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ABSTRACT

The introduction of long chain-of-thought (CoT) reasoning and external tools
has substantially improved the performance of multimodal large language models
(MLLMs) on general and reasoning tasks. However, existing fast-slow reasoning
paradigms mainly regulate textual reasoning length, while visual computation in-
troduced by external tools or visual tokens is often treated as an auxiliary compo-
nent. This separation prevents MLLMs from jointly optimizing visual perception
and textual reasoning. To address this issue, we propose L2T (adaptive Look, flex-
ible Thought), a unified reasoning framework that jointly optimizes the form and
depth of computation. L2T first discretizes tool-produced visual states into visual
tokens, bringing visual perception and textual reasoning into a shared autoregres-
sive space. Based on this unified representation, L2T introduces a modality-aware
routing reward to select appropriate reasoning modes and a difficulty-aware fast-
slow strategy to adapt reasoning depth according to task complexity. Experiments
on general perception and reasoning-intensive tasks demonstrate the effectiveness
of L2T. Compared with explicit tool-calling approaches, L2T maintains compet-
itive performance while achieving 1.7–3.6× higher throughput.

1 INTRODUCTION

Multimodal large language models (MLLMs) have demonstrated strong capabilities in visual per-
ception and reasoning. However, their performance gains often rely on increasing test-time com-
putation, typically through long Chain-of-Thought (CoT) reasoning or external tool use (Xu et al.,
2025; Huang et al., 2026; Wang et al., 2026d). While effective, these approaches introduce two key
limitations: (i) they lack explicit mechanisms to adapt computation budgets according to sample
difficulty, and (ii) it is expressed almost entirely in text, which becomes unreliable when answers
hinge on fine-grained visual evidence (Cao et al., 2025; Tian et al., 2025).

To address these issues, the ‘Thinking with Images’ paradigm first introduces external visual tools
such as cropping, zooming, and transformation to improve visual grounding (Wu & Xie, 2024; Ope-
nAI, 2025; Hong et al., 2025; Zhang et al., 2025a). Although this improves reliability, it incurs
significant overhead due to code generation, tool execution, and image feedback. Recent latent rea-
soning methods alleviate part of this latency by replacing explicit tool use with continuous latent
representations (Yang et al., 2025c; Ray et al., 2025; Wang et al., 2026b; Chen et al., 2026). How-
ever, they typically rely on fixed-length latent sequences and cannot dynamically adapt computation
budgets to task difficulty or visual complexity.

These limitations raise a fundamental question: how should an MLLM allocate computation during
multimodal reasoning? We argue that efficient multimodal reasoning is not only about how much
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to think, but also about what form the computation should take. Perception-heavy tasks require
fine-grained processing of local regions, spatial relations, and visual attributes, where purely textual
rationales may drift from image evidence and rely on language priors (Tian et al., 2025). In contrast,
reasoning-heavy tasks benefit from explicit symbolic abstraction and multi-step textual composition.
Therefore, an efficient model should dynamically route computation between visual and textual
modalities while also adjusting its reasoning depth according to task difficulty.
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Answer:
The antenna is located on 
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<think>                                </think>

Question:
For the pair of similar 
figures, use the given areas 
to find x.

Answer:
10

<think>             </think>

Question:
a = 14, b = 48, and c = 50, 
find \\tan A.

Answe
r:0.29

<think>                     </think>

Question:
Is the sink on the 
right side of the 
microwave? 

Answer:
Yes, the oven is on the right side of the 
orange.

Reasoning Perception

SLOW

FAST

Figure 1: Overview of modality-aware routing and difficulty-aware fast-slow optimization.

Our motivation is shown in Figure 1, we propose an adaptive computation allocation framework
for MLLMs. We first discretize tool-produced intermediate visual states into visual tokens, allowing
visual evidence that would otherwise require external tool feedback to be represented within a single
autoregressive sequence. Built on this representation, we introduce two adaptive training signals: a
modality-aware routing reward that allocates computation between visual and textual tokens, and a
difficulty-aware fast-slow advantage mechanism that adjusts reasoning length according to sample
difficulty. Together, these components allow the model to decide both how to think and how long to
think. Our contributions are summarized as follows:

1) We introduce an adaptive Look, flexible Thought (L2T) framework that represents visual
perception and textual reasoning within the same autoregressive token space, enabling uni-
fied optimization of both computation modality and computation budget for both perception
and reasoning tasks.

2) Building upon this unified representation, we propose an adaptive fast-slow reasoning ob-
jective that jointly optimizes computation modality and reasoning depth through modality-
aware routing and difficulty-aware budget allocation, enabling the model to determine how
and how long to think.

3) Experiments demonstrate that L2T improves inference efficiency and token utilization
while preserving strong multimodal reasoning performance across perception, reasoning,
and OOD benchmarks.

2 RELATED WORK

2.1 THINKING ABOUT IMAGES

MLLMs have rapidly advanced visual understanding and multimodal reasoning by aligning visual
representations with large language models (Qwen Team, 2025). Following the success of CoT
prompting in LLMs, many MLLM methods improve performance by encouraging longer textual
rationales, self-reflection, or additional test-time computation (Lightman et al., 2024; Xu et al.,
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2025; Xiang et al., 2026a). However, thinking about images purely through text can be unreliable.
Recent studies show that textual CoT may be insufficient or even harmful for visual reasoning,
especially when tasks require fine-grained perception, spatial grounding, or faithful use of image
evidence (Xiao & Gan, 2025; Tian et al., 2025). As textual reasoning becomes longer, models
may increasingly rely on language priors rather than visual clues, leading to degraded performance
and visual hallucination. These findings suggest that stronger multimodal reasoning should not be
reduced to simply generating more textual tokens.

2.2 THINKING WITH IMAGES

To overcome the limitations of text-centric reasoning, recent ‘Thinking with Images’ methods in-
corporate visual operations or intermediate visual states into the reasoning process (OpenAI, 2025).
Tool-based approaches augment MLLMs with visual operations such as cropping, zooming, ground-
ing, and other image manipulations (Wu & Xie, 2024; Cao et al., 2025). Recent systems, includ-
ing PyVision, Thyme, and DeepEye v2, further extend visual reasoning through executable tool use
(Zhao et al., 2025; Zhang et al., 2025a; Hong et al., 2025). Despite their effectiveness, these methods
rely on code generation, tool execution, and image feedback, resulting in substantial token overhead
and latency.

An alternative direction internalizes visual computation through latent reasoning, replacing explicit
reasoning chains with continuous latent embeddings. Recent MLLMs extend this paradigm to vi-
sual reasoning by aligning latent states with intermediate visual representations (Yang et al., 2025c;
Ray et al., 2025; Chen et al., 2026). However, these methods typically employ continuous represen-
tations with a fixed number of latent tokens, limiting their adaptability and preventing token-level
optimization with reinforcement learning (Ray et al., 2025; Wang et al., 2026b). In contrast, our
method discretizes intermediate visual computation into tokenizer-level visual tokens, enabling uni-
fied autoregressive generation and token-level reinforcement learning.

2.3 FAST-SLOW THINKING

Although increasing reasoning depth generally improves performance, it also incurs substantially
higher inference costs due to the quadratic complexity of LLMs and MLLMs with respect to se-
quence length. Recent approaches have alleviated insufficient reasoning by extending CoT or in-
corporating external tools (Huang et al., 2026; Xiang et al., 2026a; Hong et al., 2025). However,
uniformly increasing the reasoning budget often leads to overthinking on simple problems. Be-
sides wasting computational resources, excessive reasoning may even degrade accuracy (Liu et al.,
2026; Li et al., 2026). This issue is particularly pronounced in MLLMs, where overly long reason-
ing traces can gradually weaken attention to the input image, leading to visual hallucinations (Tian
et al., 2025). These observations have motivated recent research on fast-slow reasoning, which aims
to allocate computation more adaptively. Kimi (Team et al., 2025) introduce length-aware objec-
tives to encourage concise reasoning, while TWYN (Yang et al., 2025a), DAST (Shen et al., 2025),
CosineReward (Yang et al., 2025b), and CARE (Wang et al., 2026c) explicitly favor shorter yet
correct reasoning traces. FAST further incorporates both image complexity and question difficulty
to adapt reasoning length. DeepEyes v2 identifies samples that benefit from tool use through rule-
based filtering and reinforcement learning, enabling adaptive tool invocation (Hong et al., 2025).
ATLAS introduces a regularization objective to discourage the overuse of latent tokens (Guo et al.,
2026). Despite these advances, existing methods do not provide a unified framework that jointly
allocates textual and visual reasoning according to task requirements.

3 METHOD

3.1 DISCRETE VISUAL TOKENIZATION

Inspired by previous works (Peng et al., 2022; Chen et al., 2025a), we introduce the Vector-
Quantized Visual Tokenizer (VQ-VT) to bridge visual computation and autoregressive language
modeling through a unified token space. Specifically, VQ-VT converts tool-produced intermediate
visual states into discrete latent visual tokens that can be generated and consumed alongside tex-
tual tokens within the same autoregressive process. This unified representation enables visual and
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textual computation to be allocated under a common token budget, providing the foundation for
our modality-aware routing and adaptive computation allocation. Following previous studies (Peng
et al., 2022; Chen et al., 2025b), we perform reconstruction in the feature space rather than the
pixel space, as feature-level reconstruction has been shown to preserve semantic information more
effectively.

Visual Codebook. Following VQ-VAE (van den Oord et al., 2017), we build a visual tokenizer on
top of a frozen vision encoder. Given an image, the frozen encoder extracts patch features {hi}Ni=1,
which are mapped by a trainable linear encoder to latent features {zi}Ni=1. We ℓ2-normalize both the
latent features and the codebook embeddings V = {ej}Kj=1, and perform codebook lookup as

ki = arg max
1≤j≤K

z⊤i ej , qi = eki
. (1)

A trainable linear decoder Dϕ reconstructs the original vision feature from the quantized feature qi,
which is obtained by mapping zi to its nearest neighbor in a codebook of size K. Using the standard
straight-through estimator for the hard lookup, we optimize

LVQ =
1

N

N∑
i=1

[
∥hi −Dϕ(qi)∥22

+ ∥sg(zi)− qi∥22 + α∥zi − sg(qi)∥22
]
,

(2)

where sg denotes the stop-gradient operator, and α is a hyperparameter balancing the training of the
codebook and the encoder. After training, the K codebook indices and two boundary markers are
added to the MLLM vocabulary as discrete visual tokens, which enable visual and textual reasoning
to share a unified autoregressive token space for adaptive reasoning depth.

3.2 SFT DATASET CONSTRUCTION

We transform existing tool-calling data into discrete visual reasoning trajectories.

Given a sample (X, I, C,A), where X is the query, I is the input image, C denotes tool-calling
code, and A is the answer, we execute C on the input image I to obtain intermediate visual states,
the intermediate image is encoded by the pre-trained VQ-VT encoder and quantizer:

I ′ = Execute(C, I). (3)

V = Q(E(I ′)) = {v1, . . . , vm}, vj ∈ V (4)

Finally, we replace the original tool code with the corresponding visual token sequences:

D = {X, text, vstart, v1, v2, . . . , vn, vend, text, A}. (5)

3.3 THREE-STAGE TRAINING STRATEGY.

Stage 1: Learning to Think Visually. We first perform supervised fine-tuning on the constructed
dataset to initialize visual reasoning. Since visual reasoning trajectories are represented as discrete
visual tokens, the model learns to generate these tokens at appropriate reasoning steps via standard
next-token prediction:

LSFT = −
∑
i

logP (si|s<i, X, I). (6)

After this stage, the model acquires the ability to invoke visual tokens and associate them with
corresponding visual transformations.
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Stage 2: Learning to Think Reliably. Stage 2 performs reinforcement learning to establish a
stable reasoning policy before introducing adaptive routing. Each response is required to follow

y = <think> z </think> <answer> â </answer>, (7)

where the <think> field contains the reasoning process and the <answer> field is used for answer
verification.

The Stage 2 reward is defined as

rstable = racc · rfmt, (8)

where

racc = I[Verify(â, a∗)], rfmt = I[y ∈ F ]. (9)

Here, a∗ is the correct answer, F denotes the set of valid responses following the required
<think>–<answer> format.

This warm-up stage encourages the model to generate correct and well-structured responses, pro-
viding a stable initialization for the adaptive routing and fast-slow reasoning objectives introduced
in Stage 3.

Stage 3: Learning to Think Adaptively. As shown in Figure 1, after learning to produce stable
and verifiable responses, the model is further optimized to reason adaptively. Specifically, Stage 3
jointly learns (1) modality-aware routing between visual and textual reasoning and (2) difficulty-
aware reasoning budgets. This stage turns stable reasoning into adaptive reasoning. It has two
coupled goals: selecting the appropriate reasoning modality for each task and allocating a suitable
reasoning token for each sample, which help model learns to allocate computational resources more
selectively according to task demands.

Modality-aware Routing. To learn adaptive reasoning modality, we construct a modality-aware
Routing reward. Given the reasoning trace z within the <think> field, let V (z) and T (z) denote
the numbers of visual and textual reasoning tokens. Their normalized ratios are

ρv(z) =
V (z)

V (z) + T (z)
, ρt(z) =

T (z)

V (z) + T (z)
. (10)

The visual and textual activation scores are defined as

sv = min

(
ρv
τv

, 1

)
min

(
V

Vmin
, 1

)
, (11)

st = min

(
ρt
τt
, 1

)
min

(
T

Tmin
, 1

)
, (12)

smix
v = min

(
ρv
τmix
v

, 1

)
min

(
V

Vmin
, 1

)
, (13)

smix
t = min

(
ρt

τmix
t

, 1

)
min

(
T

Tmin
, 1

)
. (14)

For each training sample, we assign two binary routing labels. nv, nt ∈ {0, 1}, where nv and nt

indicate whether visual-centered and text-centered reasoning are required, respectively. Routing
labels are initialized based on dataset/task categories and further refined through keyword-based
rules.

The route score is computed according to four routing types:
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s̃route =


sv, nv = 1, nt = 0,

stλ
I[V >0]
novis , nv = 0, nt = 1,

min(smix
v , smix

t ), nv = 1, nt = 1,

λ
I[V >0]
simple , nv = 0, nt = 0.

(15)

The visual-only route rewards visual-token usage through sv , which increases when the visual ratio
ρv and the number of visual tokens V are sufficiently large. The text-only route rewards textual
reasoning through st, but additionally applies the penalty λnovis whenever any visual token is gen-
erated. Moreover, when T is fixed, increasing V lowers ρt = T/(T +V ), so the text-only score can
decrease further as more visual tokens are used. In contrast, the simple route only applies a binary
penalty λsimple once V > 0; additional visual tokens do not cause extra penalty beyond this indica-
tor. The mixed route requires both visual and textual channels to be active by taking the minimum
of the two mixed activation scores.

The route score is incorporated as a soft shaping reward,

Ri = (0.9 · racc,i + 0.1 · sroute,i) · rstable, (16)

Thus, correctness remains the primary optimization target, and the route score only acts as a weak
shaping signal among valid responses. This prevents routing from overriding answer correctness
while still encouraging the model to express computation in the modality required by the task.

Difficulty-aware Fast-Slow Thinking. To learn adaptive reasoning budgets, we construct a pass-
rate-based contrastive objective.

For a rollout group G, the group pass rate is

qi = I[Ri > τcorr], pG =
1

|G|
∑
i∈G

qi. (17)

Here, τcorr represents the threshold score for correctness. For simplicity, we set τcorr ≈ 1, which
requires both the route reward and the final answer to be correct.

Given rollout reward Ri and reasoning length Li, we define

∆Rij = Ri −Rj , ∆Lij = tanh

(
Li − Lj

max(σL, Lmin)

)
. (18)

Here, σL denotes the standard deviation of reasoning lengths within the rollout group. The thresh-
olds τeasy and τhard divide prompts into easy, medium, and hard groups according to the group pass
rate.

The pairwise potential is

cij = I[Ri > τcorr]I[Rj > τcorr], (19)
hij = I[Ri > τcorr]I[Rj ≤ τcorr]. (20)

Φij =


∆Rij − β∆Lijcij , pG ≥ τeasy,

∆Rij , τhard ≤ pG < τeasy,

∆Rij + β′[∆Lij ]+hij , pG < τhard.

(21)

This objective favors shorter successful traces on easy samples, preserves longer successful traces on
hard samples, and uses only reward ranking for medium-difficulty samples. In this way, the model
is not uniformly compressed; instead, its reasoning length is adapted according to empirical sample
difficulty.

The sequence-level advantage is computed by aggregating pairwise potentials,
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Ai = Norm

 1

|G| − 1

∑
j ̸=i

Φij

 , (22)

where Norm(·) denotes group-wise normalization.

Policy Optimization. Finally, we optimize the policy using GRPO (DeepSeek-AI, 2025) with our
dynamic advantage Ai:

LGRPO = − 1

|G|
∑
i∈G

1

|yi|
∑
t

gi,t + λKLDKL(πθ∥πref),

gi,t = min{ρi,tAi, clip(ρi,t, 1− ϵ, 1 + ϵ)Ai} ,

ρi,t =
πθ(yi,t | x, yi,<t)

πθold(yi,t | x, yi,<t)
.

(23)

Here, yi is a rollout in group G, πref is the reference policy, and Ai is computed from the pass-
rate contrastive objective. By encoding routing and length preferences in Ai, the objective favors
correct responses with appropriate routing and deliberation length. The pseudo code is shown in
Appendix A.6.

4 EXPERIMENT AND DISCUSSION

4.1 EXPERIMENTAL SETUP

We conduct experiments based on Qwen2.5-VL (Qwen Team, 2025). Experiments cover visual-
centric perception and reasoning-centric understanding. We compare our method with a diverse
set of baselines, including general open-source models, textual reasoning methods, tool-calling and
latent reasoning methods, as well as vanilla slow thinking RLVR baselines trained from the same
SFT model. The slow-thinking RLVR baseline is trained under the same settings as our method
and is primarily used to evaluate whether our fast-slow thinking framework effectively reduces the
reasoning budget. Detailed training configurations, dataset processing, and evaluation protocols are
provided in the Appendix A.7. Further experiments on on the out-of-distribution (OOD) bench-
marks are reported in Appendix A.1. Additional experiments on visual tokens are presented in
Appendix A.2. More experiments on fast–slow thinking and CoT are provided in Appendix A.3
and A.4, respectively.

4.2 MAIN RESULTS
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Figure 2: Throughput and generation length comparison.

Compare Efficiency with tool-calling Method. We compare the inference throughput of our
method with tool-calling approaches on a single H100 GPU. Experiments are conducted on three
benchmarks with different characteristics: HRBench8K (high-resolution perception), MathVistamini

(reasoning), and MMMU-Pro-V (mixed perception and reasoning). As shown in Figure 2a, our
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Table 1: Performance comparison across perception and reasoningcentric multimodal benchmarks.
The best result is shown in bold, and the second-best result is underlined. For benchmark results
reported in prior papers, we directly cite the published numbers.For missing entries, we evaluate the
corresponding models under the same environment and mark these results with †.

Models Visual-Centric Perception Reasoning-Centric Understanding

V∗ HR4K HR8K MME-Lite MMMU-Pro MMMU-Pro-V MathVista MMVet AVG

Open-Source Models

Qwen2.5-VL-3B (Qwen Team, 2025) 74.9† 66.1† 63.5† 42.4 31.6 28.5† 62.3 61.8 53.9
Qwen2.5-VL-7B (Qwen Team, 2025) 76.4† 68.4† 64.6† 44.9 38.3 35.6† 68.2 67.1 57.9

Textual Reasoning Models

Vision-R1-7B (Huang et al., 2026) 80.6† 75.6† 70.5† 51.5† 38.5† 35.3† 72.1 76.4† 62.6
FAST-3B (Xiao & Gan, 2025) 69.1 61.1 54.7 40.9 35.0 29.8 66.2 64.0 52.6
FAST-7B (Xiao & Gan, 2025) 76.4† 73.1† 66.5† 48.3† 40.2† 37.1† 73.8 71.2 60.8
PAPO-3B (Wang et al., 2026d) 75.9† 65.3† 63.7† 43.6† 27.1 29.1† 61.4 69.7† 54.5
PAPO-7B (Wang et al., 2026d) 78.5† 71.5† 67.5† 47.0† 36.6 38.5† 69.5 73.9† 60.4
CARE-3B (Wang et al., 2026c) – – – – 33.1 24.0 66.5 – –
CARE-7B (Wang et al., 2026c) – – – – 39.7 37.1 74.7 – –

tool-calling and Latent Reasoning Models

Thyme-RL (Zhang et al., 2025a) 82.2 77.0 72.0 55.2 24.6† 33.6† 70.0 71.3† 60.7
Monet (Wang et al., 2026b) 83.3 71.0 68.0 55.5 36.0† 31.2† 63.6† 60.4† 58.6
EVA (Chen et al., 2026) 80.2 74.0 69.5 49.8 – – – –
DeepEyesV2 (Hong et al., 2025) 81.8 77.9 73.8 50.4 39.1† 34.6† 70.1 64.7† 61.6

Slow Thinking RLVR Baseline

SFT-7B+GRPO (DeepSeek-AI, 2025) 81.7 74.8 71.8 53.8 39.2 36.5 69.9 75.6 62.9
SFT-7B+GSPO (Zheng et al., 2025a) 79.1 76.0 69.6 54.2 40.3 37.1 67.8 75.9 62.5

Our Models

L2T-3B (Ours) 73.8 68.6 67.0 49.6 33.9 30.8 64.5 75.2 57.9
L2T-7B (Ours) 83.8 75.2 72.7 53.0 40.7 37.1 72.9 75.4 63.9

method consistently achieves substantially higher throughput. In particular, it is 3.6× faster than
the strongest tool-based baseline, DeepEyesV2, on HRBench8K, and provides 1.7–1.9× speedups
on the other two benchmarks. These results demonstrate that our method significantly reduces the
computational overhead introduced by explicit tool execution.

Compare Token Length with RLVR Baseline. We further compare the generated respond length
with RLVR baselines. As shown in Figure 2b compared with both vanilla GRPO and GSPO, our
method consistently produces fewer tokens while achieving better performance, demonstrating that
it improves reasoning efficiency by reducing token consumption without sacrificing accuracy.

Results on Standard Benchmarks. Table 1 summarizes the performance of our method on stan-
dard multimodal benchmarks spanning both perception- and reasoning-centric tasks, verifies that the
efficiency gains do not come from a collapse in task ac- curacy. Our method achieves the best over-
all average performance, outperforming textual reasoning, tool-calling reasoning, latent reasoning,
and RLVR baselines trained from the same SFT initialization. Notably, existing reasoning-oriented
MLLMs generally exhibit a trade-off between perception and reasoning: textual reasoning models
excel at reasoning but often degrade visual perception, particularly on high-resolution benchmarks,
whereas tool-calling and latent reasoning models achieve stronger perception but limited reasoning
gains. In contrast, our method effectively mitigates this trade-off, achieving the highest average score
(63.9) while remaining competitive across both perception- and reasoning-centric benchmarks.

4.3 ABLATION STUDIES

Ablation on Route Reward To evaluate the proposed modality-aware routing reward, we remove
this objective and first compare token allocation. As shown in Table 2, the full model substantially
shortens the average CoT on both visual-centric and reasoning-centric tasks. At the same time, it
increases the visual-token ratio much more on visual-centric tasks than on reasoning-centric tasks,
indicating that routing does not simply maximize or minimize visual-token usage but instead al-
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locates computational resources more selectively according to task demands while preserving task
accuracy.

Table 2: Ablation on Route Reward and Difficulty-aware fast-slow.

Category standard (%) w/o route reward (%) w/o fast-slow

Ration of Visual Token

Visual-Centric 31.8 21.9 (-9.9) –
Reasoning-Centric 11.56 11.03 (-0.53) –

Average Length of CoT

Visual-Centric 206.8 292.6 (+85.8) 234.7 (+27.9)
Reasoning-Centric 416.2 547.0 (+130.8) 469.9 (+53.7)

Accuracy

Standard Benchmark 63.9 63.8 (-0.1) 63.7 (-0.2)

Ablation on Difficulty-aware Fast-Slow. To verify the necessity of difficulty-aware fast-slow
reasoning, we remove the pass-rate-based length preference and first examine generated length.
Table 2 shows that the full model uses shorter traces than the ablated variant on both visual-centric
and reasoning-centric tasks. This indicates that pass-rate difficulty signals help reduce unnecessary
reasoning, especially on samples where shorter successful traces are sufficient. After this length
reduction, the result also shows that average accuracy is preserved with only small changes. Which
indicates that we did not pursue shorter CoT at the expense of accuracy.

Table 3: Ablation on visual token and two-stage rl.

Components Visual-Centric Reasoning-Centric Total ∆

w/o visual token 70.6 55.4 -1.7
w/o two-stage rl 69.3 56.1 -2.3
standard 71.2 56.5 –

Ablation on Visual Token To verify the effectiveness of the proposed Visual Tokens, we replace
all Visual Tokens with identical, semantically meaningless ¡unk¿ tokens in stage 1. The training
for Stage 2 and Stage 3 is the same as the standard method. As shown in Table 3, our method still
outperforms the baseline by nearly one percentage point. This result indicates that the improvement
is not simply a consequence of extending the CoT, but instead stems from the meaningful semantic
information encoded by the learned Visual Tokens.

Ablation on Two-Stage RL To evaluate the necessity of the proposed two-stage RL framework,
we directly initialize Stage 3 RL from the SFT model without performing Stage 2 training, while
keeping the number of RL steps identical to that of the standard Stage 2 + Stage 3 setting. As
shown in Table 3, bypassing Stage 2 results in a performance degradation of 2.3 percentage points.
This observation indicates that the model should first acquire reliable reasoning capabilities before
learning to optimize token allocation efficiently.

5 CONCLUSION

In this paper, we presented a unified computation modality and budgets allocation framework for ef-
ficient multimodal reasoning. By utilizing VQ-VT to discretize intermediate visual tool outputs into
visual tokens, our framework unifies visual and textual computation within the same autoregressive
token space, eliminating the need for external tool execution during inference. Built upon this repre-
sentation, a modality-aware routing objective determines which form of computation to use, while a
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difficulty-aware fast-slow objective determines how much computation to allocate according to task
difficulty. Experiments demonstrate that our framework consistently improves computational effi-
ciency, without sacrificing multimodal reasoning performance. These results suggest that efficient
multimodal reasoning is fundamentally a computation allocation problem. Rather than uniformly
increasing reasoning effort, an MLLM should learn both which reasoning modality to employ for
different task types and how much computation to allocate for tasks of different difficulty. Future
work should develop richer visual representations to enhance perceptual representation.
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A APPENDIX

A.1 ADDITIONAL EXPERIMENT

Results on OOD Physics Reasoning To further assess the generalization ability of our method
beyond the training distribution, we evaluate it on the out-of-distribution (OOD) SeePhys-family
physics reasoning benchmarks, including SeePhys and SeePhysPro. As shown in Table 4, our
method achieves the highest average score among the compared approaches, demonstrating its effec-
tiveness in handling physics reasoning tasks under distribution shifts. The consistent performance
across the two benchmarks suggests that our method can improve the transferability of learned rea-
soning capabilities to unseen physics-related scenarios, rather than merely exploiting patterns in the
training data. These results further highlight the potential of our approach to enhance the robustness
of multimodal reasoning in OOD settings.

Table 4: Performance on SeePhys-family physics reasoning benchmarks.

Models SeePhys SeePhysPro AVG
Vanilla Vision-only Level 2 Level 1

Qwen2.5-VL-7B 11.7 8.5 11.5 12.0 10.9
FAST-7B 13.4 10.1 11.5 13.0 12.0
PAPO-7B 11.6 9.7 9.0 12.0 10.6
Thyme-RL 10.7 7.6 11.0 11.5 10.2
Monet 11.1 5.8 15.0 12.5 11.1
DeepEyesV2 11.1 8.8 10.5 5.0 8.9

L2T-7B (Ours) 12.9 9.2 17.0 15.0 13.5

Pareto analysis To more intuitively illustrate the advantages of our method over the baselines, we
present the results using a Pareto frontier analysis. As shown in Figure 3, compared with the slow-
thinking baseline, our method achieves higher accuracy while consuming fewer tokens, demonstrat-
ing a more favorable trade-off between reasoning performance and computational efficiency. This
suggests that our method can produce more accurate results with less reasoning overhead, improving
token efficiency without sacrificing—and potentially even enhancing—reasoning quality.

A.2 ANALYSIS OF VQ VISUAL TOKEN

As shown in Figure 4, we introduce new latent visual tokens to facilitate visual-centric reasoning.
To verify that these tokens encode meaningful visual information, we conduct a quantitative analysis
based on image perturbation and random image replacement. Specifically, we compare the overlap
between visual tokens generated from the original image and those generated from its perturbed
version, using tokens generated from a randomly replaced image as a reference. If the original
and perturbed images yield a higher token overlap than the original and randomly replaced images,
this indicates that our visual tokens capture image-specific information and preserve relevant visual
representations under perturbations, rather than merely reflecting generic pause token patterns(Goyal
et al., 2024). We propose a small experiment on 24 examples sampled from HRBench4K using the
model. For each example, we kept the question and prompt fixed and changed only the image. The
image conditions included a 2× upscale, horizontal flip, stretch, mild noise with a small mask, and
the paired HRBench8K image, which may have a different crop. The unrelated image is the baseline.
We also repeated the original image as a stability check.
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Figure 3: Pareto analysis of our method and slow-thinking RLVR Baseline.
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Table 5: VQ code similarity to the original 4K image.

Image condition Similarity

Repeated original 90.2%
Same image, 2× upscale 84.0%
stretch 83.0%
Horizontal flip 72.8%
Noise + small mask 69.6%
Paired HRBench8K image 67.6%
Unrelated image 41.5%

We compared the generated latent visual token with normalized Levenshtein similarity,

S(x, y) = 1− dLev(x, y)

max(|x|, |y|)
, (24)

which supports sequences of different lengths of visual token. Higher values mean more similar
sequences.

As shown in Table 5, most image changes that preserve the scene produced more similar visual
token sequences than replacing the image. Even when replacing the input with a different image
from the same question in HRBench 8K, the token overlap remains significantly higher than with a
random image. This demonstrates that the latent visual tokens are sensitive to the input image itself
and that the model indeed leverages visual information during reasoning.

A.3 ANALYSIS OF DIFFICULTY-AWARE FAST-SLOW THINKING

Theoretical Analysis. In the main paper, we restrict the comparison and length penalty to samples
that receive the maximum reward, our framework is inherently more flexible. Specifically, it allows
different reward thresholds to be specified, enabling even incorrectly routed samples to participate
in the comparison while ensuring that samples with incorrect final answers never receive higher
rewards than correct ones. This flexibility makes the proposed framework readily extensible to other
domains with more complex reward functions.

Let

dij = tanh

(
Li − Lj

max(σL, Lmin) + ϵ

)
. (25)

Since the denominator is positive and tanh(x) ∈ (−1, 1), we have |dij | < 1. Thus, regardless of
the length difference, the magnitude of the compression term is bounded by β.

Let
CG = {i : ri > τcorr}, FG = G \ CG (26)

denote the correct and incorrect subsets of group G. For any i ∈ CG and k ∈ FG, we have ri > rk.
Moreover, cik = 0 and hik = 1. Therefore, under the current objective,

Φik =

{
ri − rk, easy or medium group,
ri − rk + βrep[dik]+, hard group,

(27)

which is strictly positive. Hence, at the pairwise level, neither compression nor repair can reverse
the ordering between a correct and an incorrect rollout.

We next consider the aggregated advantage

Āi =
1

M − 1

∑
j∈G
j ̸=i

Φij , M = |G|. (28)

16



Let K = |CG| and define the within-group reward margin

γG = min
i∈CG

ri − max
k∈FG

rk. (29)

For an easy group, only correct–correct pairs receive the length penalty. Consequently, for i ∈ CG
and k ∈ FG,

Āi − Āk =
M(ri − rk)

M − 1
− β

M − 1

∑
ℓ∈CG\{i}

diℓ (30)

≥ MγG − β(K − 1)

M − 1
. (31)

Therefore, a sufficient condition for preserving the ordering after group aggregation is

β(K − 1) < MγG. (32)

Since K−1 < M , the simpler condition β < γG is sufficient for every possible group composition.

In the normalized binary-reward case, where correct rollouts receive ri = 1 and incorrect rollouts
satisfy rk ≤ τcorr, we have γG ≥ 1− τcorr. It follows that

β < 1− τcorr (33)

is a group-independent sufficient condition ensuring that every correct rollout receives a larger ag-
gregated advantage than every incorrect rollout. Medium groups contain no length term, while the
repair term in hard groups is nonnegative, so their correctness ordering is preserved without this
additional restriction.

Finally, the normalized advantage is

Ai =
Āi − µG

σG + ϵ
. (34)

Because σG + ϵ > 0, this is a strictly increasing affine transformation and therefore preserves the
ordering of Āi.

More generally, for continuous or RLHF-style rewards, let yi ∈ {0, 1} denote the correctness label
and define

γ = inf
i: yi=1

ri − sup
j: yj=0

rj . (35)

The condition γ > 0 means that the primary reward maintains a strict separation between correct
and incorrect rollouts.

Consider the generalized pairwise potential

Φgen
ij = ∆rij − βLg

L
ij +

P∑
m=1

λmg
(m)
ij , (36)

where βL ≥ 0, |gLij | ≤ 1, and |g(m)
ij | ≤ 1. The auxiliary terms may represent reasoning length,

route consistency, response quality, style preference, or normalized RLHF signals. Define their total
worst-case influence as

Baux = βL +

P∑
m=1

|λm|. (37)

For every correct–incorrect pair (i, j), we then have

Φgen
ij ≥ γ −Baux. (38)

Therefore, the pairwise correctness ordering is preserved whenever

Baux < γ. (39)

In the normalized unit-correctness-reward case, where correct rollouts receive reward 1 and incorrect
rollouts receive at most τcorr, we have

γ ≥ 1− τcorr. (40)
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Consequently, the group-independent condition

βL +

P∑
m=1

|λm| < 1− τcorr (41)

is sufficient to preserve pairwise correctness ordering.

This result interprets the correctness margin as an auxiliary reward budget. The relative magnitudes
of βL and λm determine the importance of length efficiency and other preferences, whereas their
total worst-case influence remains below the correctness margin. Thus, auxiliary objectives may
rank rollouts within the same correctness level without making an incorrect rollout preferable to a
correct one.

For arbitrary nonseparable pairwise shaping terms, a conservative group-independent condition for
preserving the aggregated ordering is Baux < γ/2.

Ablation on Thresholds We further evaluate the importance of difficulty discrimination based on
the pass-rate threshold. In this ablation, we remove the threshold and instead adopt a strategy similar
to previous work, where the shortest correct response is treated as the optimization target (Yang et al.,
2025b;a; Wang et al., 2026c). As shown in Table 6, removing the threshold leads to a degradation
in performance. This finding indicates that distinguishing tasks of different difficulty is beneficial.
In the next section, we further investigate the impact of slow thinking on tasks with varying levels
of difficulty.

Table 6: Ablation on thresholds.

Components Visual-Centric Reasoning-Centric Total ∆
w/o threshold 70.5 56.0 -1.2
standard 71.2 56.5 –
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Figure 5: Difficulty-dependent reasoning length and benchmark-level CoT statistics.

A.4.1 EFFECTIVENESS OF FAST-SLOW THINKING.

To investigate whether our model learns difficulty-aware reasoning, we analyze CoT length distri-
butions under different difficulty levels. Samples are categorized by the correctness of our model
and Qwen2.5-VL: both correct as easy, only one correct as medium, and both incorrect as hard. As
shown in Figure 5a, our model adaptively allocates reasoning budgets, generating the shortest CoTs
for easy samples and the longest for hard samples. Medium samples receive moderate additional
reasoning, suggesting that extra computation is beneficial when deeper reasoning is required. These
results demonstrate that L2T learns adaptive reasoning allocation rather than simply favoring shorter
or longer CoTs.
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A.4.2 COT LENGTH ACROSS BENCHMARK

We further analyze the relationship between CoT length and model performance across different
benchmarks. As shown in Figure. 5b, CoT length exhibits different patterns between perception-
and reasoning-oriented tasks. On perception-centric benchmarks, we observe no clear correlation
between reasoning length and accuracy, suggesting that increasing textual reasoning alone provides
limited benefits when failures primarily originate from visual perception errors. In contrast, on
reasoning-centric benchmarks, incorrect samples generally produce longer CoTs, indicating that
challenging reasoning problems naturally require more extensive exploration and self-reflection.
These observations highlight that different task types benefit from different forms of computation:
visual tasks require effective perceptual computation, while reasoning tasks can benefit more from
additional reasoning depth.

A.4.3 ABLATION ON COLLAPSED COT

To further investigate the role of CoT reasoning, we increase the number of Stage 3 training steps
and remove the online filtering strategy, allowing a larger proportion of easy samples to dominate
optimization and encouraging progressively shorter reasoning traces. As shown in Table 7, under
this setting, the CoT eventually collapses into a nearly fixed template of only about 10 tokens.
Compared with the standard model, performance on perception-oriented benchmarks decreases by
only 2.6%, whereas reasoning-oriented benchmarks suffer a much larger drop of 12.2%. These
results suggest that long CoT provides limited benefit for perception tasks but remains crucial for
reasoning-intensive problems.

Table 7: Ablation on Route Reward

Category standard (%) overtraining (%) ∆

Average Length of CoT
Visual-Centric 206.8 10 +196.8
Reasoning-Centric 416.2 10 +406.2

Accuracy
Visual-Centric 71.2 68.6 +2.6
Reasoning-Centric 56 .5 44.3 +12.2

A.4.4 COT LENGTH ACROSS FAILURE MODES

We further analyze the failure cases by categorizing the evaluation samples into correct predictions
and three error types: perception failure, knowledge deficiency, and reasoning failure. We use GPT-
5.5 to categorize the types of errors(OpenAI, 2026). Table 8 summarizes 8,230 responses. Interest-
ingly, both the median and mean reasoning lengths of perception failures and knowledge-deficiency
cases are comparable to those of correctly solved samples. Moreover, these failures typically emerge
at the early stages of reasoning, rather than after extended deliberation. In contrast, reasoning fail-
ures are associated with substantially longer CoT traces and usually occur at later stages of the
reasoning process. We conjecture that perception failures and knowledge deficiencies primarily
stem from limitations in visual perception or internal knowledge, and therefore cannot be effectively
remedied by simply extending the reasoning process. This observation also indicates that using
rollout pass rate alone as a proxy for task difficulty is insufficient for adaptive CoT allocation, as it
may unnecessarily encourage longer reasoning on tasks that are unlikely to benefit from additional
computation. We leave a more fine-grained difficulty estimation strategy for future work.

A.5 CASE STUDY

Successful Case In this section, we present representative successful cases. Figure 6a illustrates a
perception-oriented task in which the model correctly identifies the task type and generates appro-
priate visual tokens to facilitate visual perception. Figure 6b shows a reasoning-oriented example
that is solved solely through textual reasoning without invoking visual tokens. Figure 7a presents
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Question:
What is the number displayed above 
the entrance where the woman is 
standing?
A. 27B                              B. 37B
C. 27D                              D. 27E

<think>The number above the entrance is clearly visible in the image, and 
there is no ambiguity in its display. The number "27B" is legible, and no further 
enhancement is needed. However, to ensure clarity and confirm the number, a 
slight zoom and crop on the area above the entrance would be beneficial. This 
will help in isolating the number and removing any potential distractions from 
the rest of the image.
<v_start>…<v_end> Upon examining the processed image, the number 
displayed above the entrance is clearly visible. The number "27B" is legible and 
distinct. There are no other numbers or letters that could be mistaken for the 
correct answer. The slight zoom and crop on the area above the entrance 
confirm the number without any ambiguity.</think>

<answer> A </answer> ✓

(a) Case study on visual sample.

As shown in the figure, a teaching interest
group wants to measure the height of a tree CD. They firstly
measured the elevation angle of the tree top C at point A as
30.0, and then proceeded 10.0 along the direction of AD to
point B, and the elevation angle of tree top C measured at B
is 60.0 (the three points A, B, and D are on the same straight
line), then the height of the tree CD is ()
(A) 10m                                                          (B) 5m
(C) 5√\{3\}m                                                  (D) 10√\{3\}m

<think>The image provided is clear and does not require further enhancement. 
The relevant geometric relationships and angles are visible, allowing for the 
solution of the problem. Therefore, no cropping or zooming is needed.
To solve the problem, we can model the scenario using trigonometry. Let's 
denote the height of the tree CD as \( h \). The points A, B, and D are 
collinear, with AB = 10 meters. The elevation angles from points A and B to the 
top of the tree C are 30 degrees and 60 degrees, respectively.
First, consider the triangle formed by points A, D, and C. The angle of elevation 
from A to C is 30 degrees. … Therefore, the height of the tree CD is 
\(5\sqrt{3}\) meters. The correct option is (C).
Since the problem is already solved and the image is clear, no further 
adjustments are needed.</think> 

<answer> (C) 5√\{3\}m </answer> ✓

(b) Case study on reasoning sample.

Figure 6: Successful case study of our method.

<think>The image provided is clear and does not require further 
enhancement. The relevant text and diagram are easily readable, and there 
are no issues with resolution or clarity. Therefore, no cropping or zooming is 
needed.
To answer the question, we need to identify which model the diagram 
represents. The diagram shows a flow from sensory input to working memory, 
with a selective filter and a bottleneck. This aligns with the Broadbent Filter 
Model of Selective Attention, which is option (I).
Therefore, the correct answer is (I) Broadbent Filter Model of Selective 
Attention.
Since the image is already clear, no further processing is needed.<think> 

<answer> (I) Broadbent Filter Model of Selective Attention </answer> ✓

Answer the following multiple-choice question in the 
image.
Question in Figure: This figure shows the ____.
(A) Baddeley's model of working memory; (B) Divided 
attention model; (C) selective priming; (D) Deutsch and 
Deutsch's Late Selection Model; (E) cocktail party effect; 
(F) Triesman's Feature Integration Theory; (G) John's 
Interference Theory; (H) Anne Treisman's Attentuation
Model; (I) Broadbent Filter Model of Selective Attention; 
(J) Posner's attention model

(a) Case study on interleaved sample.

<think>The image provided is clear and does not require further 
enhancement. The angles and the note are visible, and there are no issues 
with scale or clarity. Therefore, no cropping or zooming is needed.
<v_start>…<v_end>
Based on the geometric diagram, the two line segments meet at a point on 
line \( l \), forming two adjacent angles, \( x^\circ \) and \( y^\circ \), and 
a third angle of \(70^\circ\). The sum of these three angles should be equal 
to \(180^\circ\) since they lie on a straight line.
So, we can set up the equation:…
Given that \( y = x^2 \):
\[ y = 10^2 = 100 \]
Thus, the value of \( y \) is 100.

<answer> 100</answer> ✓

In the figure above, two line segments meet at 
a point on line l. If the value of y is equal to the 
square of the value of x, what is the value of y?

(b) Case study on knowledge-based sample.

Figure 7: Successful case study of our method.
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Works like the one shown from Micronesia utilized abstract 
geometric lines and shapes because they functioned to record
(A) ritual ceremonies and religious events; (B) royal lineage and 
family births; (C) trade routes and market locations; (D) 
agricultural cycles and seasons; (E) ocean currents and 
landforms; (F) clan locations and boundary lines; (G) animal 
migration and hunting grounds; (H) historical events and legends; 
(I) constellations and heavenly bodies; (J) war strategies and 
defense plans

<think>The image provided is clear and centered, with no issues related to 
resolution or visibility. The geometric patterns are well-defined, and there is no 
indication of any obstructions or distortions that would hinder the analysis. 
Therefore, no further image processing is needed.
<v_start>…<v_end>
To ensure the analysis is accurate, let‘s proceed with the current image. The 
abstract geometric lines and shapes in such works often served to map out 
and record important aspects of Micronesian life, including trade routes, 
market locations, and other significant geographical features.
</think> 

<answer> (C) trade routes and market locations </answer>
Ground True: (E) ocean currents and landforms

✗

(a) Case study on knowledge-based sample.

Where is the person standing in 
relation to the recycle bin?
A. In front of the recycle bin               
B. Behind the recycle bin
C. To the right of the recycle bin
D. To the left of the recycle bin

<think>The person in the image is standing behind the recycle bin. To confirm 
this observation and ensure clarity, it would be beneficial to zoom in on the 
area around the recycle bin. This will help in precisely determining the 
person's position relative to the bin. Therefore, cropping the image to focus on 
the person and the recycle bin is necessary.
<v_start>…<v_end>By closely examining the cropped image, it is evident that 

the person is positioned behind the recycle bin. The individual is standing on a 
platform, and the recycle bin is situated in front of them, as indicated by the 
visible portion of the bin and the person's placement relative to it. This 
confirms that the person is indeed behind the recycle bin.</think>

<answer> B. Behind the recycle bin </answer>
Ground True: A. In front of the recycle bin 

✗

(b) Case study on visual sample.

Figure 8: Failed case study of our method.

Question:
What is the number displayed above 
the entrance where the woman is 
standing?
A. 27B                              B. 37B
C. 27D                              D. 27E

<think>The image needs rotation.
<v_start>…<v_end>
<think> 

<answer> A </answer> ✓

(a) Case study on visual sample.

As shown in the figure, a teaching interest
group wants to measure the height of a tree CD. They firstly
measured the elevation angle of the tree top C at point A as
30.0, and then proceeded 10.0 along the direction of AD to
point B, and the elevation angle of tree top C measured at B
is 60.0 (the three points A, B, and D are on the same straight
line), then the height of the tree CD is ()
(A) 10m                                                    (B) 5m
(C) 5√\{3\}m                                            (D)10√\{3\}m

<think>The image needs rotation.
<v_start>…<v_end>
<think> 

<answer> (B) </answer>
Ground True: (C) 5√\{3\}m ✗

(b) Case study on reasoning sample.

Figure 9: Case study on Collapsed CoT.
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Table 8: Mean and median CoT length for each answer outcome and failure mode.

Outcome / failure mode n Mean Median

Correct-all 4,573 277.3 214
Correct-Perception 2,370 200.6 198
Correct-Reasoning 2,203 359.9 260
Perception failure 1,758 241.9 216
Knowledge failure 517 430.0 281
Reasoning-process failure 724 505.8 304.5
Mixed failure 302 461.9 308
Correct CoT, wrong output 262 356.5 244
Termination/completeness failure 94 1,644.6 2,046

a knowledge-based question, where the model answers directly from its internal knowledge with-
out generating either visual tokens or unnecessary textual reasoning. Figure 7b demonstrates a task
requiring both perception and reasoning, where the model first employs visual tokens to enhance
visual representations and subsequently performs textual reasoning to derive the final answer.

Failed Case In this section, we analyze representative failure cases. In Figure 8a, the question pri-
marily depends on the model’s internal knowledge and therefore does not require additional reason-
ing. However, the model unnecessarily generates visual tokens and ultimately produces an incorrect
answer due to insufficient internal knowledge. In Figure 8b, the model makes an incorrect percep-
tion at the beginning of the reasoning process. Although it subsequently generates visual tokens to
re-examine the image, it fails to correct the initial perceptual error.

These cases suggest that extending the reasoning process provides limited benefit for correcting
knowledge deficiencies or perceptual errors, consistent with our quantitative observations that such
failure cases exhibit reasoning lengths comparable to those of correctly solved samples. We at-
tribute these failures primarily to intrinsic limitations of the underlying model, namely insufficient
domain knowledge and inadequate visual perception capabilities. When the required prior knowl-
edge is absent, textual reasoning alone cannot compensate for the missing information to produce
correct answers. Likewise, when visual perception is fundamentally inadequate, reprocessing im-
ages through the thinking-with-image paradigm is unlikely to recover the missing visual evidence.
Therefore, future improvements should focus on enriching the model’s foundational knowledge and
strengthening the visual perception capability of the vision encoder, rather than relying solely on
more sophisticated reasoning strategies.

Case on Collapsed CoT In this section, we investigate the behavior of the model after overtrain-
ing, where the CoT collapses into a short, fixed reasoning template. We revisit the previous case
studies for comparison. Figure 6a and Figure 9a present the model’s responses to a perception-
oriented task before and after CoT collapse, respectively. The model correctly answers the question
in both cases. In contrast, Figure 6b and Figure 9b compare the responses to a reasoning-intensive
task before and after CoT collapse. Once the reasoning process is lost, the model fails to produce
the correct answer. These observations suggest that different task types exhibit different levels of
dependence on long CoT reasoning. In particular, reasoning-intensive tasks are substantially more
affected by CoT collapse than perception-oriented tasks.

A.6 PSEUDO CODE

In this section, we present the pseudocode of the proposed algorithm to provide a clearer and more
intuitive overview of the overall training procedure.
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Algorithm 1 VQ-VT Training
Require: Images Dimg; frozen Evis; trainable Eω and Dϕ

Require: Codebook V = {ej}Kj=1; coefficient β
Ensure: Quantizer Q◦ Eω and K visual tokens
1: while the VQ-VT objective has not converged do
2: Sample a minibatch of images I ∼ Dimg

3: {hi}Ni=1 ← Evis(I) ▷ frozen patch features
4: for i = 1, . . . , N do
5: zi ← Normalizeℓ2(Eω(hi))
6: for j = 1, . . . ,K do
7: ēj ← Normalizeℓ2(ej)

8: ki ← argmax1≤j≤K z⊤i ēj
9: qi ← ēki ▷ Eq. (1)

10: qSTi ← zi + sg(qi − zi) ▷ STE
11: ℓreci ← ∥hi −Dϕ(q

ST
i )∥22

12: ℓcodei ← ∥sg(zi)− qi∥22
13: ℓcomi ← β∥zi − sg(qi)∥22
14: ℓi ← ℓreci + ℓcodei + ℓcomi

15: LVQ ←
1

N

N∑
i=1

ℓi ▷ Eq. (2)

16: Update Eω , Dϕ, and V by descending∇LVQ

17: Add {<vstart>,<v1>, . . . ,<vK>,<vend>} to the MLLM vocabulary
18: return Eω, Q,Dϕ and the extended vocabulary

Algorithm 2 Tool-Trajectory Discretization
Require: Tool data Dtool; VQ-VT encoder Eω; quantizer Q
Ensure: Discrete visual-reasoning dataset DVT

1: DVT ← ∅
2: for all (X, I, C,A; tpre, tpost) ∈ Dtool do
3: I ′ ← EXECUTE(C, I) ▷ Eq. (3)
4: (v1, . . . , vm)← Q(Eω(I

′)) ▷ Eq. (4)
5: v← (<vstart>, v1, . . . , vm,<vend>)
6: d← (X, tpre,v, tpost, A) ▷ Eq. (5)
7: Add d to DVT

8: return DVT
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Algorithm 3 Three-Stage Adaptive Training
Require: Policy πθ; visual data DVT; RL data DRL

Require: Group size M ; route and length hyperparameters
Ensure: Adaptively trained policy πθ

Stage 1: visual supervised fine-tuning.
1: while the SFT objective has not converged do
2: Sample a minibatch (X, I, s) ∼ DVT

3: LSFT ← −
∑
k

log πθ(sk | s<k, X, I) ▷ Eq. (6)

4: Update θ by descending∇LSFT

Stage 2: stable-reward GRPO.
5: while the stable reasoning policy has not converged do
6: Sample (x, a∗) ∼ DRL and draw G = {yi}Mi=1 ∼ πθ(· | x)
7: for all yi ∈ G do
8: (zi, âi)← PARSERESPONSE(yi)
9: racc,i ← I[VERIFY(âi, a

∗)]
10: rfmt,i ← I[yi ∈ F ]
11: rstable,i ← racc,irfmt,i ▷ Eqs. (7)–(9)
12: Update πθ by standard GRPO using {rstable,i}Mi=1

Stage 3: routing + fast–slow GRPO.
13: while the adaptive policy has not converged do
14: Sample (x, a∗, nv, nt) ∼ DRL and draw G = {yi}Mi=1 ∼ πθ(· | x)
15: for all yi ∈ G do
16: (Ri, Li)← ROUTINGREWARD(yi, a

∗, nv, nt) ▷ Alg. 4
17: A← FASTSLOWADVANTAGE({Ri, Li}Mi=1) ▷ Alg. 5
18: LGRPO ← GRPOOBJECTIVE(x,G,A) ▷ Alg. 6
19: Update θ by descending∇LGRPO

20: return πθ

Algorithm 4 Modality-Aware Routing Reward
1: function ROUTINGREWARD(y, a∗, nv, nt)

Require: Thresholds τv, τt, τmix
v , τmix

t , Vmin, Tmin

Require: Penalties λnovis, λsimple

2: (z, â)← PARSERESPONSE(y)
3: V ← V (z); T ← T (z); L← V + T
4: ρv ← V/(V + T ); ρt ← T/(V + T ) ▷ Eq. (10)

▷ A valid trace has V + T > 0.
5: S(ρ,N ; τ,N0)← min(ρ/τ, 1)min(N/N0, 1)
6: sv ← S(ρv, V ; τv, Vmin) ▷ Eq. (11)
7: st ← S(ρt, T ; τt, Tmin) ▷ Eq. (12)
8: smix

v ← S(ρv, V ; τmix
v , Vmin) ▷ Eq. (13)

9: smix
t ← S(ρt, T ; τmix

t , Tmin) ▷ Eq. (14)
10: if nv = 1 and nt = 0 then
11: sroute ← sv
12: else if nv = 0 and nt = 1 then
13: sroute ← stλ

I[V >0]
novis

14: else if nv = 1 and nt = 1 then
15: sroute ← min(smix

v , smix
t )

16: else
17: sroute ← λ

I[V >0]
simple

▷ Four routing types in Eq. (15)
18: racc ← I[VERIFY(â, a∗)]
19: rfmt ← I[y ∈ F ]
20: R← (0.9racc + 0.1sroute)rfmt ▷ Eq. (16)
21: return (R,L)
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Algorithm 5 Difficulty-Aware Fast–Slow Advantage

1: function FASTSLOWADVANTAGE({Ri, Li}Mi=1)
Require: τcorr = 0.99; τeasy, τhard
Require: Length floor Lmin; coefficients β, β′

2: for i = 1, . . . ,M do
3: qi ← I[Ri > τcorr]

4: pG ←M−1 ∑M
i=1 qi ▷ Eq. (17)

5: σL ← Std({Li}Mi=1); dL ← max(σL, Lmin)
6: for all ordered pairs (i, j) with i ̸= j do
7: ∆Rij ← Ri −Rj

8: ∆Lij ← tanh((Li − Lj)/dL) ▷ Eq. (18)
9: cij ← qiqj ; hij ← qi(1− qj) ▷ Eqs. (19)–(20)

10: if pG ≥ τeasy then
11: Φij ← ∆Rij − β∆Lijcij ▷ easy
12: else if pG ≥ τhard then
13: Φij ← ∆Rij ▷ medium
14: else
15: Φij ← ∆Rij + β′[∆Lij ]+hij ▷ hard

▷ Pairwise potential in Eq. (21)
16: for i = 1, . . . ,M do

17: Ai ← NormG

 1

M − 1

∑
j ̸=i

Φij

 ▷ Eq. (22)

18: return {Ai}Mi=1

Algorithm 6 Clipped GRPO Update
1: function GRPOOBJECTIVE(x,G,A)

Require: Policies πθ, πθold , πref

Require: Clip radius ϵ; KL weight λKL

2: for all yi,t in rollout yi ∈ G do
3: pi,t ← πθ(yi,t | x, yi,<t)
4: poldi,t ← πθold(yi,t | x, yi,<t)

5: ρi,t ← pi,t/p
old
i,t

6: grawi,t ← ρi,tAi

7: ρ̄i,t ← clip(ρi,t, 1− ϵ, 1 + ϵ)

8: gclipi,t ← ρ̄i,tAi

9: gi,t ← min(grawi,t , gclipi,t )

10: for i = 1, . . . ,M do
11: ḡi ←

1

|yi|
∑
t

gi,t

12: Lpolicy ← −
1

M

M∑
i=1

ḡi

13: K ← DKL(πθ∥πref)
14: LGRPO ← Lpolicy + λKLK ▷ Eq. (23)
15: return LGRPO
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A.7 EXPERIMENTAL DETAILS

A.7.1 OVERALL

Training Data and Setup. Our experiments are based on Qwen2.5-VL (Qwen Team, 2025) .Our
SFT data consists of Thyme-SFT (Zhang et al., 2025a), Zebra-CoT (Li et al., 2025) comes from
Monet-SFT (Wang et al., 2026b), and Vision-R1-SFT (Huang et al., 2026). For Thyme-SFT and
Monet-SFT, the intermediate auxiliary reasoning images are converted into discrete visual tokens
using VQ-VT, and the model is trained with LLaMA-Factory (Zheng et al., 2024). We further mix
these data with the Mulberry dataset (Yao et al., 2026) from Vision-R1-SFT (Huang et al., 2026).
For reinforcement learning, we construct the RL dataset by combining Thyme-RL (Zhang et al.,
2025a), ViRL39K (Wang et al., 2026a), and Geo3K (Lu et al., 2021), and train the model using
EasyR1 (Zheng et al., 2025b). During RL training, we enable online filtering to ensure a consistent
rollout batch size throughout training, we optimize the policy using GRPO (DeepSeek-AI, 2025) in
both Stage 2 and Stage 3. The SFT stage was conducted on 8 Nvidia H200 GPUs, while the RL and
evaluation stages were conducted on 8 Nvidia H100 GPUs.

During the SFT stage, the models use 1,024 visual tokens. The vision tower and multimodal pro-
jector are frozen, while only the language model is trained. We adopt a conversational template
consisting of system and user prompts, with the loss computed exclusively on the completion. The
maximum sequence length is set to 8,196. The per-device training batch size is 8, with one gradient
accumulation step, resulting in an effective global batch size of 64. We use the AdamW optimizer
with a learning rate of 1×10−5, a cosine learning rate scheduler, and two training epochs. Training
is performed using BF16 precision and DeepSpeed ZeRO-3.

During the RL stage, we employ the GRPO algorithm with a training batch size of 256. Each prompt
generates 16 candidate responses, and the PPO mini-batch size is set to 128. The maximum prompt
and response lengths are both 4,096 tokens. We use the AdamW optimizer with a learning rate
of 5×10−6 and a weight decay of 0.01, enabling KL regularization with a coefficient of 0.01 and
online filtering. Stage 2 and Stage 3 are trained for 90 and 30 steps, respectively. vLLM is used for
inference and both the generation temperature and top-p set to 0.9.

For the reward mechanism and thinking strategy, the visual and textual components of the route
reward are assigned weights of 30% and 70%, respectively, while the corresponding mixed reward
weights are 10% and 20%. The no-vision penalty coefficient is set to 0.50, the simple-sample
penalty coefficient to 0.70, the routing coefficient to 0.10, and the budget coefficient to 1.00. In the
difficulty-aware fast–slow thinking mechanism, the thresholds for easy and hard samples are set to
0.80 and 0.50, respectively. The minimum thinking length is 50, and the pass threshold is set to
0.99.

Evaluation Setup. We conduct all evaluations using the VLMEvalKit framework (Duan et al.,
2024) and locally deploy Qwen3-30B-A3B (Team, 2025) as the judge model. Our evaluation covers
three groups of benchmarks: Visual-Centric Perception, including V∗ (Wu & Xie, 2024), HRBench-
4K (Wang et al., 2025), HRBench-8K (Wang et al., 2025), and MME-RealWorld-Lite (Zhang et al.,
2025b); Reasoning-Centric Understanding, including MathVistamini (Lu et al., 2024), MMMU-Pro-
10-option (Yue et al., 2025), MMMU-Pro-V (Yue et al., 2025), and MMVet (Yu et al., 2024); and
Physics-Reasoning benchmark (Out-of-Distribution), including SeePhys (Xiang et al., 2025) and
SeePhysPro (Xiang et al., 2026b).

A.7.2 DATASETS

We construct two datasets for different training stages: one for SFT and the other for RL.

SFT dataset The SFT dataset is built from Thyme-SFT (Zhang et al., 2025a) (’2round’, ’wo think-
ing thyme single round’), Zebra-CoT (Li et al., 2025) (from Monet-SFT (Wang et al., 2026b)), and
Mulberry (Yao et al., 2026) (from Vision-R1 SFT (Huang et al., 2026)). We convert the intermedi-
ate visual trajectories in Thyme-RL and Zebra-CoT into discrete visual tokens using VQ-VT, while
Mulberry is kept unchanged since it does not contain tool-produced visual states. As illustrated
in Figure 10a, we maintain an approximately balanced distribution, with around half of the training
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samples containing visual tokens. This design encourages the model to learn when to generate visual
tokens without biasing it toward producing them for every sample.

RL dataset The RL dataset consists of Thyme-RL (Zhang et al., 2025a), ViRL39K (Wang et al.,
2026a), and Geo3K (Lu et al., 2021). We first assign coarse routing labels according to the dataset
source and the task categories provided in ViRL39K, and then further refine these labels using rule-
based keyword matching. This lightweight annotation strategy provides a practical initialization for
modality-aware routing without requiring expensive manual labeling.

As shown in Figure 10b, since Thyme-RL contains substantially more samples than the other
datasets, the resulting routing labels naturally exhibit a higher proportion of visual-token super-
vision. In addition, we observe that Thyme-RL includes many relatively simple perception tasks,
which rapidly converge during RL training, we shown the result in Figure 11. For example, af-
ter only 30 training steps, approximately 75% of the sampled groups are either entirely correct or
entirely incorrect, leaving only 25% that contribute effective optimization signals. In contrast, the
more reasoning-oriented ViRL39K and Geo3K datasets still retain around 40% informative groups
even after 175 training steps.

To alleviate this imbalance, we employ an online filtering strategy that automatically removes fully
solved perception samples from optimization. Consequently, RL updates are no longer dominated
by easy perception tasks, allowing the model to focus on more informative training signals. More
importantly, this prevents the policy from overemphasizing visual-token generation simply due to
dataset composition, encouraging a more balanced allocation between visual and textual reasoning
according to task requirements rather than sample frequency.

54.29%

45.71% all samples (N=433,256)
nv = 1  235,217 (54.29%)
nv = 0  198,039 (45.71%)

(a) Pie chart of the SFT dataset.

41.65%

37.01%

15.33%

6.01%

all samples (N=96,144)
(nv, nt) = (1, 0)  40,048 (41.65%)
(nv, nt) = (1, 1)  35,582 (37.01%)
(nv, nt) = (0, 0)  14,735 (15.33%)
(nv, nt) = (0, 1)  5,779 (6.01%)

(b) Pie chart of the RL dataset.

Figure 10: Pie chart of the datasets.

(a) Remaining ratio of informative rollout groups after
online filtering during RL training on Thyme-RL.

(b) Remaining ratio of informative rollout groups
after online filtering during RL training on
ViRL39K+Geo3k.

Figure 11: Remaining ratio of informative rollout groups after online filtering during RL training.
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A.8 LIMITATIONS

Our method still has several limitations. The visual codebook compresses intermediate visual states
into discrete visual tokens, inevitably sacrificing part of the fine-grained visual information. More
importantly, although visual tokens improve reasoning performance by encouraging the model to re-
examine visual evidence, they cannot fundamentally correct perception errors caused by the limited
representation capability of the underlying vision encoder. As demonstrated in our case studies and
error analysis, once incorrect visual evidence is encoded, subsequent reasoning—whether visual
or textual—has limited ability to recover from these early perception failures. This suggests that
improving reasoning alone cannot fully compensate for weak visual perception, and future work
should jointly enhance perceptual representation learning and reasoning.
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