062 0:12 09210 0:04
experiments, this LMD + SHAP better satis ed Gzl 07205 006 0.9095 0.02

modality-level separability than SHAP alonetadar +LiDAR + Camera R,=C 07108 011 0.8790 0.05

o7 . : Cplp=R 0:7066 0:08 0.9574 0:01
Quantitative results are summarized in Table 4. CR-L 07025 0:07 09389 002

Applicability to Attention-based Model LMD can also be applied to an attention-based fusion
model. For example, based on the Appendix D.2, we demonstrate LMD on an attention-based
radar—camera fusion network, CRRI] and extract the main term for each modality. Appendix
D.2 details how the non-linearities of the attention block's— (bilinear) matrix multiplication, and
softmax, can be treated. We also note a limitation: the attention module inevitably introduces bilinear
cross—modal terms that cannot be fully assigned to a single modality under LMD framework. Hence,
the assessment of the bilinear component requires deeper investigation by future works.

7 Conclusions

In this study, we introduced LMD, a framework designed to enhance the interpretability of multimodal
fusion models, with a particular focus on multi-sensor perception in autonomous driving context.
LMD provides a model-agnostic approach that clearly attributes model predictions to individual
sensor modalities. By disentangling modality-speci ¢ contributions across network layers, LMD
offers deeper insights into how each modality in uences the fusion process. Our qualitative and
guantitative evaluations demonstrated the effectiveness of LMD in identifying modality-dependent
behaviors, revealing when and where fusion improves—or potentially degrades—model performance.
Overall, this work underscored the critical role of interpretability in autonomous driving systems,
contributing to greater transparency in model decision-making and laying the groundwork for future
research on interpretable multimodal learning.
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NeurlPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately re ect the paper's
contributions and scope?

Answer: [Yes]

Justi cation: The abstract and introduction clearly represent three core contributions, namely, the
introduction of Layer-Wise Modality Decomposition (LMD), its theoretical generalization, and both
qualitative and quantitative evaluations. These contributions are consistently substantiated by the
experimental results and theoretical analyses presented in section 4, and the appendix.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims made in the
paper.

¢ The abstract and/or introduction should clearly state the claims made, including the contributions
made in the paper and important assumptions and limitations. A No or NA answer to this
question will not be perceived well by the reviewers.

« The claims made should match theoretical and experimental results, and re ect how much the
results can be expected to generalize to other settings.

« Itis ne to include aspirational goals as motivation as long as it is clear that these goals are not
attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justi cation: In section 6, the paper presents the limitations of apply LMD in attention module: bilinear
cross-modal interactions introduced in (bilinear) matrix multiplication cannot be fully assigned to
single modality under LMD's linearization.

Guidelines:

« The answer NA means that the paper has no limitation while the answer No means that the paper
has limitations, but those are not discussed in the paper.

The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to violations of
these assumptions (e.g., independence assumptions, noiseless settings, model well-speci cation,
asymptotic approximations only holding locally). The authors should re ect on how these
assumptions might be violated in practice and what the implications would be.

» The authors should re ect on the scope of the claims made, e.g., if the approach was only tested
on a few datasets or with a few runs. In general, empirical results often depend on implicit
assumptions, which should be articulated.

« The authors should re ect on the factors that in uence the performance of the approach. For
example, a facial recognition algorithm may perform poorly when image resolution is low or
images are taken in low lighting. Or a speech-to-text system might not be used reliably to provide
closed captions for online lectures because it fails to handle technical jargon.

« The authors should discuss the computational ef ciency of the proposed algorithms and how
they scale with dataset size.

« If applicable, the authors should discuss possible limitations of their approach to address problems
of privacy and fairness.

« While the authors might fear that complete honesty about limitations might be used by reviewers
as grounds for rejection, a worse outcome might be that reviewers discover limitations that
aren't acknowledged in the paper. The authors should use their best judgment and recognize
that individual actions in favor of transparency play an important role in developing norms that
preserve the integrity of the community. Reviewers will be speci cally instructed to not penalize
honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and a complete
(and correct) proof?

Answer: [Yes]
Justi cation: We provide all the proofs for propositions in Ch.4 in Appendix B.
Guidelines:
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« The answer NA means that the paper does not include theoretical results.
« All the theorems, formulas, and proofs in the paper should be numbered and cross-referenced.
« All assumptions should be clearly stated or referenced in the statement of any theorems.

¢ The proofs can either appear in the main paper or the supplemental material, but if they appear in
the supplemental material, the authors are encouraged to provide a short proof sketch to provide
intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented by
formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main experimental
results of the paper to the extent that it affects the main claims and/or conclusions of the paper
(regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justi cation: section 5 and appendix A provide detailed descriptions of the experimental setup,
including the architecture of the models used, the con guration of the nuScenes dataset, the de nitions
of evaluation metrics, and the perturbation strategies employed for analysis.

Guidelines:

* The answer NA means that the paper does not include experiments.

« If the paper includes experiments, a No answer to this question will not be perceived well by the
reviewers: Making the paper reproducible is important, regardless of whether the code and data
are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken to make
their results reproducible or veri able.

« Depending on the contribution, reproducibility can be accomplished in various ways. For
example, if the contribution is a novel architecture, describing the architecture fully might suf ce,
or if the contribution is a speci ¢ model and empirical evaluation, it may be necessary to either
make it possible for others to replicate the model with the same dataset, or provide access to
the model. In general. releasing code and data is often one good way to accomplish this, but
reproducibility can also be provided via detailed instructions for how to replicate the results,
access to a hosted model (e.g., in the case of a large language model), releasing of a model
checkpoint, or other means that are appropriate to the research performed.

* While NeurlPS does not require releasing code, the conference does require all submissions
to provide some reasonable avenue for reproducibility, which may depend on the nature of the
contribution. For example
(a) If the contribution is primarily a new algorithm, the paper should make it clear how to

reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe the
architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should either be
a way to access this model for reproducing the results or a way to reproduce the model (e.g.,
with an open-source dataset or instructions for how to construct the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case authors are
welcome to describe the particular way they provide for reproducibility. In the case of
closed-source models, it may be that access to the model is limited in some way (e.g.,
to registered users), but it should be possible for other researchers to have some path to
reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with suf cient instructions to
faithfully reproduce the main experimental results, as described in supplemental material?

Answer: [Yes]

Justi cation: We plan to publicly release the full training and inference code, pretrained models, and
data processing scripts under an open-source license (e.g., MIT) immediately after paper acceptance
and camera-ready submission. Due to anonymity constraints during review, we do not provide code
during the review phase. All experiments use publicly available datasets under their original licenses.
This plan ensures reproducibility while respecting double-blind review policies.

Guidelines:
« The answer NA means that paper does not include experiments requiring code.
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» Please see the NeurlPS code and data submission guideiityes/(nips.cc/public/
guides/CodeSubmissionPolicy ) for more details.

< While we encourage the release of code and data, we understand that this might not be possible,
so “No” is an acceptable answer. Papers cannot be rejected simply for not including code, unless
this is central to the contribution (e.g., for a new open-source benchmark).

» The instructions should contain the exact command and environment needed to run to reproduce
the results. See the NeurlPS code and data submission guidélitpss/(nips.cc/public/
guides/CodeSubmissionPolicy ) for more details.

« The authors should provide instructions on data access and preparation, including how to access
the raw data, preprocessed data, intermediate data, and generated data, etc.

« The authors should provide scripts to reproduce all experimental results for the new proposed
method and baselines. If only a subset of experiments are reproducible, they should state which
ones are omitted from the script and why.

» At submission time, to preserve anonymity, the authors should release anonymized versions (if
applicable).
» Providing as much information as possible in supplemental material (appended to the paper) is
recommended, but including URLS to data and code is permitted.
6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyperparameters,
how they were chosen, type of optimizer, etc.) necessary to understand the results?

Answer: [Yes]

Justi cation: appendix A provides detailed experimental settings, including the datasets used for
training and evaluation (nuScenes), model architecture, and modality con gurations (camera, radar,
LiDAR).

Guidelines:

« The answer NA means that the paper does not include experiments.

» The experimental setting should be presented in the core of the paper to a level of detail that is
necessary to appreciate the results and make sense of them.

« The full details can be provided either with the code, in appendix, or as supplemental material.
7. Experiment statistical signi cance

Question: Does the paper report error bars suitably and correctly de ned or other appropriate informa-
tion about the statistical signi cance of the experiments?

Answer: [Yes]

Justi cation: Tables 1 and 2 report the mean, and standard deviation of Pearson correlation and Mean
Squared Error, providing statistical reliability for the experimental results.

Guidelines:

* The answer NA means that the paper does not include experiments.

« The authors should answer "Yes" if the results are accompanied by error bars, con dence
intervals, or statistical signi cance tests, at least for the experiments that support the main claims
of the paper.

» The factors of variability that the error bars are capturing should be clearly stated (for example,
train/test split, initialization, random drawing of some parameter, or overall run with given
experimental conditions).

« The method for calculating the error bars should be explained (closed form formula, call to a
library function, bootstrap, etc.)

« The assumptions made should be given (e.g., Normally distributed errors).

« It should be clear whether the error bar is the standard deviation or the standard error of the
mean.

« Itis OK to report 1-sigma error bars, but one should state it. The authors should preferably report
a 2-sigma error bar than state that they have a 96% ClI, if the hypothesis of Normality of errors is
not veri ed.

» For asymmetric distributions, the authors should be careful not to show in tables or gures
symmetric error bars that would yield results that are out of range (e.g. negative error rates).

« If error bars are reported in tables or plots, The authors should explain in the text how they were
calculated and reference the corresponding gures or tables in the text.

8. Experiments compute resources
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10.

Question: For each experiment, does the paper provide suf cient information on the computer
resources (type of compute workers, memory, time of execution) needed to reproduce the experiments?

Answer: [Yes]

Justi cation: Details regarding computational resources, such as GPU/CPU speci cations and training
time, are provided in appendix.

Guidelines:

« The answer NA means that the paper does not include experiments.

« The paper should indicate the type of compute workers CPU or GPU, internal cluster, or cloud
provider, including relevant memory and storage.

» The paper should provide the amount of compute required for each of the individual experimental
runs as well as estimate the total compute.

« The paper should disclose whether the full research project required more compute than the
experiments reported in the paper (e.g., preliminary or failed experiments that didn't make it into
the paper).

. Code of ethics

Question: Does the research conducted in the paper conform in every respect, with the NeurlPS Code
of Ethicshttps://neurips.cc/public/EthicsGuidelines

Answer: [Yes]

Justi cation: This work strictly follows the NeurlPS Code of Ethics. We rely solely on publicly
available datasets, which contain no personally identi able information. No human or animal subjects
were involved. All experiments were carried out on de-identi ed sensor data, and the potential
societal impacts—such as erroneous perception in safety-critical systems—are discussed. Source
code, pretrained checkpoints, and evaluation scripts will be released under an open-source license to
facilitate transparency and reproducibility while respecting dataset terms of use.

Guidelines:

» The answer NA means that the authors have not reviewed the NeurlPS Code of Ethics.

« If the authors answer No, they should explain the special circumstances that require a deviation
from the Code of Ethics.

» The authors should make sure to preserve anonymity (e.g., if there is a special consideration due
to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative societal impacts
of the work performed?

Answer: [Yes]

Justi cation: The broader impacts of our method are suggested in appendix E. Its potential positive
societal impacts also given in main paper.

Guidelines:

« The answer NA means that there is no societal impact of the work performed.

« If the authors answer NA or No, they should explain why their work has no societal impact or
why the paper does not address societal impact.

« Examples of negative societal impacts include potential malicious or unintended uses (e.g.,
disinformation, generating fake pro les, surveillance), fairness considerations (e.g., deploy-
ment of technologies that could make decisions that unfairly impact speci ¢ groups), privacy
considerations, and security considerations.

» The conference expects that many papers will be foundational research and not tied to particular
applications, let alone deployments. However, if there is a direct path to any negative applications,
the authors should point it out. For example, it is legitimate to point out that an improvement in
the quality of generative models could be used to generate deepfakes for disinformation. On the
other hand, it is not needed to point out that a generic algorithm for optimizing neural networks
could enable people to train models that generate Deepfakes faster.

« The authors should consider possible harms that could arise when the technology is being used
as intended and functioning correctly, harms that could arise when the technology is being used
as intended but gives incorrect results, and harms following from (intentional or unintentional)
misuse of the technology.

« Ifthere are negative societal impacts, the authors could also discuss possible mitigation strategies
(e.g., gated release of models, providing defenses in addition to attacks, mechanisms for monitor-
ing misuse, mechanisms to monitor how a system learns from feedback over time, improving the
ef ciency and accessibility of ML).
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11.

12.

13.

14.

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible release of
data or models that have a high risk for misuse (e.g., pretrained language models, image generators, or
scraped datasets)?

Answer: [NA]

Justi cation: The paper does not involve the release of high-risk models or sensitive datasets, nor does
it indicate any plans for future model or data release.

Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with necessary
safeguards to allow for controlled use of the model, for example by requiring that users adhere to
usage guidelines or restrictions to access the model or implementing safety lters.

« Datasets that have been scraped from the Internet could pose safety risks. The authors should
describe how they avoided releasing unsafe images.

» We recognize that providing effective safeguards is challenging, and many papers do not require
this, but we encourage authors to take this into account and make a best faith effort.
Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in the paper,
properly credited and are the license and terms of use explicitly mentioned and properly respected?

Answer: [Yes]

Justi cation: The paper utilizes the nuScenes datakdt {vhich is properly cited and based on a
publicly available license.

Guidelines:

* The answer NA means that the paper does not use existing assets.

« The authors should cite the original paper that produced the code package or dataset.

« The authors should state which version of the asset is used and, if possible, include a URL.
* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of service of
that source should be provided.

« If assets are released, the license, copyright information, and terms of use in the package should
be provided. For popular datasgtsperswithcode.com/datasets has curated licenses for
some datasets. Their licensing guide can help determine the license of a dataset.

 For existing datasets that are re-packaged, both the original license and the license of the derived
asset (if it has changed) should be provided.

« If this information is not available online, the authors are encouraged to reach out to the asset's
creators.
New assets

Question: Are new assets introduced in the paper well documented and is the documentation provided
alongside the assets?

Answer: [NA]
Justi cation: The paper does not release any new datasets or code assets.
Guidelines:

« The answer NA means that the paper does not release new assets.

« Researchers should communicate the details of the dataset/code/model as part of their sub-
missions via structured templates. This includes details about training, license, limitations,
etc.

« The paper should discuss whether and how consent was obtained from people whose asset is
used.

« At submission time, remember to anonymize your assets (if applicable). You can either create an
anonymized URL or include an anonymized zip le.

Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper include
the full text of instructions given to participants and screenshots, if applicable, as well as details about
compensation (if any)?

Answer: [NA]
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15.

16.

Justi cation: This work does not involve any crowdsourcing or human subject research.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with human
subjects.

« Including this information in the supplemental material is ne, but if the main contribution of the
paper involves human subjects, then as much detail as possible should be included in the main

paper.

» According to the NeurlPS Code of Ethics, workers involved in data collection, curation, or other
labor should be paid at least the minimum wage in the country of the data collector.
Institutional review board (IRB) approvals or equivalent for research with human subjects

Question: Does the paper describe potential risks incurred by study participants, whether such
risks were disclosed to the subjects, and whether Institutional Review Board (IRB) approvals (or an
equivalent approval/review based on the requirements of your country or institution) were obtained?

Answer: [NA]
Justi cation: The paper does not include any experiments involving human subjects.
Guidelines:
» The answer NA means that the paper does not involve crowdsourcing nor research with human
subjects.

« Depending on the country in which research is conducted, IRB approval (or equivalent) may be
required for any human subjects research. If you obtained IRB approval, you should clearly state
this in the paper.

« We recognize that the procedures for this may vary signi cantly between institutions and
locations, and we expect authors to adhere to the NeurlPS Code of Ethics and the guidelines for
their institution.

« For initial submissions, do not include any information that would break anonymity (if applica-
ble), such as the institution conducting the review.
Declaration of LLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or non-standard
component of the core methods in this research? Note that if the LLM is used only for writing,
editing, or formatting purposes and does not impact the core methodology, scienti ¢ rigorousness, or
originality of the research, declaration is not required.

Answer: [NA]
Justi cation: The research does not involve the use of LLMs in its methodology.
Guidelines:

» The answer NA means that the core method development in this research does not involve LLMs
as any important, original, or non-standard components.

» Please refer to our LLM policyhttps://neurips.cc/Conferences/2025/LLM ) for what
should or should not be described.
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Appendix

A Implementation Details

This section introduces the details utilized to implement LMD. First, we describe the dataset used for the BEV
perception model employed to demonstrate our method, as well as the con guration of the fusion model utilized
in the experiments.

A.1 Dataset

The nuScenes datasdtq[ is a large-scale, multimodal dataset designed for autonomous driving tasks. It
encompasses 1000 scenes, segmented into 700 for training, 150 for validation, and 150 for testing, each lasting
about 20 seconds. The dataset captures al3&@zontal eld of view (FOV) through the use of six surround-view
cameras, one lidar, and ve radars, providing comprehensive environmental perception.

Notably, the nuScenes dataset stands out due to its high annotation frequency of every 0.5 seconds, translating to
a 2 Hz rate, which includes over 1.4 million 3D bounding boxes across ten object categories. This extensive
annotation facilitates advanced tasks like 3D object detection and tracking.

For evaluating detection performance, the dataset introduces unique metrics, including mean Average Precision
(mAP) and ve true positive (TP) metrics (ATE, ASE, AOE, AVE, and AAE) to measure errors in translation,
scale, orientation, velocity, and attribute, respectively. These metrics are aggregated into the nuScenes Detection
Score (NDS) to provide a comprehensive performance overview.

Furthermore, for the task like the Bird's Eye View (BEV) segmentation, the dataset follows speci ¢ settings

proposed in prior research, leveraging its rich radar point cloud data among other modalities. The nuScenes
dataset not only facilitates the development of advanced autonomous driving technologies but also sets a
benchmark for evaluating the performance of these systems through its detailed and nuanced evaluation metrics.

A.2 Model Architecture & Hyper-Parameters

The basic settings of the camera-radar fusion model follow those of SimpleB&Y The camera branch
processes input from six view images, each of which is passed through a backbone network, such as ResNet
[34], to extract image features. These image features, along with radar point cloud information, are subsequently
mapped onto the BEV coordinate system to facilitate perception tasks in the BEV space. The camera features
and radar features in the BEV representation are concatenated and processed using convolutional operations
to generate latent features. In this paper, this convolution process is de ned as the fusion operation performed
by the layer functionl(= 1). The latent features are then passed through a U3&tecoder, after which

the prediction head carries out a segmentation task focused on identifying vehicle regions. table 5 presents
radar-camera and LiDAR-camera con guration details used for the SimpleBEV framework.

Table 5: Detailed con guration of modality-speci c fusion setups

Parameter Radar / LIDAR - Camera
Backbone ResNet101
Fusion Operation Concat & Conv
Sweeps 5

Input Size (224, 400)

BEV Coordinate (200, 8, 200)

A.3 Experiments Compute Resources

We employed pre-trained encoders for camera, radar, and LiDAR modalities. Our method was evaluated for
6019 iterations with a batch size of 1 on 4 x NVIDIA RTX 3090 GPUs, which required approximately 3 hours
in total.
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B Proofs on LMD

B.1 Proposition 1: Handling Activation Layers

LetA; = Fj' (x¢; xr) denote the total input to the activation function for neujdn layerl. LetQ; =
Fj' (Xc¢; X ) denote the original output of this activation function for neuradn layerl. The linearized activation
function for a modality-speci c componehfrnj is de ned asf’}‘ (h'mj H=g h'mj !, The constang; is given
o.
byg =

AJ+V..

Ehe total input to the activation function is the sum of its decomposed modality-speci c compoAgnts:
h'rnj . The output of the linearized Iay@rj' (Xc; Xr) is obtained by summing the outputs of the

m2f ¢crb g
linearized activation function applied to each compoln_,ent (due to the |ine9rﬁty70fc,- h and as implied by
eq. (12) and eq. (13) which statt; = 1 (") andf{ (" | 5 crp g i) = mar con g ) (N D)

X X X
P (Xei Xr) = ) (hiy ™) = 6 hy' =g ho' = G A
m2f crb g m2f crb g m2f crb g
Substituting the de nition of; :

O
A+
eg. (8) requires that the linearized model's output equals the original model's output at the operating point:
Fl(xc;xr) = F/(xc; %), which isF} (xc; xr) = Oj . Therefore, we must have:

O
A+

|"Ajl(xc;Xr)z Aj:

Oj = AjZ

We analyze this equation in different cases:

» Case 1:0; 6 0. Inthis case, we can divide both sides®y:
- AL
1= A+
This impliesA; + = A;j, whichmeans =0. Thus, ifO; 6 0, eq. (8) is satis ed when=0.
» Case 2:0; = 0. The equation becomes:

0
0= A INE
This simplies to0 = 0, provided thatA; + " 6 0. This condition typically holds asis a small
constant used to prevent division by zero. This case covers scenarios such as:
— Aj =0 andO; = 0 (e.g., ReLU(0)=0, GELU(0)=0). Herg = 0=(0+ ") = 0. Then
F/(xc;xr) =0 0=0,which equal®; . eq. (8) holds.
— Aj 6 0 butO; =0 (e.g., ReLU applied to a negative input). Here= 0=(Aj + ") = 0
(assumingd; + " 6 0). ThenF] (xe;x/) =0 Aj =0, which equal®; . eq. (8) holds.

The connection to DTD, wherg is interpreted as the slope of the segment joir(iag; O;) (and possibly
the origin, if the activation passes through it), underpins this choice; # O;=A; (for A; 6 0), then
Ifj' =(0O;=A))A; = Oj, directly satisfying eq. (8). The formulation withmakes this robust.

Thus, the proposed construction for the linearized activation funlf]!i(ﬂfnsures that eq. (8) is satis ed under the
conditions discussed. O

B.2 Proposition 2: Handling BatchNorm Layers

The linearized output of the layer is the sum over modality components:

X
Ifj'(xc;x,)= f'}' h,:n-l :

m2f crb g

Camera (m = c) and radar (m = r) components.Because. = =0,

1
fi'hyt = %hgﬂj L (m2fcrg):
! + "
i
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Bias component (n = b). With , =1,

Summing the three parts yields
|

r'Ajl(xc?xr): Qﬁ hclj lJrhrlj 1+hl|)jl JI + il:
i
Because the LMD framework guaranteﬁgé YXeiXr) = o erb g h ; we can rewrite the above as
| l 1 | |
B (Xesxr) = qﬁ Fii "(Xeixr) j + i,

which is the BatchNorm forward pa&§' (xc; x;) in evaluation mode. Hend§' = F;', satisfying eg. (8).

B.3 Proposition 3: Handling InstanceNorm Layers

LetF' *(x¢;x;) denote the input of the feature map to the InstanceNorm layer in lafer a speci ¢ channel

j within this feature map, leii I 1 represent the activations for the channelThe standard InstanceNorm
operation for this channel is de ned as:

FjI = jl w + |
Var[H/ ]+ "

whereE[H! 1] andVar[H' 11 are the mean and variance ld]’ computed over its spatial dimensions,
respectlve‘y j and j are Iearnable scaling and shifting parameters for chgnnel

In the LMD framework, the input to thieth layer,F' *(x.; X, ), is decomposed into modality-speci ¢ compo-
nents:

X
F' Y(Xeixr) = hp, *
m2f crb g

whereh!;, ! represents the feature map attributed to the modalitgamera, radar, or bias) at layler 1. For
channej , this means:

m2f crb g

The LMD framework requires that the linearized layer functidrsatis es the property that the sum of the
decomposed outputs equals the output of the linearized function applied to the sum of inputs, which in turn must
match the original function output at the operating point from eq. (8).

For InstanceNorm, we state that the varlanf:ez Var[HI 1is treated as a constant, saved from a single
forward pass of the original fusion model.

By considering the proposed decomposition rulef'fqih' h:

fiihlyty= Mg S
mj - !2 o m
]

To sum these decomposed outputs over all modalitie? f c;r; bg to see if they reconstruct the original
InstanceNorm outpug;' :

0 1
X hl 1 hl 1
i (hy ") = %m’

m2f ¢crb g m2f crb g J
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By splitting the summation:

jl X I 1 1 X
= o= (' Elhiy "D+ n |

+ " m2fcrbg m2f crb g

For the rst term, we use the linearity of expectation:

X X
(hyy*  Elhpy'D) = By * S

m2f crb g m2f crb g m2f c;rb g
2 3
X
_ | 1 I 1
= H| E4 By 2
m2f ¢rb g
- HJ| 1 E[HJ| l]
For the second term, within the de nitionof,: m =0 form 2f c;rgand n =1 form 2 f bg. Therefore:
X
mi= cj* i+ 5j=0 [+0 j+1 [= |
m2f crb g

Substituting these back into the summed expression:

J(HE ' EH] ')
4 T

I 1y
fl (hm ) =
12 "
m2f crb g i +

Since J' is taken as the xed varianc‘ear[Hj' 11 from the rst forward pass, this expression is the original

InstanceNorm outplﬁj' . Since each modality is processed independently except for the shared, xed scale, the
resulting features adhere to the intendegaration propertyThe proposed decomposition rule for InstanceNorm
layers ensures that the sum of the modality-speci ¢ outputs from the linearized layer perfectly reconstructs the
output of the original InstanceNorm layer, satisfying eq. (8) of the LMD framework.

C \Variants on Activation Layers

Necessities of considering the bias-splitting rules in activation layers, aside from cases where a constant term is
inevitably introduced (e.g., normalization layers), is as follows. When a model is linearized, a bias' prediction
can be obtained by inputting zeros into all data points. As shown in Figure 2, it is evident that bias features also
exhibit perception capabilities. Therefore, the process of appropriately distributing the bias contribution between
the camera and radar can be considered. Particularly in the activation layers, if a speci ¢ neuron is activated by
the camera, adding a positive bias to the camera feature at that neuron could enhance the camera's contribution.
Conversely, if a neuron is activated by the radar, adding a positive bias to the radar feature could strengthen the
radar's contribution. This idea led to the development of the sum rule introduced in appendix C.1. The modality
predictions based on various bias-splitting rules need to be extensively explored in future experiments.

While the sum rule adds the entire bias to whichever modality actually triggers a ReLU, it disregards how strongly
the two modalities contribute in magnitude. Empirically this may still blur modality separation when both camera
and radar deliver noticeable—but differently scaled—signals. The ratio splitting rule therefore apportions the
bias ternrh'bj 1 proportionally to the absolute pre-activations of camera and radar. The impact of sum and ratio
splitting rules can be assessed via the four perturbation-based mBiER (Rp,=C, C,=R, C,=C). These

rules modulate how sensitively and independently each modality responds to perturbation, offering an empirical
basis for bias handling in activation layers.

C.1 Sum Splitting Rule

For the most common activation function, ReLU, if a camera feature value is less than zero but a radar feature
value is greater than zero, resulting in the activation of a speci ¢ neuron, it is reasonable to interpret that the
neuron was activated by the radar. In such cases, a splitting rule can be applied where the bias feature is added to
the radar feature when the bias feature value is greater than zero. Conversely, if both a camera feature value
and a bias feature value are greater than zero while the radar feature value is less than zero, distributing the bias
feature to the camera feature strengthen the camera’s contribution to that neuron. The sum condition tested in
our experiments are derived from this idea. The related equations are as follows:
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Cam Condition = hy *< 0;hy * > O;hy ' < 0
andhy * > 0;hy ' < 0;hy * > 0

Rad Condition = hy "< 0;hy *> 0;hy ' > 0
andhy * > 0;hy < O;hy T < 0

Aol y= © hy '+ hy ' ; forCam  Condition;
“ c h'q- 1 . otherwise
Ap = © hy *+hy ' ; forRad  Condition;
K chyt ; otherwise (15)
P ( 0; forCam &Rad Condition;
(hy )= ¢ hy ' ; otherwise
where ¢ = Fi (xeix1)

Flt(xesxr)+ "

C.2 Ratio Splitting Rule

In activation layers a bias teth ! can enhance the modality responsible for the neuron’s activation. The ratio
splitting rule redistributes that bias to the camera and radar features in proportion to their absolute magnitudes,
while leaving neurons that fail the ratio conditions unchanged. This preserves the conservation property in eq. (8)
and generalizes the identity and uniform rules introduced earlier.

Ratio Conditon = hy'>0;hy; *> 0 hy >0
or hy*< 0 hy'<0hy'<0;
Ratio Conditon2 = hy*> 0;hy * > 0 hy* < 0

or hy*< 0 hyt<0hy'>0:

ing i
e

; i 2[0;1];

with a small" > 0 for numerical stability.
F (Xe;Xr)

Letc= W be the slope from proposition 1. Then
i Xc, Xy
J
8 I 1 I 1 : P
2chy " +(1 j)hy *; Ratio Condition;
flhg = _chyt+ jhyt; Ratio  Condition 2;
“chy otherwise
8 1 I 1 H i
2chy “+ jhy = Ratio  Condition;
(hy 1) = Jchyt+@  j)hy'; Ratio Condition 2;
“chy otherwise
0; Ratio  ConditionorRatio Condition 2;
fl\l(hlb' h= 1 i
d chy 5 otherwise

Becauseh'bj ! is only re-partitioned, the eq. (8) is strictly preserved.

The ratio rule thus interpolates smoothly between existing bias-handling strategies while adapting to the
magnitude of each modality's evidence, leading to the stability improvements reported in section 5.
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Table 6: Comparison of Pearson Correlation and Mean Squared Error for selected LMD rules (Radar
+ Camera)

Pearson Correlation
RICC)  GIR()

Mean Squared Error

Method
Ry/C () C/R ()

Modality

R/R ) G/ICO  RJRRO) CJ/C M)

Activation
Radar + Camera Sum-Splitting  0.12 0.04 1.00 0.00 1.00 0.00 0.23 0.05 9.63 234 0.00 0.00 0.00 0.00 40.43 19.35
Ratio-Splitting 0.08 0.06 1.00 0.00 1.00 0.00 0.18 0.04 4.46 145 0.00 0.00 0.00 0.00 30.35 4.19

D Further Experiments

D.1 Three Modality Experiments

We extend LMD to a three-sensor setting (camera + radar + LIiDAR) and performed a comprehensive variant
study on bias-splitting strategies. This experiment is expected to further demonstrate the generality of LMD. For
brevity, we share the correlation results in tables 7 and 8 using the same metrics as in the main paper. Consistent
with the main text, we verify that perturbing one modality does not affect the other. You can refer to the relevant
theoretical formulation in Appendix F.

Table 7: Three-modality (R+L+C) ablation of LMD versus baselines

Method Act. Norm.  CyRp=L (") CpRp=C (# Rp=R (% CpLp=R (") Cplp=C (# Cplp=L RpLp=C (") RyLp=R (# RpLp=L ()

Baseline 1 0:3606 0:095 Q0679 0:069 Q1103 0:095 Q1957 0:092 Q0955 0:069 Q02265 0:094 06794 0:099 Q4755 0:092 04663 0:104
Baseline 2 X 0:9764 0:.018 05459 0:118 06565 0:134 Q9717 0:029 05488 0:117 Q5360 0:103 Q9865 0:009 Q06722 0:107 05384 0:092
Baseline 3 X 0:3685 0:089 Q0669 0:072 Q1245 0:086 02165 0:084 Q0570 0:073 02289 0:098 06880 0:098 Q4751 0:092 04678 0:104
LMD (Ratio Rule) X X 1:0000 0:000 0:1385 0:232 0:0279 0:042 1:0000 0:000 0:1488 0:132 0:2310 0:057 1:0000 0:000 0:0373 0:091 0:2023 0:097

Table 8: Three-modality (R+L+C) ablation of LMD variants.

Method CpRp=L (")  CpRp=C (#) CpRp=R(#) CpLp=R (") CpLp=C(#  Cplp=L (4 RpLp=C (")  RpLp=R (#) RpLp=L (4

Uniform - Identity 1:0000 0:000 0:3224 0:148 05572 0:114 1:0000 0:000 0:3164 0:168 03162 0:043 1:0000 0:000 0:5572 0:114 Q3322 0:089
Identity - Identity 1:0000 0:000 0:3315 0:170 Q0971 0:056 1:0000 0:000 0:3305 0:161 Q0039 0:139 1:0000 0:000 0:0926 0:080 Q0042 0:113
Identity - Uniform  0:9994 0:008 03332 0:160 Q0807 0:008 Q9903 0:079 (3182 0:145 Q0087 0:1125 09999 0:000 Q0870 0:078 Q0085 0:113
Identity - Ratio 1:0000 0:000 0:1385 0:232 0:0279 0:042 1:0000 0:000 0:1488 0:132 0:2310 0:057 1:0000 0:000 0:0373 0:091 0:2023 0:097

D.2 Application to Attention-based Model

Here, we present the experimental results and limitations of applying LMD to attention-based 2ihdel [
attention operation, two major sources of nonlinearity must be considered : the (bilinear) matrix multiplication
and the softmax. For matrix multiplications, we treat a term as a modality feature only when it multiplies
same-modality features or a modality feature with a constant; otherwise, it is assigned to the bias features. For
the softmax function, we use the same procedure as for linearizing activation layers.

We successfully decomposed modality-speci ¢ terms in CRN and observed that high-order term remains due to
matrix multiplication between input variables.

Table 9: Comparison (Pearson Correlation) of LMD Variants with CRN [21]

Modality Method Rp=R (#) Rp=C (") Cp=R (") Cpo=C (#)
Uniform — Identity 0:6123 0:043 10000 0:000 10000 0:000 05912 0:052
Identity — Identity 0:2184 0:125 10000 0:000 10000 0:000 Q03891 0:043
Camera + Radar . .
Identity — Uniform 0:2572 0:067 10000 0:000 09882 0:010 Q03827 0:046
Identity — Ratio 0:0552 0:0213 10000 0:000 10000 0:000 Q1571 0:045

Table 10: Comparison (Mean Squared Error) of LMD Variants with CRN [21]

Modality Method Rp=R (") Rp=C (#) Co=R(#) Cp=C (")
Uniform — Identity 8:9732 2:142 Q0000 0:000 Q0000 0:000 394135 19:802
Identity — Identity 9:4676 2:295 Q0000 0:000 Q0000 0:000 288149 18801
Camera + Radar . .
Identity — Uniform  10:5438 1714 Q0000 0:000 Q0087 0:041 275582 16:711
Identity — Ratio 11:5812 2:712 Q0000 0:000 Q0000 0:000 544890 22151

D.3 Further Post-hoc Interpretation
This section presents additional examples of applying LMD to the BEV perception task. Through further

visualizations, we expect that our proposed method is validated with suf cient consistency to reliably interpret
the model.
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