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LATENT REASONING IN LLMS AS A VOCABULARY-
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ABSTRACT

Large language models (LLMs) demonstrate strong reasoning abilities with chain-
of-thought prompting, but explicit reasoning introduces substantial computational
overhead. Recent work on latent reasoning reduces this cost by reasoning in latent
space without explicit supervision, but performance drops significantly. Our pre-
liminary experiments suggest that this degradation stems from the unstructured
latent space, which makes fitting latent tokens difficult. To address this, we re-
strict the latent space to the column space of the LLM vocabulary, treating latent
reasoning as a superposition over vocabulary probabilities. Once latent reasoning
concludes, it collapses into an eigenstate of explicit reasoning to yield the final
answer. Based on this idea, we propose Latent-SFT, a two-stage learning frame-
work. In the first stage, we design two specialized attention masks to guide the
Latent Token Encoder in generating latent tokens, allowing the LLM to produce
the correct answer conditioned on them. In the second stage, the Latent Token En-
coder is discarded, and the LLM is directly trained to generate these latent tokens
autonomously for latent reasoning, optimized with KL and CE losses. Latent-SFT
sets a new state of the art on GSM8k, matching explicit SFT performance while
cutting reasoning chains by up to 4x and outperforming prior latent methods. On
Math500 and AIME24, lexical probability—based latent reasoning also clearly sur-
passes hidden-state—based approaches. Our metrics of effective compression rate
and effective global parallelism further show that latent reasoning is both the com-
pression of a single path and the superposition of multiple paths.
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Figure 1: Comparison of Latent and Explicit Reasoning. Latent reasoning operates in a vocabulary superpo-
sition state, completing the reasoning process and reaching the correct answer with fewer tokens. Each step of

explicit re

asoning can be regarded as approximating a one-hot distribution.

1 INTRODUCTION

Large language models (LLMs) have shown strong reasoning abilities across diverse tasks. A key
driver of this success is chain-of-thought prompting, which solves complex problems by generating
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intermediate steps in natural language. However, current reasoning models rely on long chains
of tokens, leading to redundancy and high computational cost. Existing solutions, such as token
pruning (Xia et al.| 2025)) and reinforcement learning with length penalties (Arora & Zanette, 2025)),
reduce token usage but still constrain reasoning to the natural language space. In this work, we
explore Latent Reasoning, a framework that enables reasoning in continuous latent space.

Unlike explicit reasoning, latent reasoning retains the last hidden state from the latent layer of the
LLM, bypassing token sampling and directly feeding it back as the next-step representation. This
hidden state is expected to carry richer information than a single token, effectively increasing band-
width and enabling exploration of more reasoning paths with fewer generation steps (Zhu et al.,
2025)). While recent latent reasoning methods have succeeded in reducing token usage, they often
suffer from substantial performance degradation (Hao et al., [ 2024)).

To enhance latent reasoning, we analyze its challenges by comparing it with explicit reasoning.
Firstly, supervision is difficult. Explicit reasoning leverages natural language as an anchor, enabling
supervision through annotation or sampling data, with labels transferable across models. Latent
reasoning, however, lacks natural labels; even if latent tokens are generated, they are often model-
specific and hard to reuse. Secondly, learning is difficult. Explicit labels are discrete distributions,
easy to optimize, and aligned with pre-training objectives. By contrast, latent tokens are typically
the hidden states of the LLM’s last layer—high-dimensional, unconstrained, and usually optimized
via MSE or cosine distance, which diverges from the pre-training task. In summary, effective latent
reasoning requires a principled definition of latent tokens that supports model learning.

In Section [3] we present preliminary experiments leading to two key observations. Observation 1:
the hidden state distribution of the LLM’s last layer is entirely inconsistent with the token embed-
ding distribution. Since LLMs are trained with token embeddings as inputs, directly feeding hidden
states introduces out-of-distribution values, preventing the model from interpreting their semantics
and degrading performance. Observation 2: the effective rank of token embeddings in current LLMs
is not full, indicating that the semantic space is inherently low-dimensional. Without constraining
latent tokens, the model risks losing semantic consistency and struggles to learn meaningful repre-
sentations. Based on these findings, we define latent tokens as elements within the column space
of token embeddings. This ensures that latent and explicit tokens share consistent distributions and
reside in the same low-rank space, thereby addressing the two central challenges revealed by our
experiments.

Building on our definition of latent tokens, we introduce Latent-SFT, a two-stage learning frame-
work. Stage 1: Latent token generation. We construct an encoder—decoder architecture using the
same LLM, where the encoder is forced to produce latent tokens that enable the decoder to generate
the correct answer. Specifically, the Latent Token Induction Mask (LTIM) constrains special tokens
in the encoder to attend only to a sub-segment of the explicit reasoning chain. Latent tokens are then
derived by linearly combining the vocabulary probabilities associated with these tokens. The Latent
Token Supervision Mask (LTSuM) further enforces that each latent token decodes the subsequent
explicit reasoning segment and the final answer. Together, these mechanisms ensure that latent to-
kens remain semantically compact, compatible, and correct. Stage 2: Latent token learning. The
decoder learns to generate latent tokens independently. Specifically, KL loss is used to learn latent
tokens, while CE loss is applied to optimize the final explicit answer.

As illustrated in Figure[I] our model performs latent reasoning in the column space of the vocabulary,
analogous to wavefunction superposition in Hilbert space. Once reasoning is complete, entropy
collapses into an eigenstate, producing the final natural language answer. Experiments confirm
that Latent-SFT surpasses other latent baselines and achieves performance comparable to explicit
SFT models on low-difficulty mathematical reasoning datasets. On high-difficulty datasets, latent
tokens defined via soft embeddings significantly outperform those defined by hidden states. Further
analyses reveal that its latent reasoning process is not merely a compression of a single reasoning
chain but also a superposition of multiple chains.

2 RELATED WORK

Our work centers on latent inference, and we categorize related research into two groups: training-
based methods and training-free methods.
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Figure 2: Visualization of last-layer hidden states and token embeddings of the LLaMA-3.2-1B-Instruct model
on the GSMS8k dataset. Results are shown from both global and token-specific perspectives to highlight the
substantial distributional differences. In addition, we report the statistical differences between the two distribu-
tions using the Fréchet Inception Distance (FID) and the squared Maximum Mean Discrepancy (MMD?). We
also estimate cosine similarity via random sampling.

Training-based Latent Reasoning. COCONUT (Hao et al., [2024) first proposed using the last
hidden state as the input for the next token without applying the language model head, laying the
foundation for latent reasoning. However, it relied on a fixed number of latent steps and did not
address the misalignment between hidden (latent) states and token embeddings, leading to weak
performance. CCOT (Cheng & Durmel 2024)) introduced continuous contemplation tokens and ex-
tended this idea to variable-length latent reasoning, achieving modest gains. CODI (Shen et al.,
2025) improved alignment by adding an MLP to map hidden states into the token embedding space,
and further adopted a teacher—student distillation strategy, forcing the latent model to match hidden
states across all layers up to the final token of the explicit model—significantly boosting perfor-
mance. PCCOT (Wu et al., [2025b) enhanced CODI by applying Jacobian iteration to improve both
training and inference efficiency. CoLaR (Tan et al.l [2025) advanced this line by introducing a la-
tent head to predict compressed embedding distributions, maintaining alignment between latent and
token spaces. Combined with reinforcement learning, CoLaR achieved state-of-the-art latent rea-
soning, though still trailing explicit SFT. Unlike these approaches, we restrict latent reasoning to the
column space of the LLM vocabulary, directly addressing misalignment between latent and token
spaces.

Training-free Latent Reasoning. Several works have explored training-free latent reasoning, in-
cluding Soft Thinking (Zhang et al., |2025)) and Mixture-of-Input (Mol) (Zhuang et al.l 2025). Like
our approach, they use next-token probability distributions to linearly combine token embeddings,
thereby linking hidden and embedding spaces. However, |Wu et al.| (2025a) showed that this remains
a form of greedy decoding, which limits performance. In contrast, our method can be seen as a
trained variant of Soft Thinking, enabling the model to explore multiple reasoning paths.

3  PRELIMINARY EXPERIMENTS: DEFINITION OF LATENT TOKEN

To gain a deeper understanding ofing of the latent reasoning process, we conducted two preliminary
experiments addressing the core question of what the representation of latent tokens should be.

3.1 DISTRIBUTIONAL DISCREPANCY BETWEEN FINAL-LAYER HIDDEN STATES AND TOKEN
EMBEDDINGS

Most existing studies (Shen et al., [2025; Wu et al., 2025b)) follow the COCONUT design, using the
last-layer hidden state directly as the representation of the next latent token rather than sampling
from the explicit token embedding matrix. However, a statistical analysis of the last-layer hidden
states and token embeddings in the representative LLMs reveals the following observation.

Observation 1. The distribution of last-layer hidden states in the LLM is entirely inconsistent with
that of the token embeddings. As shown in Figure 2]and Figure[7] the distributions of hidden states
and token embeddings after PCA dimensionality reduction differ substantially. Statistically, their
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means, variances, and inter-distribution distances are all large. From a modeling perspective, shal-
low parameters (e.g., RMSNorm) encountered during pre-training are exposed only to the token
embedding distribution. Feeding vectors from an unfamiliar distribution into the model can thus
induce distribution shift or other unpredictable effects, which is one of the reasons why methods
such as COCONUT perform poorly.

3.2 NON-FULL EFFECTIVE RANK OF TOKEN EMBEDDINGS IN LARGE LANGUAGE MODELS

Building on Observation 1, we posit that the la-
tent token representations should ideally align ‘

with the distributional geometry of the token @ 10 — DeepSeek-R1-Qwen-7B — ER=2699.6
embeddings. To examine this property, we ana- —— Llama-3.2-1B-Instruct — ER=1975.9
lyze the singular value spectra of token embed- |

ding matrices across different LLMs.

Observation 2. The Effective Rank of LLM
Token Embeddings Is Not Full. The resulting
curves in Figure [3] exhibit a rapid decay rather
than a flat plateau, indicating that only a subset
of singular directions contributes substantially
to the embedding space. The effective rank of
word embeddings is far below the theoretical Figure 3: Decay curves of singular values for embed-
maximum, indicating that although the embed-  ding matrices in various LLMs. The legend indicates
ding matrix has high nominal dimensionality, the effective rank of each embedding matrix.

it occupies only a low-dimensional subspace.

Thus, the semantic space of LLMs can be regarded as inherently low-dimensional.
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These findings suggest that latent tokens should not be treated as unconstrained hidden vectors, but
rather as structured elements residing within the embedding subspace. Guided by this insight, we
formally define latent tokens.

Definition 1 (Soft Embedding). Formally, a latent token z € R? can be expressed as a linear
combination of token embeddings:

v

z= Zaiei, with a; € R, e; € Rd, (1)

i=1
where {e;}_, denotes the embedding vectors of the vocabulary, and the coefficients {; } determine
the semantic mixture. This formulation ensures that latent tokens remain aligned with the intrinsic
semantic geometry of the LLM’s vocabulary space, providing a principled interpretation of latent
tokens as interpolation within the embedding manifold.

4 LATENT-SFT: EQUIPPING LARGE LANGUAGE MODELS WITH LATENT
REASONING

With Definition 1, we introduce Latent-SFT to bring latent reasoning into LLMs. As a prerequisite,
latent tokens must be generated (Definition 1), since they provide the labels needed for supervision.
Thereafter, the model is trained, in analogy to explicit reasoning, to generate these latent tokens and
perform latent reasoning. The overall training framework is illustrated in Figure 4]

4.1 GENERATING LATENT TOKENS VIA INDUCTION-SUPERVISION MASKING

Latent tokens are designed to be: (1) semantic compactness, replacing multiple explicit tokens; (2)
semantic compatibility, constrained to the semantic space of explicit tokens (Section ; and (3)
semantic correctness, capable of producing the right answer. We implement these properties within
an encoder—decoder framework through three key steps: information compression, representation
alignment, and supervised decoding.

Information Compression Process (Semantic Compactness). We insert special tokens into the
explicit reasoning sequence to segment and capture intermediate reasoning information. Given an
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Figure 4: Overview of Latent-SFT. The training process consists of two phases: (a) Generating Latent Tokens
via Induction—Supervision Masking. In the mask sub-figure, components such as (), S; and Answer (which may
span multiple tokens) are implemented via a standard autoregressive attention mechanism. The Latent Token
Encoder shares both structure and initialization with the base LLM. (b) Training the LLM to Autonomously
Generate Latent Tokens. In this phase, the LLM is trained to perform latent reasoning independently, using a
weighted combination of KL loss and CE loss.

input X = [Q, <think>, T, </think>], we define a segmentation function Seg(-) that divides T
(explicit reasoning sequence) into N subsegments, i.e., 7' = {S;}¥ ;. This segmentation can be
performed either by a fixed token length (compression ratio) 7 or by grouping semantically contin-
uous thoughts. After each S; , we insert a special token L; and apply the Latent Token Induction
Mask (LTIM) to restrict each L; to attend only to the explicit reasoning information preceding it
(see Figure ). This design ensures that the semantic content encoded by latent tokens grows with
reasoning completeness, facilitating subsequent model learning.

Representation Alignment Process (Semantic Compatibility). Given the inserted special tokens
{L;}_,, we first obtain their hidden states h; € R from the (LTIM-masked) model. To align each
latent token with the LLM’s vocabulary manifold, we project h; onto the vocabulary simplex and
then reconstruct its embedding as a mixture of token embeddings, in accordance with Definition 1.
Concretely, let £ = [eq,...,ey] € RV denote the (input) embedding matrix and W € RIXV
the LM head (often W = F) under weight tying). We compute vocabulary logits and a probability
vector

£, =WT'h;, a; = softmax(£;/T) € AV~ 2)

where T > 0 is an optional temperature. The representation of the ¢-th latent token is then obtained
by linear interpolation within the embedding space:

v
= Foa; = Zai,vev. 3)
v=1

which instantiates Definition 1 (Soft Embedding) with coefficients given by the model-implied vo-
cabulary distribution. This construction guarantees z; lies in the span (and, with softmax, the convex
hull) of {e, }Y_;, thereby enforcing semantic compatibility: latent tokens remain confined to the
intrinsic geometry of the LLM’s vocabulary space. In training Stage 2, «; serves as the supervision
signal for latent positions (KL term), while explicit positions are optimized with CE; optionally, one
may prune «; to top-k and renormalize to reduce computation without departing from the embedding
manifold.
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Supervised Decoding Process (Semantic Correctness). Given the latent representations {z; } ¥ ;
from the alignment step, we use each z; to decode the content from the (i 4 1)-th explicit
reasoning subsegment through to the final answer. Let the prefix up to step ¢ be II; =
[Q, <think>, 21, Sa, 22, ..., z;]. Under the Latent Token Supervision Mask (LTSuM), tokens in
Vi = [Sit1s .- SN, </think>, Answer| are decoded conditioned only on II; (in particular on
[@, <think>, 21, ..., z;]), while attention to future latent tokens and to past explicit reasoning steps
is blocked. Denoting by 7; the index set of tokens in };, the supervised decoding objective is

sup: ZLZ

S ( log po (w1 | TI;; LTSuM)) (4)
teJ;

Training Schedule. In practice, the strong masking constraints (LTIM/LTSuM) make naive SFT
optimization difficult. We therefore adopt an EM-style alternating schedule. Let the complete
set of parameters be 0 = (9cnc,911m) First, with the LLM frozen, we optimize the encoder
only, 051! = arg ming,_,_ Leup(Oenc, 0f1,,,). Next, with the encoder frozen, we optimize the LLM,
9{1;1 =arg mlngmnﬁsup(eéicl, Onm ). Finally, we jointly fine-tune both components by minimizing,
(Oenc, Oum) < arg ming,_ ... Lsup(Penc, Oum ). This alternating—joint procedure stabilizes training

under the constraints while steadily improving convergence.

4.2 TRAINING THE LLM TO AUTONOMOUSLY GENERATE LATENT TOKENS

After generating latent tokens with the three desired characteristics, we concatenate them with the
explicit tokens. The resulting sequence X =[Q), <think>, z1, ..., z,,, </think>, Answer]| then serves
as the input for Stage 2 (in Figure f{b)). Denote the index sets of latent and explicit positions by
Slat> Sexp» respectively. We use p; = o as the soft label for the latent position, and ground-truth
tokens y; for explicit positions. Let ¢; = softmax(W 7 h;) be the decoder’s predictive distribution
at position . We optimize the decoder with a KL term on latent slots and a CE term on explicit slots:

Lauto(fim) = A - > Kpila) + 8- | S .| > (—logaiu]). (5)
exp

|Slat| tEShas tE€ Sexp

Optionally, a temperature 7" > 0 can be applied to both teacher and student distributions (with the
usual 72 scaling) and p, may be pruned to top-k then renormalized. Minimizing £, trains the
decoder to autonomously generate latent token sequences [z1, ..., 2| along with the final answer.

5 EXPERIMENTS

5.1 EXPERIMENTAL SETUP

Datasets. To comprehensively assess the effectiveness of our method, we conducted experiments
on both low-difficulty mathematical reasoning datasets (GSM8k-Aug (Deng et al., |2024), GSM-
Hard (Gao et al.;[2023)), SVAMP (Patel et al., 2021}, and MultiArith (Roy & Roth}2015))) and high-
difficulty datasets (Math500 (Hendrycks et al.,[2021)) and AIME24). For the low-difficulty tasks, we
trained on the GSM8k-Aug training split to ensure fair comparison with prior work. For the high-
difficulty tasks, due to limited computational resources, we used a subset of Open-R1 (Hugging
Face, [2025)) containing explicit reasoning chains shorter than 4k tokens, resulting in 57,544 training
samples. This restriction inevitably constrained the performance of our method.

Baselines and Models. The baselines considered in our experiments include COT-SFT (Wei
et al.| 2022)), iCOT (Deng et al.l 2024), COCONUT (Hao et al.| [2024), CODI (reproduced) (Tan
et al., [2025)), and CoLaR (Tan et al.l [2025). For low-difficulty tasks, we adopt LLaMA-3.2-1B-
Instruct (Dubey et al.,|2024), while for high-difficulty tasks, we employ DeepSeek-Distill-Qwen-7B
(DeepSeek-Al et al.| 2025)).

Evaluation Metrics and Details. Our evaluation measures both accuracy (Pass@N) and effi-
ciency (# L, the number of tokens in the reasoning chain). For the low-difficulty datasets, we
conducted five runs with different random seeds. For the high-difficulty datasets, Math500 was
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Table 1: Experimental results on four low-difficulty datasets. The number in brackets represents the compres-
sionratior. " marks the bestresult, and “  ” marks the second best. - Hidden State refers to removing
the Representation Alignment step and directly using the last-layer hidden state as the representation of latent
tokens. -w/oLTIM and - w/oLTSuM denote removing the Latent Token Induction Mask and Latent To-
ken Supervision Mask, respectively, reducing the model to a standard autoregressive attention mechanism.

GSMB8k-Aug GSM-Hard SVAMP MultiArith Average
Pass@1 #L Pass@1 #L Pass@1 #L Pass@1 #L Pass@1 #L Pass@1/# L

CoT-SFT | 4944 7 25641 | 1194 2 34241 | 59843 12149 | 9245 13741 | 536 214 2.50
iCoT 19.84 o 0.004 o 3874 .2 0.00+ o 3644 5 0.004 o 3824 .7 0.004+ .o 24.6 0.00 -
COCONUT 2314 3 6.004 o 5494 3 6.004+ o 4074 7 6.004+ o 4114 o 6.004+ o 27.6 6.00 4.60
CODI 133+ 6 6.00+ o 2974 2 6.001 o 2174 7 6.00L o 1924 8 6.00+ 0 14.3 6.00 2.38
CoLaR-5 26.84 2 557+ .0 58741 6.534 o 4844 5 295+ .0 8644 4 3214+ 0 41.7 4.57 9.12
CoLaR-2 40.14 o 1274 0 9.08+ ¢ 1404 0 5494 2 6.114 ¢ 9134 1 73540 48.8 10.0 4.88
Latent-SFT(4) 44.64 o 6.644 o 1024+ ¢ 7.684+ 0 5564 .1 33310 93.6+ .0 4114 o 51.0 5.44 9.37

- Hidden State 3674 4 6.614 1 8414 o 777+ .0 4444 o 3224 o 9034 1 4.064+ o 45.0 5.41 8.32

- w/o LTIM 3884 .1 6.594 1 8.674 .1 8.014 1 4894 1 3344 1 90.8+ o 4364 o 46.8 5.58 8.39

- w/o LTSuM 4264 .0 6.704 o 9984 1 7.604 o 53941 3364 .0 92,64 0 4274 o 49.7 5.48 9.07
Latent-SFT(2) 5044 4 1244 o 1094 o 1394 o 57.84 1 598+ 0 938+ o 7214 o 532 9.87 5.39

- Hidden State 4114 3 1284 .0 9.014 1 1424 4 49.64 o 6.17+ o 9.1+ o 7294 o 47.7 10.1 4.72

- w/o LTIM 4135 1294 1 9324 o 1404 o 53.64 .1 6254 1 9154 o 7.964 o 48.9 10.3 4.75

- w/o LTSuM 49.04 o 12110 103+ .0 1374 o 5654 o 6.224 o 93.0+ .0 7234 0 522 9.81 532

Table 2: Experimental results on high-difficulty datasets. We primarily examine the performance gap between
Soft Embedding and hidden state representations. Long inference chains amplify error accumulation in latent
reasoning, while training restricted to lengths of 4k further limits performance. Consequently, the accuracy
drop on AIME24 is acceptable. Since prior latent baselines were neither trained nor evaluated on high-difficulty
datasets, their results are not reported.

Model \ MATH-500 AIME24
Pass@1 #L Pass @ 1/# L(100x) Pass@1 #L Pass @ 1/# L(100x)

COT-SFT 92.641.19 36164232 2.56 54441.74 129924 346 0.42
COT-SFT (1k-Budget) 75.541.38 1017 46,44 742 12541 .28 10464.0.01 1.19
COT-SFT (2k-Budget) 8584+1.83 16704191 5.14 2374+1.27 20664 1.08 1.15
COT-SFT (3k-Budget) 8921 0.90 20574 26.8 434 33541.40 301748.06 L11
COT-SFT (4k-Budget) 90.5+0.66 2318440.8 3.90 39.041.15 40604 13.7 0.96
COT-SFT (NoThink) 77.541.88 93854131 8.26 2231113 43824 934 0.51
Latent-SFT (Hidden State) 67.810.94 698.1 1991 9.71 77812 08 15094114 0.51
Latent-SFT (Soft Embedding) | 79.841 35 (12.0% 1)  7593136.9 10.51 19241 60 (11.4% 1) 1484 4 490 1.29

evaluated four times, while AIME24 was evaluated 64 times. We report Pass@1 and # L as the
mean * 95% confidence interval (CI). To jointly assess accuracy and efficiency, we also report their
ratio, Pass@1/# L. Additional implementation details are provided in Appendix

5.2 MAIN RESULTS

Performance on Low-Difficulty Tasks. Table|l|compares Latent-SFT with state-of-the-art base-
lines under different compressed ratio r settings. Relative to the latent reasoning baseline, Latent-
SFT consistently achieves higher accuracy, shorter reasoning chains, and substantial gains in the
Pass@1 metric. These results confirm that defining latent tokens as linear combinations of the
vocabulary matrix—thus aligning them with the same semantic space as explicit tokens—is more
effective than the traditional last-hidden-state definition. Furthermore, Latent-SFT demonstrates
strong out-of-distribution generalization, achieving state-of-the-art performance on all three out-of-
distribution datasets and even surpassing COT-SFT on MultiArith. This advantage arises from our
latent token definition, which is more compatible with explicit tokens and thus better leverages token
representations learned during pre-training, leading to improved generalization.

It is noteworthy that Latent-SFT(2) surpasses explicit COT-SFT in Pass@1 on both GSM8k-Aug
and MultiArith, while reducing inference chain length by roughly one quarter on average. This
finding demonstrates that explicit reasoning does not represent the upper bound of latent reasoning
methods. With an appropriate definition and learning strategy for latent tokens, latent reasoning
can exceed explicit reasoning models in accuracy. When considering both Pass@1 and #L, Latent-
SFT delivers nearly a fourfold improvement over traditional COT-SFT, demonstrating strong overall
performance. The real inference example is provided in the Figure [I0]

Performance on High-Difficulty Reasoning Tasks. Experimental results on high-difficulty math-
ematical tasks are shown in Table [2| We found that the accuracy of Latent-SFT on the AIME24
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dataset dropped sharply compared to the COT-SFT model. We speculate that this is primarily due to
the increased difficulty of learning latent reasoning models with long reasoning chains. Simply
put, as reasoning chains length increases, it becomes more difficult to learn the three features re-
quired for latent tokens, resulting in a deterioration in latent token representation. This deterioration
in latent token representation leads to cumulative errors in the latent reasoning stage, ultimately re-
sulting in a drop in accuracy. Furthermore, due to training resource limitations, our model’s training
examples have reasoning chains no longer than 4k in length, further hindering its generalization
to the AIME24 dataset, which requires an average of 12k tokens. (As evidence, our model per-
forms significantly better on the MATHS500 dataset, which requires shorter reasoning chains, than
on AIME24, which requires longer chains.) Therefore, adapting latent reasoning to high-difficulty
mathematical reasoning datasets remains a challenging task.

In terms of inference chain length, Latent-SFT remains effective, achieving substantial reductions on
both datasets. Under the same inference chain length, our method achieves the highest accuracy. In
terms of inference efficiency, our approach outperforms various explicit reasoning methods, achiev-
ing the best overall efficiency. More importantly, Soft Embedding, the core definition proposed in
this work, consistently outperforms Hidden State even on high-difficulty datasets, thereby validating
the generalizability of Definition 1.

5.3 ABLATION STUDY

To comprehensively assess the effectiveness of Latent-SFT, we perform an ablation study focusing
on its three core components for latent token generation: LTIM, LTSuM, and Soft Embedding.

Replacing LTIM and LTSuM with Standard Autoregressive Attention. LTIM is employed
during the information compression process to restrict each special token to attend only to preced-
ing explicit reasoning steps, while preventing attention among special tokens themselves. When
replaced with standard autoregressive attention, the hidden states of later special tokens may be
influenced by earlier ones. In the early stages of training, before convergence, this effect can be
particularly detrimental. As shown in Table |1} across Latent-SFT models with different r values,
removing LTIM leads to a substantial drop in Pass@1 (about 5% on average), underscoring the
necessity of LTIM.

LTSuM is applied in the supervised decoding process to ensure that each latent token can decode
the subsequent explicit reasoning steps, thereby maintaining semantic correctness. Replacing it with
standard autoregressive attention—i.e., removing all explicit reasoning sub-segments and allowing
only latent tokens to generate the final answer—eliminates intermediate supervision during latent
token learning and may cause semantic entanglement. As shown in Table[I] removing LTSuM leads
to a substantial drop in accuracy, demonstrating its necessity.

Replace Latent Token Representation from Soft Embedding to the Last Hidden State Soft
Embedding serves as our core definition of latent tokens. While Table 1 shows that it already out-
performs traditional last-hidden-state methods such as COCONUT and CODI, for a fair comparison
we replace Soft Embedding with the last hidden state in our framework while keeping all other set-
tings unchanged. As reported in Tables|I|and Table|2| Soft Embedding achieves substantially better
performance than the last hidden state on both low- and high-difficulty mathematical reasoning tasks,
thereby empirically validating its effectiveness.

6 ANALYSIS: UNDERSTANDING THE ESSENCE OF LATENT REASONING

In order to probe the fundamental nature of latent reasoning, we raise a central question: What,
precisely, does latent reasoning capture during the reasoning process? Inspired by COCONUT’s
perspective that latent reasoning explores multiple reasoning paths simultaneously, we propose the
following two hypotheses.

Hypothesis 1. Latent Reasoning Represents the Compression of a Single Reasoning Path. To
quantify how much explicit information is preserved at each step of latent reasoning, we intro-
duce the Top-K Effective Compression Ratio (ECR@XK). This metric measures the proportion of
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8 (a) Latent-SFT(2) (b) Latent-SFT(4)
—— ECR@50 (p=1.169) —— ECR@50 (p=2.385)
7 ECR@100 (p=1.515) ] ECR@100 (n=2.855)
—— ECR@150 (n=1.667) —— ECR@150 (n=3.187)
6 ECR@200 (n=1.756) J ECR@200 (n1=3.433)
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6"
& 3
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2 4
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Index (sorted by ECR@300) Index (sorted by ECR@300)

Figure 5: Latent-SFT’s ECR@K values on GSM8k-Aug test samples. Each curve represents the per-sample
ECR@K, with samples sorted along the x-axis by their ECR@300 values.

explicit chain tokens that fall within the Top-K of the probability distribution at the correspond-
ing latent step. Larger values indicate stronger horizontal compression across the reasoning chain,
while values greater than one reflect true compression of the explicit chain. The formal definition is
provided in the Appendix [D.2]

The experimental results are presented in Figure [5] Across models trained with different compres-
sion ratios r and varying K values, the ECR scores exceed 1 for almost all samples. This quantita-
tively validates our hypothesis that latent reasoning compresses a single reasoning path. From the
training perspective, the model indeed performs information compression along a single reasoning
path. Moreover, comparing Figure[5(a) and (b), doubling the training compression ratio nearly dou-
bles the ECR score during inference, further demonstrating the effectiveness of our training strategy.

Hypothesis 2. Latent Reasoning Repre-
sents the Superposition of Multiple Reason-
ing Paths. To examine whether latent reason-
ing corresponds to the superposition of multiple
paths, we define the effective global parallelism
(Nefr), which quantifies global evidence for the
presence of multiple parallel reasoning paths.
A larger value reflects a higher degree of par-
allelism. In addition, we introduce the Top-2
Score, defined as the ratio of the probabilities
of the two most likely paths. Formal definitions 0 200 400 600 800 1000 1200
are provided in the Appendlx @ To assess Samples (each model sorted independently)

the parallel reasoning capability of latent mod- Figure 6: N.g values of Latent-SFT on the Multi-
els, we construct multiple alternative reasoning  Chain GSM8k-Aug dataset. The legend reports the
chains corresponding to a single explicit rea- mean values of both Neg and the Top-2 Score.

soning path within GSM8k-Aug dataset (Multi-

Chain GSM8k-Aug dataset in Appendix [C).

Figure [6] presents the analysis results. Across models with different compression ratios, most sam-
ples exceed the conservative threshold for significant parallelism (1.7), indicating that latent rea-
soning reflects the superposition of multiple reasoning chains. On average, evidence is distributed
across roughly 3—4 reasoning paths rather than concentrated on a single path. The average Top-2
ratio exceeds 0.6, suggesting strong “two-way competition” and parallel reasoning. Furthermore, as
the compression ratio increases, the degree of parallelism also rises. Case studies are provided in
the Figure 9}

[
o

—— Latent-SFT(2) (pn_Neff=3.600, n_Top2=0.643)
Latent-SFT(4) (p_Neff=4.613, p_Top2=0.810)
81 threshold: N_eff = 1.7

Effective path count N_eff

7 CONCLUSION

In this work, we propose Latent-SFT, a method that enables latent reasoning in LLMs by defin-
ing latent tokens within the column space of the vocabulary. Experimental results show that on
low-difficulty mathematical reasoning datasets, Latent-SFT achieves performance comparable to



Under review as a conference paper at ICLR 2026

explicit COT-SFT while significantly shortening reasoning chains. On high-difficulty datasets, it
outperforms methods based on last hidden state representations. Furthermore, our analysis demon-
strates that latent reasoning embodies both the compression of a single reasoning chain and the
superposition of multiple chains.

8 ETHICS STATEMENT AND REPRODICIBILITY STATEMENT

This work does not raise ethical concerns. The code, datasets, and models of our method are
available in an anonymous GitHub repositoryhttps://anonymous.4open.science/r/
Latent—-SFT-CF17.
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Figure 7: Visualization of last-layer hidden states and token embeddings of the Deepseek-Distill-Qwen-7B
model on the Math500 dataset.

A USE OF LLMs

We employ GPT-5 to polish the language of our manuscripts. Specifically, we first draft the text,
then use GPT-5 to refine it into a more coherent form. After verifying its logical and semantic
consistency, we incorporate the polished version into the main text.

B IMPLEMENTATION DETAILS

Since Latent-SFT requires weighting with respect to the vocabulary matrix, we freeze the vocabu-
lary parameters during training. All models are trained using LoRA with rank 64. Following CO-
CONUT, we initialize all methods from the COT-SFT model to accelerate convergence. In practice,
we find that a fixed-length segmentation function performs better than a semantic-based segmenta-
tion. Therefore, all results reported in this paper are based on fixed-length segmentation functions.
For LLaMA-3.2-1B-Instruct, we set the learning rate to 1 x 10~* in Step 1 and 4 x 10~* in Step
2. For DeepSeek-Distill-Qwen-7B, the learning rates are 5 x 107 (Step 1) and 1 x 10~° (Step 2).
Following |DeepSeek-Al et al.[(2025)), we use a decoding temperature of 0.6 and top-p of 0.95. We
did not perform parameter tuning for A and ; setting both to 1 yielded satisfactory performance.

During evaluation, low-difficulty mathematical reasoning datasets were inferred using the Trans-
formers library with a maximum sequence length of 128. High-difficulty datasets were evaluated
with the improved SGlang library, supporting a maximum token length of 32,768. All training and
inference experiments were conducted on 8xA100 or 8xH100 GPUs.

C CONSTRUCTION OF THE MULTI-CHAIN GSM&K-AUG DATASET

We carefully designed prompts and employed the advanced GPT-5 model to generate preliminary
candidate reasoning chains. Given the simplicity and limited number of questions, we manually
inspected and removed examples that either failed to follow the reasoning format or contained incor-
rect logic. To further maximize diversity, we retained only reasoning chains with pairwise similarity
below 0.9 based on edit distance. An example prompt call is illustrated in Figure [§] Among the
1,319 data points, 1,310 contained multiple reasoning paths.

D ANALYTICAL METRICS

D.1 NOTATION AND PRELIMINARIES

Let V be the vocabulary, |V| = V. For a given problem, fix a reference explicit chain (from an
explicit CoT solution)

x=(v1,...,00,,), ;€. (6)
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Instruction:
{}
\\boxed{False}
Response: Rejected (edit-distance criterion
against the solution violated).

Rejected (edit-distance criterion
against the previous item violated).

Figure 8: An example of calling GPTS and post-processing.

A latent model generates a latent reasoning chain consisting of " latent steps, each with a vocabulary
distribution

pe AV (t=1,....T), (7)
where AV~ is the probability simplex. To quantify the extent of explicit information captured by
each latent step (whether from a single chain or multiple chains), we introduce:

Assumption 1. During training, if each latent token is constrained to receive information from a
fixed number of explicit tokens, then at inference time the amount of explicit information (in terms
of token granularity) captured by each latent step is uniform.

This assumption is reasonable, as the model is expected to behave consistently during training and
inference. So we align the two sequences by a ratio r € N: every r explicit tokens are grouped to
one latent step. Define the number of aligned steps

T" = min(7T, [Lexp/71), (8)
and the explicit token set aligned to latent step ¢:
St ={&@—1)r+15 -+ Trin(tr,Loxy) } - |S¢] <. 9

Let Tk (p:) C V be the set of the K highest-probability tokens under p;.

D.2 ECR@K (EFFECTIVE COMPRESSION RATE)

To verify whether latent reasoning corresponds to the compression of a single chain, we examine,
on average, how many aligned explicit tokens from the reference chain appear within the Top-K
probabilities at each latent step. Thus, we define

T/
1
ECRGK = FZ@MTK(M! € [0,7]. (10)

t=1

A value greater than 1 indicates genuine compression of a single reasoning chain, meaning that each
latent step, on average, covers more than one token from the reference explicit chain.
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D.3 Ngg AND TOP-2 SCORE

Given M candidate explicit chains {w(m)}%zl (with lengths L,,), we align each chain to the T’
latent steps using the same ratio r as above. Let the explicit tokens aligned to step ¢ on chain m be
Sm.t C V (at most r tokens), and let T (p;) be the Top-K tokens under p,. Define the per-step

mass of chain m as )
mass,,, = > pilal, (11)

€Sy, +NTk (pt)

and aggregate it across steps to obtain a sequence-level evidence score

T/
1
scoren = 7 Zlog(massgf )+ £), (12)

t=1

where 77 = min (T, [Lp/ 7‘]), € > 01is a small constant, and K controls robustness (setting K =V
recovers the full-mass version). We convert {score,, } to a posterior over paths via a temperatured

softmax
P, = —oxpleoren/) ) (13)
> j—1 exp(score; /T)

The effective number of supported paths is

M
Net = exp( = Y PulogPn), (14)
m=1
and the Top-2 score is the ratio between the two largest posteriors,

Py .
Top-2 = —= with P(l) > P(Q). (15)
P
Intuitively, a larger score,,, means the model consistently places high probability on chain m along
the sequence; a larger Neg and higher Top-2 indicate stronger parallel support across multiple chains
rather than collapse to a single path.

When only a single path exists in parallel, Neg = 1. However, since different paths may partially
overlap in their prefixes, we adopt a conservative baseline of Nog = 1.7 (corresponding to approx-
imately 70% probability mass on path 1 and 30% on path 2). Values exceeding this threshold are
taken as evidence of parallel inference. In addition, to mitigate the influence of tail noise, we set
K =100.
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Parallel evidence per step (sample #466) — max dataset-level Nggs=7.39
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Figure 9: An example of the maximum Neg value for the Latent-SFT(2) model on the Multi-Chain GSM8k-
Aug dataset. At each step, the Neg value exceeds 1.7. PathQ denotes the original reasoning chain, while the
remaining paths are additional candidate chains. The heatmap illustrates the fraction of paths supported at each
latent step, clearly revealing the phenomenon of parallel reasoning.

Question:

Reference Answer:

Latent-SFT(2) Response:

Y

Top-1 Tokens in
Latent Reasoning

Figure 10: An example of Latent-SFT(2) reasoning on the GSM8k-Aug test set. The reasoning chain length is
reduced by nearly half.
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