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Abstract

Mixture-of-Experts (MoE) has become a prevalent back-
bone for large vision-language models (VLMs), yet how
modality-specific signals should guide expert routing re-
mains under-explored. Existing routing strategies are either
hand-crafted or modality-agnostic, relying on idealized pri-
ors that ignore the layer-dependent modality fusion patterns
in MoE-VLMs and provide little guidance for expert spe-
cialization. We propose Soft Modality-guided Expert Spe-
cialization (SMoES), which consists of dynamic soft modal-
ity scores that capture layer-dependent fusion patterns, an
expert binning mechanism aligned with expert-parallel de-
ployment, and an inter-bin mutual information regulariza-
tion that encourages coherent modality specialization. Our
method leverages attention-based or Gaussian-statistics
modality scores to optimize mutual information regulariza-
tion. Experiments across four MoE-based VLMs and 16
benchmarks demonstrate improvement on both effectiveness
and efficiency: 0.9% and 4.2% average gain on multimodal
and language-only tasks, 56.1% reduction in EP communi-
cation overhead, and 12.3% throughput improvement under
realistic deployment. These results validate that aligning
routing with modality-aware expert specialization unlocks
MOoE-VLM capacity and efficiency.

1. Introduction

The Mixture-of-Experts (MoE) architecture [14, 19, 27, 45]
has emerged as a cornerstone for modern large vision-
language models (VLMs). Its principle of conditional com-
putation allows for a massive expansion of model capac-
ity with only a modest increase in the per-token computa-
tional budget by routing inputs to specialized expert sub-
networks [26, 45]. This paradigm is particularly well-suited
for fusing heterogeneous modalities. Consequently, lead-
ing systems like DeepSeek-VL2 [60], Kimi-VL [51], GLM-
4.5V [22], and InternVL-3.5 [56] have adopted MoE to
achieve better performance while maintaining tractable in-
ference costs. Despite this widespread adoption, a funda-
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Figure 1. Comparison of routing strategies in MoE-VLMs. Hard
routing enforces strict modality-expert separation, while soft rout-
ing allows arbitrary, uncontrolled mixing. SMOoES uses soft
modality scores to encourage dynamic expert specialization.

mental question remains under-explored: how do modality-
specific signals (vision vs. text) interact with the expert
routing mechanism, and can it be optimized to enhance both
effectiveness and efficiency?

Mainstream MoE-VLMs route tokens using either hard
or soft routing paradigms (Fig. 1). Hard routing [2, 55]
pre-assigns experts to a specific modality, creating sharp
specialization at the cost of rigid boundaries that hinder
adaptation to cross-modal features and ignore the natu-
ral blending of representations across layers. In contrast,
soft routing [22, 42, 51, 60], the prevailing paradigm, al-
lows experts to process any token. Yet, these methods
often rely on heuristic priors or auxiliary losses discon-
nected from the evolving modality distributions, resulting
in either over-mixing or under-specialization. Hybrid ap-
proaches [2, 53, 55] partition experts into modality-specific
(hard-routed) and shared (soft-routed) groups, but this par-
titioning is typically hand-crafted and layer-agnostic, fail-
ing to align with feature evolution. Fundamentally, these
paradigms are guided by idealized assumptions or uncon-
trolled mixing rather than the dynamic, data-driven geome-
try of modality distributions, offering little guidance on how
expert specialization should evolve with network depth.

We analyze modality fusion patterns of token features
across layers in LLaVA-1.5 [35] and a DeepSeekMoE-
based [11] VLM, as shown in Fig. 2. The analysis shows
that modality fusion in MoE-VLMs is highly heteroge-
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Figure 2. Modality fusion pattern. Token feature distributions
vary across models and layers. Text tokens are divided into sev-
eral semantic clusters, while vision tokens are roughly separated
into content and padding clusters. The last column shows the JS
divergence between vision and text tokens across all layers.

neous, with no clear boundary between modality-specific
and cross-modal states. At a macro level, fusion pat-
terns vary across models and layers, as reflected by distinct
Jensen—Shannon (JS) divergence trajectories. At a micro
level, even within the same layer and modality, some tokens
remain modality-specific while others become cross-modal.
This multi-scale heterogeneity indicates that rigid routing
assumptions—either enforcing hard separation or imposing
uniform mixing—are misaligned with how modalities actu-
ally interact across depth. Therefore, guided by signals that
respect the evolving modality structure, the expert pool in
MoE has the potential to naturally enable dynamic modal-
ity specialization.

Beyond effectiveness, modality specialization is also
closely tied to the inference efficiency of MoE-VLMs. Vi-
sion and text tokens differ sharply in both quantity and in-
formation density. Vision tokens often dominate the se-
quence length but typically carry lower information density
due to spatial redundancy, whereas text tokens are fewer
yet more semantically concentrated [5, 24, 40]. In real-
world scenarios, inputs may even be text-only. This asym-
metry poses two efficiency challenges. First, standard rout-
ing objectives coupled with vanilla load balancing tend to
allocate most experts to the dominant yet low-information-
density vision modality, hindering optimal specialization.
Second, under expert parallelism (EP) [34]—a common de-
ployment strategy—modality-agnostic routing scatters to-
kens across devices, inflating inter-communication over-
head. Carefully-designed modality specialization addresses
both issues: by establishing clear expert-modality affini-
ties and scheduling tokens accordingly, aligned experts can
be co-located on the same device, reducing communication
while preserving balanced computation and capacity.

Motivated by these observations, we propose Soft
Modality-guided Expert Specialization (SMOES), which
addresses these challenges through three key compo-

nents. First, we introduce dynamic soft modality
scores through two complementary estimators—attention-
accumulated and Gaussian-statistics—that enable adaptive
expert selection aligned with actual fusion states rather than
hard boundaries. Second, we introduce expert binning—
partitioning experts into coherent groups—which serves as
the structural foundation for modality specialization and
enables natural device placement units for modality-aware
expert parallelism deployment. Third, to drive effective
modality specialization, we introduce a mutual information
(MI) objective that encourages different expert bins to spe-
cialize on distinct modality patterns.

In summary, we make three key contributions: (1)
Dynamic soft modality scores—Gaussian-statistics and
attention-accumulated estimators—that align routing with
the evolving modality fusion patterns across layers. (2)
An expert binning mechanism coupled with an MI-driven
specialization objective that promotes coherent modality
grouping for both effectiveness and deployment efficiency.
(3) Extensive experiments across four MoE-VLM back-
bones and 16 benchmarks demonstrating SOTA perfor-
mance in accuracy and efficiency, including reduced EP
communication overhead in realistic deployment.

2. Related Works
2.1. Mixture-of-Experts

Sparsely-gated MoE architectures enable conditional com-
putation through sparse activation and efficient gating [14,
27, 45]. Recent works like DeepSeek-V3 further improve
routing efficiency, load balancing, and communication per-
formance [34, 43, 68]. Mutual-information (MI) constraints
have been explored to regulate expert selection. For expert-
task alignment, Mod-Squad and MTHL maximize MI be-
tween tasks and experts [7, 8]. For expert-token alignment,
ModuleFormer and CoMoE maximize MI between to-
kens and modules through entropy balancing or contrastive
learning [ 15, 48]. However, these methods overlook modal-
ity differentiation in multimodal models. Recent VLMs in-
creasingly adopt MoE backbones [18, 22, 51, 52, 56, 60].
Related approaches also include LoRA-based expert expan-
sion [6, 46, 59] and converting dense VLMs to sparse MoE
architectures [25, 31, 67].

2.2. Modality Specialization in MoE-based VLMs

For modality-aware routing, existing methods can be cate-
gorized by their degree of expert-modality coupling. Hard
routing assigns experts exclusively to single modalities [,
13, 29, 30, 33, 39, 47], achieving strong specialization but
sacrificing flexibility across modalities. Hybrid routing
allows certain experts to handle multiple modalities while
others remain modality-specific [2, 53, 55], yet relies on
manual partitioning misaligned with actual fusion dynam-
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Figure 3. Overview of SMOES. Soft Modality Scores: Tokens start with hard modality IDs (0/1 for vision/text) and are progressively
refined into layer-wise soft scores M € [0, 1]. We estimate them via (i) attention-accumulated (depicted here) or (ii) Gaussian-statistics
estimation (detailed in Fig. 4). Expert Binning: experts learn bin-level modality preference for deployment efficiency. Mutual Informa-
tion Regularization: maximizes mutual information between soft modality scores (/) and bins (B), inducing modality preference.

ics. Naive soft routing [4, 42] permits flexible expert mix-
ing without explicit modality guidance, leaving specializa-
tion to implicit optimization. Smarter soft routing in-
troduces auxiliary objectives to shape routing: LTDR bal-
ances expert load on long-tailed vision distributions [3],
and STGC mitigates gradient conflicts within experts [63].
SMAR achieves modality differentiation by using KL diver-
gence to regularize routing distributions toward modality-
specific patterns [61]. In contrast to KL-based regular-
ization, our approach employs mutual information con-
straints between modalities and experts to guide specializa-
tion. Moreover, we introduce layer-adaptive soft modality
scores that capture dynamic fusion patterns across layers,
and expert binning for efficient distributed deployment.

2.3. Efficient Deployment of MoE Models

As MoE models scale, deployment efficiency becomes
increasingly critical, with load imbalance and All-to-All
communication overhead as key challenges in distributed
expert-parallel (EP) settings [66]. To mitigate load imbal-
ance, MoGE enforces balanced expert activation through
predefined groups [50], while Grove-MoE explores hetero-
geneous expert sizes that dynamically adapt to token com-
plexity [58]. Complementary strategies address the strag-
gler effect: Expand Drop employs capacity-aware token
dropping to limit expert overload [20], and AEP decouples
layer execution with asynchronous queuing and adaptive
re-batching [54]. However, for MoE-VLMs, how to lever-
age modality fusion characteristics to guide expert partition-
ing and communication strategies under EP deployment re-
mains largely underexplored.

3. Method

Modality fusion in MoE-VLMs exhibits layer-varying pat-
terns with smooth token-level transitions, while vision/text
asymmetry creates load imbalance and inflates EP com-

munication overhead. To address these challenges, we in-
troduce SMOES, which integrates three components: soft
modality scores capturing continuous token-level modal-
ity patterns, expert binning creating modality-aligned parti-
tions, and inter-bin mutual information regularizing coher-
ent specialization, as illustrated in Fig. 3.

3.1. Preliminaries: MoE in VLM

A typical MoE-based VLM consists of a vision encoder,
projection layer, and an MoE-augmented LLM backbone.
Within each MoE layer [, token features x;; € RP (where
1 indexes the sample and j indexes the token) are routed
by a gating network to a pool of N, experts. The router
computes gating scores g;j . = softmaX(Wgatexij)e, and
standard top-k routing selects the k highest-scoring ex-
perts. To prevent routing collapse, a load-balancing aux-
iliary loss [14, 45] is typically applied:

N
Loal = ZNerePe
l e=1

where f. is the fraction of tokens routed to expert e, and P,
is the average gating score.

3.2. Soft Modality Scores

The multi-scale heterogeneity of modality fusion (Fig. 2) re-
veals smooth, layer-dependent transitions in token represen-
tations rather than fixed modality identities. Hard modality
indicators—binary labels assigned at the input—fail to cap-
ture these continuous fusion dynamics. To guide routing
aligned with evolving modality patterns, we introduce soft

MY [0, 1] for each token and modal-

17, m

ity m € {text, vision} at layer I, where >_ MZ(]l)m =1
We develop two complementary estimators: an attention-
accumulated score that captures local cross-token interac-
tions; and a Gaussian-statistics score that captures global

statistical regularities across the dataset.

6]

modality scores
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Figure 4. Gaussian-statistics score estimation. Per-modality
Gaussian distributions are continuously updated from token
batches. For each token, we compute modality affinity as soft
scores based on log-likelihood under each distribution.

3.2.1. Attention-Accumulated Score

The attention mechanism provides a natural pathway for
modality signal propagation: when a token attends to oth-
ers, it absorbs their modality characteristics proportionally
to attention weights. We initialize scores at layer 0 with
hard modality indicators:
attn, (0) o

Mo = 1{m = m(x;;)}. ()
For subsequent layers, we update in two steps. First, aggre-
gate attended tokens’ scores using attention weights:

dttn ,(1) Z Attn dltn ( ) 3)

’ij

where Attn”) is the layer [ attention matrix averaged across
heads, and J is the sequence length. Second, combine ag-
gregated and input scores via residual-weighted update:

@ ~rattn, (1) ttn, (1)
Mattn,(l+1) _ Hxaltn,ij” : M:j I:n + HXU ” :jI;n 4
g = @ 0 @
[ Xatin, o511 =+ 1135

This mirrors the residual structure of Transformers
WD = x4 xgﬁt)n), where feature norms weight the
contributions of attention and residual paths.

3.2.2. Gaussian-Statistics Score

Complementary to the attention-accumulated score’s local,
sequence-specific perspective, we propose the Gaussian-
statistics score—a global, distribution-based estimator. The
key insight is that tokens from different modalities exhibit
distinct feature distributions in the embedding space. We
exploit these distributional differences to instantaneously
infer modality affiliation at each layer, independent of Layer
0 initialization.

For each layer [ and modality m, we maintain a Gaus-
sian distribution with diagonal covariance: mean ,,, € RP

and variance o2, € RP. Statistics are updated online via

exponential moving average (EMA) variant of Welford’s al-
gorithm [57]:

rnt ﬁNm t—1 + |7;VL| (5)
Sﬂvm;t = /Bsﬂumvtfl + ‘Tm| ’ Nﬁn (6)
Scr2,m,t = /BSG'Z,m,tfl + Z (X — ll’7’7”)2
XETm
Spm.t=112 . _BNmt—1]Tm|
+ (17, — 1\77,%,111) 'ﬁNm,,,t,llJr\Tm\ 7

where 7, is the set of modality-m tokens in the current
batch, B is the batch mean, and 3 is the EMA decay
factor. The distribution parameters at time ¢ are: p,, =
Sp,,vmt/Nm,t and 0'12% = Saz,m,t/Nm,t~

To infer each token’s modality affiliation, we compute its
log-likelihood under each distribution:

D

1 Lij.d — Um 2
LL;jm = —3 Z <1og crfmd + W) (8)

d=1 Tm.d
The soft modality score is obtained via temperature-scaled
softmax:
s _ eXp(LLij,m/T) 9)
o Zm’é{text,vision} eXp(LLijvm//T)

where temperature 7 controls score sharpness.

3.3. Expert Binning

In expert-parallel (EP) deployments, modality-agnostic
routing scatters tokens across devices, amplifying commu-
nication overhead. To reduce this, we co-locate experts with
similar modality preferences on the same device. Moreover,
real deployments vary in device count, requiring a flexible
binning mechanism.

We introduce expert binning: at each layer, partition ex-
perts into Npiys groups B = {By,..., By, .} with Np =
N,/ Nyins experts each, where Nyins can match device count.
By encouraging bins to develop distinct modality prefer-
ences through inter-bin MI (detailed below), we enable
modality-aligned placement: bins with similar preferences
co-locate, reducing communication while balancing load.

To form bins reflecting modality preferences, we adopt
momentum-adaptive binning. We track each expert’s load
from each modality using EMA:

Cjm,e,t = 6C’m,e,t—l + (1 - ﬂ)cm,e (10)

where C, o = [{(4,7) € Tm | € € TopK(g;;)}| is the count
of modality-m tokens routed to expert e. We compute each
expert’s text-bias score:
Clexl e
fopecl€) = 5—F 45— (11
N Ctext e + C1V1510n e

Experts are sorted by fipec and partitioned into Nyins con-
secutive bins, grouping experts with similar modality pref-
erences together.
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3.4. Inter-Bin Mutual Information Regularization

We introduce an inter-bin MI objective to drive modality
differentiation among expert bins. The intuition is that high
MI between modality M and bin B means knowing the se-
lected bin provides strong information about token modal-
ity, thereby encouraging specialized bins. Mathematically,
we maximize I(M;B).

To compute MI, we first compute the average gating
score for each sample ¢, modality m, and bin By:

S, o ZEGBk Z] Mlj’m : gijie
i,m,Bk - N M
B ZJ ij,m
where M;; , is the soft modality score and g;; . is the gat-

ing score. We treat this as an unnormalized distribution and
compute the normalized joint probability:

12)

S'z m, Bg
Z Zk’ i,m’ B/

Marginal probabilities are derived from joint probability,
and the MI is:

Py(m, By) = (13)

Bi(m, B)
ZZP B 108 e By

(14)
The loss over all layers encourages specialization:
Noatch
L I,(M;B) (15)
M Z N batch ;

Operating at the bin level (rather than expert level) naturally
aligns with device placement granularity in EP: bins with
distinct modality affinities can be co-located on devices, re-
ducing cross-device communication.

3.5. Training Objective and Implementation Details

In EP deployments, balanced load within each device is es-
sential. We adopt bin-level load-balancing loss:

mes

%FZZ%ZﬁP (16)

ecBy

where f, and P, are computed for tokens in bin By (as
defined in Sec. 3.1).

The full objective combines task loss, per-bin load-
balancing, and inter-bin MI:

L = Liask + apa Loat + aomilmi (17)

where L, is language modeling loss.

We train on 8 NVIDIA A800 GPUs with Ny, = 8. For
Gaussian-soft modality scores, the temperature is 7 = 0.5 -
D. EMA decay is 8 = 0.99 for both Gaussian updates
and momentum-adaptive binning. Loss weights are apy =
0.001 and apyy = 0.0001. Further implementation details
and ablation studies are in supplementary material.

4. Results

We conduct extensive experiments to evaluate SMOES
across multiple dimensions: effectiveness on diverse VLM
and language-only tasks, ablation studies to validate each
design choice, visualization of modality specialization, and
computational efficiency under expert-parallel deployment.

4.1. Experimental Setup

Model Setup. We build VLMs with CLIP ViT-L/14 vi-
sion encoder [44], a 2-layer MLP projector, and MoE lan-
guage backbones. We evaluate on four architectures span-
ning different scales and designs: DeepSeekMoE [11], OL-
MoE [41], Moonlight-MoE [36], and Qwen3-MoE [62].
Models are initialized from public checkpoints and fine-
tuned with the same protocol. @~ We compare against
four routing strategies: Soft Routing [42], Hard Rout-
ing [39], MolIE [53] (hybrid-routing), and SMAR [61]
(KL-divergence).

Training Data and Benchmarks. We follow LLaVA’s
two-stage training protocol using LLaVA-Pretrain-558K
and LLaVA-Instruct-665K datasets respectively [35]. Eval-
uation covers 10 multimodal benchmarks: MMMU-
val/test [64], GQA [23], POPE [28], SQA-img [38],
TextVQA [49], MME [16], MMBench/MMBench-CN [37],
VQA-v2 [17]; and 6 language benchmarks: MMLU [21],
HellaSwag [65], ARC-C/E [9], GSMS8k [10], Truth-
fulQA [32].

Modality Specialization Index (MSI). We introduce MSI
to quantify modality-based expert specialization. Modality
affiliation probability for expert e at layer I:

l l
Chle/ L0 Chlu
l l
Zm' (CSn)/,e/Z an)’ e’)

MSI measures average deviation from uniform distribution
across experts and layers:

cn —

m,e

(18)

MSI = LZ 22 ‘ctem— .5‘ (19)

where MSI € [0, 1]: 0 = no specialization, 1 = perfect spe-
cialization.

4.2. Main Results

We present comprehensive results across all four backbones
and 16 benchmarks. Results on DeepSeekMoE and OL-
MoE are shown in Tab. 1. Results on Moonlight-MoE and
Qwen3-MoE are shown in supplementary material.

Across four backbones, SMOES improves over soft
routing baseline by 2.2% average (0.9% multimodal, 4.2%
language-only). Soft routing lacks modality-specialization
guidance and suffers from data imbalance and load-
balancing constraints that constrain expert capability.
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Table 1. Multimodal and language-only results on VLMs based on DeepSeekMoE and OLMoE. Bold and underline: first and second best
performance. MSI: Modality Specialization Index. t/v/s: number of text/vision/shared experts. *[a, b]: KL divergence threshold range.

Method MSI Multimodal Tasks (10) Language-Only Tasks (6) Overall
Foog © = & S
S S 3 O S 5
§§v5§§§§§$%§§55§§ww
§ 5§ §8 & §55F L|FIFF T TEE |5+
VLM based on DeepSeek-MoE (A3B/16B, top-6/64 experts)
No Specialization |.177 | 31.9 30.5 59.5 849 68.0 56.5 1718 62.1 61.7 77.4| 100% [46.2 49.1 52.3 754 10.5 43.8 | 100% | 100%
Hard Routing [39]
132-y321 1. [ 302 29.2 582 85.6 63.3 56.3 1555 59.9 57.6 76.2|-3.9% |37.4 424 404 60.7 2.5 41.2 [-262%|-12.3%
48-v16T 1. [ 303 29.7 58.6 84.6 66.0 554 1657 62.5 61.5 76.9|-1.8% |41.9 46.6 50.2 72.4 53 37.5 |-14.5%| -6.6%
MolIE [53]
116-v16-s321 5041|321 299 584 852 65.1 559 1656 622 60.1 769|-1.5% [41.4 45.6 49.6 72.2 5.8 409 |-13.1%| -5.8%
124-v24-5161 7521319 29.8 58.5 84.6 63.0 559 1594 61.1 59.9 76.6|-2.6% |41.2 42.8 479 68.2 2.1 428 [-20.7%| -9.3%
32-v16-s161 800 | 304 29.7 585 84.8 64.7 55.8 1667 62.3 61.1 76.9|-1.9% |42.3 50.0 509 72.2 6.7 40.2 | -9.6% | -4.8%
SMAR [61]
dir-[0.5, 1.0]* |.543| 31.2 31.5 58.7 85.5 69.3 57.3 1714 63.6 61.7 77.3|+0.6% |42.1 43.1 473 673 74 452 |-11.3%| -3.9%
dir-[1.5,2.0]* |.648| 329 30.2 59.1 85.2 68.3 57.6 1730 60.9 589 77.3|-02% |41.7 443 40.6 61.7 63 47.7 |-153%| -5.8%
dir-[2.5, 3.0]* |.743] 32.2 299 58.3 849 66.8 57.1 1678 60.6 59.1 77.1|-1.3% [40.7 39.2 323 475 55 46.5 [-25.0%|-10.2%
SMOES (ours)
attention-soft 487 347 31.0 59.6 85.1 69.0 583 1706 63.5 62.3 77.4|+1.8% |46.5 56.4 56.0 79.0 10.9 46.6 |+6.2% | +3.5%
gaussian-soft 4401 324 30.8 59.9 85.6 69.6 57.5 1689 65.1 62.5 77.5|+1.3% |46.4 53.6 53.9 78.0 10.2 49.0 | +4.2% | +2.4%
VLM based on OLMoE (A1B/7B, top-8/64 experts)
No Specialization |.205| 30.0 29.4 58.0 84.9 66.8 56.6 1667 62.4 49.4 75.7| 100% |49.9 48.3 59.0 79.1 32.6 44.2 | 100% | 100%
Hard Routing [39]
32-v321 1. | 284 274 572 848 61.2 50.2 1595 57.3 42.5 74.6|-6.1% |36.3 354 40.1 59.6 3.5 42.1 [-34.1%|-16.6%
t48-v16t 1. | 31.3 29.0 58.2 85.6 65.3 53.3 1603 59.7 45.5 75.6|-2.0% |43.7 424 51.4 73.8 134 47.0 |-16.2%| -7.3%
MolIE [53]
t16-v16-s321 509 289 289 57.6 85.7 655 53.6 1542 594 47.2 75.1|-3.0% |43.6 44.7 51.7 74.1 14.1 47.5 |-147%| -7.4%
124-v24-s161 154 31.0 28.8 57.6 85.2 62.7 523 1507 57.5 442 75.0|-42% |41.4 449 458 71.1 3.8 46.2 (-23.4%|-11.4%
t32-v16-s161 800 32.1 29.3 574 85.0 63.8 53.0 1586 60.2 47.5 75.2|-1.8% |41.8 37.2 49.6 74.7 139 46.8 |-18.7%| -8.2%
SMAR [61]
dir-[0.5, 1.0]* |.381| 32.9 29.6 58.0 84.8 67.6 54.5 1640 60.7 46.3 75.8|-0.3% |48.1 50.8 58.5 77.8 25.0 43.1 | -4.5% | -1.9%
dgr-[1.5,2.0]* |.485] 33.1 29.6 57.8 84.8 65.5 54.0 1620 61.5 47.7 75.7|-0.4% |49.4 55.1 58.7 80.2 26.5 46.0 | -0.1% | -0.3%
dir-[2.5, 3.0]* |.645| 32.4 29.8 58.0 84.3 66.2 55.6 1650 60.6 47.8 75.8|-0.1% [48.0 50.5 56.5 79.6 26.6 50.9 | -1.1% | -0.5%
SMOES (ours)
attention-soft 620 31.5 29.7 58.3 84.7 66.5 55.8 1644 62.3 50.5 75.9|+0.5% |50.8 62.2 60.3 80.8 31.8 47.7 |+6.7% | +2.9%
gaussian-soft 154 314 29.6 58.1 85.1 67.9 554 1643 62.2 50.6 75.7|+0.6% |50.1 55.6 58.7 81.1 31.4 49.5 |+4.3% | +2.0%

Hand-crafted modality specialization (hard/hybrid rout-
ing) appears intuitive but inevitably mismatches the com-
plex expert capacity and dynamic data distributions across
layers. Hard routing achieves near-perfect modality spe-
cialization but incurs substantial performance degradation
(-4.4% multimodal, -22.2% language-only). Hybrid rout-
ing (MolIE) provides some recovery (-3.1% multimodal, -
17.4% language-only) but remains well below the soft rout-
ing baseline. This reveals that rigid specialization cannot be
blindly enforced; it must be learned and adaptively tailored
to actual expert capacity and data dynamics.

Why do mainstream MoE-VLMs avoid explicit modal-
ity control? Our hard/hybrid routing results explain this:
incorrectly-designed modality specialization schemes in-
cur severe performance penalties. SMAR introduces an
automatic approach through KL divergence regularization
rather than explicit hand-crafted assignment. Since the
original SMAR was designed for models with small ex-

pert counts (no more than eight), while ours has numerous
small experts, we test various KL divergence regularization
strengths in our setting. SMAR achieves significant MSI
gain while maintaining more competitive performance: in-
curring only 1.0% and 15.1% performance loss on multi-
modal and language-only tasks. However, SMAR suffers
from incompatibility between KL divergence regularization
and load-balancing constraints (it disabled load-balancing
in the final model), making it difficult to leverage special-
ization in MoE models with numerous small experts.

Our SMOES addresses this by unifying soft modality
scores and inter-bin MI objectives, achieving strong modal-
ity specialization while simultaneously maximizing expert
capacity utilization and maintaining load balance. Our
attention-based soft modality estimation achieves average
gains of 1.0% on multimodal tasks and 4.4% on language-
only tasks, while our Gaussian-statistics variant achieves
0.9% and 4.1% respectively. Both significantly outperform
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Table 2. Ablation on the modality score type (DeepSeekMoE).

Table 4. Ablation on expert binning strategies (DeepSeekMoE).

Method | MSI | Multi-Modal Language | Overall Method | MSI | Multi-Modal Language | Overall
No Specialization | .177 100% 100% 100% No Specialization | .177 100% 100% 100%
SMAR (best) .543 +0.6% -11.3% -3.9% w/ binning
fixed 357 +0.9% +2.9% +1.6%
SMoES .
hard-score 904 0.8% +0.5% 03% adaptive 415 +0.9% +3.0% +1.7%
attention-soft 487 +1.8% +6.2% +3.5% attention-soft
gaussian-soft 440 +1.3% +4.2% +2.4% fixed 450 +2.0% +0.2% +1.3%
adaptive 487 +1.8% +6.2% +3.5%
Table 3. Ablation on inter-bin specialization (DeepSeekMoE). gaussian-soft
fixed .398 +1.9% -1.0% +0.8%
Method | MSI | Multi-Modal ~ Language | Overall adaptive 440 +1.3% +4.2% +2.4%
No Specialization | .177 100% 100% 100%
w/ binning 415 +0.9% +3.0% +1.7% 8
© DeepSeekMoE
w/ inter-bin 2 +3.0% A O OLMoE °
KL 124 -1.5% -8.5% -4.1% g 8 8 n_bins 16
MI-attention 487 +1.8% +6.2% +3.5% S o o) ® o
MI-gaussian 440 +1.3% +4.2% +2.4% K +2.0% 5
5 Q
. . . 2 +1.0%1 4
all baseline methods, validating that well-designed learn- < ®
able specialization schemes can unlock performance gains Baseline 4 ©°6

in large-scale MoE-VLMs while preserving load balance.

4.3. Ablation Studies
4.3.1. Modality Score and Specialization Objective

We first demonstrate the effectiveness of soft modality
scores. Hard-score uses binary labels based on input source
modality; although it achieves high MSI, it cannot improve
model performance. Both attention-soft and gaussian-soft
scores significantly outperform hard-score (Tab. 2). No-
tably, hard-score with MI-based specialization still exceeds
the best SMAR configuration, validating the importance of
our specialization objective.

We next evaluate our MI-based specialization with ex-
pert binning (Tab. 3). Expert-binning itself improves per-
formance (+1.7%) by providing structure for modality-
aware specialization. Our inter-bin MI objective further
boosts gains (+3.5% for attention-soft, +2.4% for gaussian-
soft), demonstrating that MI effectively guides experts to-
ward coherent modality-specific patterns. In contrast, KL-
divergence in SMAR fails to improve performance.

4.3.2. Expert Binning Strategy and Granularity

We evaluate our adaptive binning strategy (based on
modality-aware EMA statistics) versus fixed binning (orig-
inal expert order). Table Tab. 4 shows adaptive binning
consistently outperforms fixed binning across both binning-
only and MI specialization settings, confirming the effec-
tiveness of modality-aware bin formation.

We next examine bin granularity by varying the number
of bins (Fig. 5). Too many bins can increase deployment
imbalance despite enabling finer specialization, while too
few bins reduce specialization effectiveness.
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Figure 5. Ablation on number of expert bins (SMOES.tention-soft)-

4.4. Visualization and Analysis

SMOES achieves clear bin-modality correspondences, as
visualized in Fig. 6. Early layers exhibit higher MSI
and sharper expert-modality separation, while deeper lay-
ers show balanced distributions with more modality fusion.
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Figure 6. Routing distribution of tokens to experts in DeepSeek-
MOoE. First row: soft baseline; second row: SMOES.ention-soft-

Expert modality specialization evolves dynamically dur-
ing training, as shown in Fig. 7. Soft routing without spe-
cialization results in experts handling both modalities si-
multaneously, constraining capacity. Our method shows
sharper differentiation in shallow layers where tokens main-
tain clearer modality identity, and more fusion-aware adap-
tation in deeper layers.

Our soft modality scores exhibit smooth fusion transi-
tions across layers, as illustrated in Fig. 8. Both attention-
soft and Gaussian-soft estimators show increasing fusion
intensity toward deeper layers. A slight difference is that
attention-soft is biased toward text, while Gaussian-soft is
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Figure 8. Soft modality score across layers in DeepSeekMoE.

biased toward vision in high-fusion regimes.

4.5. Efficiency Analysis

Beyond task accuracy, SMOES reduces expert-parallel
(EP) communication overhead by aligning expert placement
with modality preferences. We deploy on two NVIDIA
Orin GPUs via 10Gb Ethernet using EP, representing a typ-
ical edge-side scenario in autonomous vehicles (Fig. 9).
EP avoids weight and KV Cache redundancy compared
to TP/DP, making it memory-efficient for edge resources.
Baseline uses synchronous transmission since balanced ex-
perts provide no benefit from asynchrony, while SMOES’s
increased local expert concentration enables asynchronous
transmission, overlapping communication and computation
similar to PD separation.

Prefill Decode
GPUO E m GPUO rﬁ
Attention xper N Expert
Group 0 Group 0

Comm.

GPU 1 GPU 1

No Specialization

Expert Expert
Group 1 Group 1

Expert
Group 0
E GPU 1 \
xpert —
Expert Group 1

Figure 9. Expert-parallel (EP) deployment on two GPUs.

SMoES

Tab. 5 shows cross-GPU EP transfer ratios for vision and
text tokens at prefill and decode stages on OLMoE. Ex-
pert specialization routes tokens to local experts more fre-
quently, reducing inter-device communication. We report
separate ratios for vision and text tokens (quantities differ
between phases) and the overall V+T ratio. DeDup (de-

Table 5. Cross-GPU EP transfer ratio at prefill/decode stages. V:
Vision tokens; T: Text tokens.

Prefill (P) Decode (D)
Benchmark Method v T V4T T
MMMU baseline | 97.7% 99.5% 98.0% 86.5%

(PV:PT:DT=32:8:1) SMOoES | 15.0% 99.3% 31.1% 43.3%
A 184.6% 103% 168.3% | [49.9%

SQA-IMG baseline | 97.5% 99.7% 98.2% 94.9%
(PV:PT:DT=14:7:1) SMOoES | 13.0% 99.2% 40.6% 49.9%
A 186.6% 10.5% 158.7% | 147.4%

Table 6. TTFT and TPOT speed improvement of SMOES com-
pared to soft-routing baseline. A: speedup percentage.

Batch Size=1 Batch Size=8
TTFT(s) TPOT(s) | TTFT(s) TPOT(s)

baseline | 2.810 0.786 7.949 1.414

Benchmark Method

MMMU SMOoES 2.519 0.703 6.203 1.287
A 1103%  110.5% | 122.0% 19.0%

baseline 1.493 0.766 5.824 1.278

SQA-IMG SMOoES 1.356 0.692 4.859 1.134

A 19.2% 19.7% 116.6%  |11.3%

duplication) is employed to avoid duplicate transmission of
tokens routed to experts on the same device in top-k routing.

Tab. 6 shows TTFT for Prefill and TPOT for Decode.
Performance improvement stems from reduced communi-
cation overhead and parallel execution of computation and
communication. Larger batch sizes in Prefill increase com-
munication proportion, yielding greater gains, while De-
code maintains stable improvement ratios across batch sizes
due to fewer activated experts.

5. Conclusion

In this paper, we addressed the challenge of modality-
guided expert specialization in MoE-VLMs. We introduced
SMOES, which consists of dynamic soft modality scores
that capture layer-dependent fusion patterns, an expert bin-
ning mechanism aligned with expert-parallel deployment,
and an inter-bin mutual information regularization that en-
courages coherent modality specialization. Extensive ex-
periments across four MoE backbones and 16 benchmarks
validate our approach, demonstrating consistent improve-
ments in task accuracy while simultaneously reducing com-
munication overhead and increasing throughput in expert-
parallel deployments. Our work has some limitations, for
example, the Gaussian-soft estimator currently uses a sim-
ple unimodal Gaussian with diagonal covariance for effi-
ciency. Although we have explored GMM as a preliminary
extension in the supplementary material, further refining
richer density models remains an open problem. This work
demonstrates the value of data-driven modality specializa-
tion and opens promising avenues for future exploration in
expert specialization for MoE-based multimodal learning.
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