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ABSTRACT

Large Reasoner Models (LRMs) excel at single-turn reasoning but often de-
grade in multi-turn settings due to insufficient alignment at the dialogue level.
We propose Turn-level Trajectory-Clipping with Back-Propagation Optimiza-
tion (TTPO), a critic-free Reinforcement Learning from Verifiable Rewards
(RLVR) algorithm that extends GRPO to robust multi-turn reasoning. TTPO
introduces three components: (i) a turn-level policy ratio with PPO-style clip-
ping, treating each turn as a unified action; (ii) trajectory clipping, which
prunes low-reward branches to mitigate exponential forking; and (iii) reward
back-propagation, which propagates discounted terminal rewards to earlier turns
for stable credit assignment. Experiments across six representative multi-turn
tasks—Code, Database, Math, Actions, Data-to-Text, and Summarization—show
that TTPO substantially improves mean performance while sharply reducing run-
to-run volatility (U90-10) without sacrificing high-percentile quality (A90). Ab-
lations confirm contributions from all three components, with trajectory clipping
and reward back-propagation yielding the largest reliability gains. These results
demonstrate that turn-level alignment offers a simple and general recipe for robust
long-horizon dialogue reasoning.

1 INTRODUCTION

Users often restart context windows when interacting with Large Language Models (LLMs). This
behavior does not stem from a lack of conversational capability, but from the fact that models fre-
quently fail to maintain coherence and consistency once new cues or conditions arise(Y1i et al.,
2025)). While LLMs demonstrate strong performance on single-turn tasks, their reliability degrades
in multi-turn conversations, where a model must preserve evolving context across exchanges (La-
ban et al., 2025 Rahman et al., 2025). This limitation poses challenges for deployments such as
customer service agents that must track user state over several interactions, or specialized assistants
that span multi-step processes requiring coordination and memory (Gao et al., 2025; |[Zhang et al.,
2025; Y1 et al., [2025). Developing techniques for robust multi-turn reasoning is therefore a central
goal in advancing LLMs for real-world applications.

Large Reasoning Models (LRMs) extend LLMs with chain-of-thought prompting to break problems
into intermediate steps (Wet et al., 2023). This improves single-turn reasoning, yet multi-turn dia-
logues introduce new difficulties: the dialogue history must be interpreted not merely as a sequence
of tokens but as an evolving series of conversational turns, with shifting roles and dependencies.
Once a chat template is serialized, message boundaries blur inside the flat token sequence, making
it difficult to isolate the contribution of individual turns (Anonymous, 2025). As a result, reasoning
often drifts across exchanges, and inconsistencies accumulate (Laban et al., [2025)).

Reinforcement learning (RL) is a natural candidate for aligning multi-turn reasoning (Wang et al.,
2025b), as it allows optimization based on long-horizon objectives (Dalal et al., 2024)). However,
state-of-the-art methods such as RLVR remain single-turn oriented (Lambert et al., [2025} [Wu et al.,
2025 Schulman et al.,[2017; Rafailov et al.,2024)). Rewards are typically computed per completion,
which makes them sparse and delayed in multi-turn contexts. When a dialogue spans many turns,
this sparsity inflates variance, degrades credit assignment, and destabilizes optimization (Zheng
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et al.| 2025a). Moreover, token-level updates are highly sensitive to local noise: a few outlier
branches may dominate gradients, while early reasoning steps receive little or no signal (Zhao et al.}
2024). Together, these limitations have left multi-turn training both unstable and inefficient.

To address these challenges, we introduce Turn-Level Trajectory Back-Propagation Optimization
(TTPO), a reinforcement learning framework that explicitly models whole turns as the fundamental
action units. This shift in granularity allows long-horizon dialogues to be optimized more stably and
provides a natural scaffold for multi-turn credit assignment. TTPO is built on GRPO but incorpo-
rates three innovations: (i) turn-level clipped policy ratios that extend token-level clipping for stable
updates in long contexts, (ii) trajectory clipping that prunes low-reward or outlier branches before
they dominate optimization, and (iii) reward back-propagation that discounts terminal rewards to
earlier turns, thereby providing denser feedback and mitigating cold-start collapse.

We evaluate TTPO across six multi-turn tasks. Experiments show that it (a) reduces run-to-run
volatility in SHARDED settings by ~18-22 U90-10 points, (b) improves mean performance by ~7—
9 points, and (c) preserves or slightly improves A90. Mechanistic analysis further confirms that treat-
ing turns as actions stabilizes optimization, trajectory clipping suppresses gradient-dominant out-
liers, and reward back-propagation provides early turns with meaningful learning signals. Ablation
studies verify that each component matters, with trajectory clipping and reward back-propagation
contributing the most to reliability gains.

Our contributions are threefold:

Method. We present TTPO, a novel turn-level extension of GRPO designed for multi-turn reason-
ing, with three components tailored to long-horizon optimization.

Stability and performance. We empirically demonstrate that TTPO reduces volatility, improves
mean scores, and maintains high-percentile performance across diverse multi-turn settings.

Analysis. We provide ablations and mechanistic insights showing how each component contributes,
highlighting the importance of trajectory clipping and reward back-propagation for reliable improve-
ments.

2 RELATED WORK

2.1 REASONING ON MULTI-TURN CONVERSATIONS

Early language models were primarily designed for single-turn settings, limiting their ability to
maintain discourse state across turns (Lewis et al., [2019; [Radford et al., [2019; [Raffel et al.l 2023}
Zhang et al.,2018)). Modern prompting methods like Chain-of-Thought (Wei et al.}[2023)) and Tree-
of-Thoughts (Yao et al.,[2023) achieve significant gains through stepwise decomposition (Huang &
Chang| [2023). However, complex reasoning tasks require intermediate feedback for trajectory re-
finement (Lightman et al., 2023)), making multi-turn interaction essential for incorporating feedback
while preserving evolving reasoning chains.

2.2 REINFORCEMENT LEARNING IN POST-TRAINING

Reinforcement Learning has become crucial for post-training LLMs beyond traditional supervised
fine-tuning, enabling adaptation to complex environments and alignment with human preferences.
Early efforts focused on alignment through RLHF (Ouyang et al.l [2022)) and DPO (Rafailov et al.,
2023)), optimizing for helpfulness and harmlessness. RL is increasingly applied to specific capa-
bilities like code generation (Wang et al., |2024) and mathematical reasoning (Shao et al., [2024),
where verifiable feedback provides strong reward signals. Recent surveys (Guo & Wang} [2025) and
frameworks (Cao et al.l [2025) demonstrate RL’s integration throughout the LLM lifecycle and its
evolution toward multi-task generalization.

2.3  FINE-TUNING REINFORCEMENT LEARNING IN MULTI-TURN TASKS

Reinforcement fine-tuning (RFT) for multi-turn tasks frames LLM agents as policies in partially
observable environments where temporal credit assignment is critical. Group-relative policy ob-
jectives like GRPO (DeepSeek-Al et al. [2025) and DAPO (Yu et al., |2025) enable efficient on-
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policy updates, while process-aware signals (SPA-RL (Wang et al., [2025a)) reduce reward sparsity.
End-to-end RFT has proven effective in web browsing (Wei et al., 2025 Song et al., 2025 [Zheng
et al., [2025b) and GUI control (Lu et al., [2025), with multi-agent extensions formalized through
MAREFT (Liao et al., [2025)). Effective multi-turn RFT requires: (i) robust group-relative optimiza-
tion, (ii) process-aware rewards for temporal credit assignment, and (iii) scalable data collection in
realistic environments.

3 METHODOLOGY

Multi-turn dialogue reasoning poses optimization challenges that differ fundamentally from single-
turn language modeling. We formalize a multi-turn conversation as a finite-horizon POMDP M =
{0,C, A, T,u, R, N}, where an LLM agent interacts with a user over N turns. At each turn ¢,
the agent observes the entire dialogue history o, € O and generates a response a; € A with the

objective of maximizing cumulative reward ) _," | (o, as, c).

This setting introduces three challenges inadequately addressed by single-turn optimization: (i) Con-
text accumulation: information and errors compound across turns, degrading coherence; (ii) Sparse
and delayed rewards: feedback typically arrives only at the end of the conversation; (iii) Exponential
trajectory branching: each turn expands the trajectory tree, causing unstable dynamics (See Figure
[[for Overview).
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Figure 1: Overview of the Turn-level Trajectory-Clipping with Back-Propagation Optimization
(TTPO) Framework. TTPO addresses multi-turn dialogue optimization through three key innova-
tions: (i) Turn-level reward weighting that stabilizes optimization by treating each conversational
turn as a single action unit rather than individual tokens; (ii) Trajectory clipping that mitigates
exponential branching instability by filtering out low-quality continuations below threshold 7; and
(iii) Cross-turn reward propagation that addresses reward sparsity by backpropagating terminal
rewards with discount factor y to provide informative signals for earlier turns.

3.1 BACKGROUND: GROUP RELATIVE POLICY OPTIMIZATION

Group Relative Policy Optimization (GRPO) replaces actor-critic methods with group-relative ad-
vantage estimation. For a question—answer pair (¢, a), the behavior policy 7y, samples G responses
{0;}%_,, and the normalized advantage of i-th response is
i T — mean({Rj}JG:l)
i = MRFEY (1)

The clipped surrogate objective with KL regularization is

[o;]

G
1 1 . P . P
Jerro(0) = E el Zl m ; (rnln(rl-’t(G)Ai’,g7 clip(r; 1(0),1 —e,14+¢)A;4)
! - 2
- 6DKL(770 || '/Tref)) )

where r; (0) = mg(0i1 | -)/To.14(0ie | -). While effective for single-turn tasks, GRPO struggles in
multi-turn settings due to exponential branching and delayed rewards.
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3.2 TURN-TRAJECTORY PROPAGATION OPTIMIZATION (TTPO)

We propose Turn—Trajectory Propagation Optimization (TTPO), which generalizes GRPO from
tokens to conversational turns and incorporates three components:

(i) Turn-Level Reward Weighting. Each response turn is treated as a single action. Instead of
token-level ratios, TTPO defines the average turn-level importance ratio:

1 [y,
Wo(l/z‘,t,j \ XaYi,<tayi,t,<j)

9
oo (Yistj | X Yi<ts Yirt,<j)

i (0) = 3)

it =1
where y; ; is turn ¢ of trajectory 4. This stabilizes optimization by balancing token contributions and
prevents echoing effects.

(ii) Trajectory Clipping. To mitigate instability from exponential branching, we clip trajectories
at low-reward turns. Specifically, if the propagated reward of turn ¢ in trajectory ¢ falls below a
threshold 7, subsequent turns are excluded:

1[R;: > 7| is applied when aggregating objectives. “4)
This focuses training on high-quality continuations and suppresses low-quality rollouts.

(iii) Cross-Turn Reward Propagation. To address reward sparsity, we propagate terminal rewards
R; backward with discount factor ~:

Ry =~""""R,, )

where T is the number of turns in trajectory <. Thus earlier turns also receive informative signals,
weighted by their temporal distance from the final outcome.

Overall Objective. Combining these components, TTPO optimizes

|Yi tl
Jrreo(0

(6)
(min (ri,e(0) A, clip(rie(0),1 — e, 1+ G)Ai7t,j) - BDKL(770||7Tref))‘| ;

where 1[] denotes trajectory clipping and R, ; is defined in Eq.

;. terminal reward of
trajectory 4; R; ;: propagated reward at turn ¢.

Algorithm 1 Tree-Trajectory Back Propagation Policy Optimization

Input: initial policy model 7g; reward model R; task prompts D; hyperparameters €, 7, 7y
Initialize policy model 7y <
forstep=1,...,Sdo

init

1: reference model 7.y <— o

2: for iteration=1, ..., M do

3 Sample a batch D, from D

4:  Sample G outputs {0;}$; ~ ma,,, (- | q) for each question g € Dy,

5: forturn=1,..., Tdo

6: Compute rewards {ri}iGzl for each sampled output o; by running 74

7 Apply cross-turn reward propagation using Equation ]

8: Compute Ai,t for the ¢-th turn of o; through group relative advantage estimation
9: Filter trajectories by Ai,t <T- /L,t, ; (Trajectory Clipping)

10: Sample additional outputs to maintain batch size

11: for TTPO iteration=1, ..., u do

12: Update the policy model g by maximizing the TTPO objective (Equation [6])
13: end for

14:  end for

15:  Update ry through continuous training using a replay mechanism

16: end for

Output: 7o
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4 EXPERIMENTS

We conduct experiments to evaluate whether TTPO effectively addresses the core challenges of
multi-turn reinforcement learning. Our study focuses on three desiderata of multi-turn optimization:
(1) stability of optimization when turns are treated as atomic units rather than individual tokens, (ii)
effectiveness of trajectory clipping and reward propagation mechanisms for credit assignment and
exploration control, and (iii) preservation of base model capability while reducing variability across
different training runs. These aspects directly correspond to the challenges identified in Section

4.1 EXPERIMENTAL SETUP

Benchmarks. We evaluate TTPO on six diverse reasoning tasks covering different modalities:
Code (program synthesis), Database (text-to-SQL), Math (algebra problem solving), Actions (API
call sequences), Data-to-Text (structured summarization), and Summarization (document conden-
sation) (Laban et al.| 2025 Zhou et al., 2025). These tasks were chosen because each naturally de-
composes into multiple reasoning turns—e.g., schema exploration in Database, intermediate deriva-
tions in Math, or iterative refinement in summarization—thus providing meaningful testbeds for
multi-turn optimization. We adopt the SHARDED protocol [1_1 in which the task input is revealed
progressively across turns, as the primary evaluation setting. This protocol accentuates multi-turn
difficulty compared to FULL or CONCAT setups and highlights the degradation that TTPO is de-
signed to mitigate.

Metrics. Beyond task accuracy, we focus on reliability-aware statistics that capture variability
across independent training runs. For each configuration we report the mean performance P =
+ Zf\il S;, the 90th percentile performance Agy = percentiley(.S), and the stability gap Ugo_10 =
percentiley, (.S) — percentile,,(.S), where S is the set of scores from N = 10 runs. P reflects overall
effectiveness, Agg ensures capability preservation, and Ugg_1¢ quantifies run-to-run stability. Lower
Ugo—10 denotes higher reliability, a property that is particularly critical for multi-turn settings where
optimization can diverge drastically across runs.

Model Configurations. We use Qwen3-8/32B (Team), 2025} which have the thinking mode as our
training model. We compare Base models trained with supervised fine-tuning only, GRPO as the
token-level reinforcement learning baseline, and TTPO incorporating turn-level weighting, trajec-
tory clipping, and cross-turn reward propagation. Both 8B and 32B parameter models are evaluated
to study scalability. To ensure fairness, all methods are initialized from the same checkpoints and
optimized under the same hyperparameter ranges.

4.2 TRAINING CONFIGURATION AND IMPLEMENTATION

Hyperparameters. Training uses group size G € [4,8] for advantage estimation, with a KL
penalty g applied using a linear warmup schedule. Trajectory clipping threshold 7 is determined
dynamically as the 25th—40th percentile of in-batch reward values, ensuring that approximately 60—
75% of trajectories are retained. The discount factor v € {0.6,0.8,1.0} controls the strength of
reward propagation from terminal to intermediate turns. Hyperparameter choices are based on pre-
liminary sweeps designed to balance exploration and stability.

Reward Functions. End-of-trajectory rewards are task-specific: automatic execution-based scor-
ing for Code and Database; semantic correctness scoring for Math and Actions; and learned reward
models assessing content quality for Data-to-Text and Summarization. All rewards are normalized
to [0, 1] and redistributed to intermediate turns using the propagation mechanism of Equation

Training Dynamics. Optimization proceeds for 3—10 epochs depending on task complexity. Low-
reward continuations are dynamically pruned by trajectory clipping, while replay buffers maintain
diversity in sampled trajectories. Convergence is monitored via validation accuracy and KL diver-
gence relative to the reference policy, with early stopping applied to prevent overfitting. Training a

'See Appendix [B|for details
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small model typically requires ~200 GPU hours (8xA100), while large-scale experiments require
~800 GPU hours.

5 RESULTS AND ANALYSIS

This section provides a comprehensive experimental validation of the proposed TTPO method. We
first present TTPO’s primary improvements in performance and reliability. We then analyze the
contribution of each core component through an ablation study, and conclude with a mechanistic
analysis of the method’s impact on the model’s inference behavior.

5.1 PRIMARY EXPERIMENTAL RESULTS

We present compelling experimental evidence demonstrating TTPO’s effectiveness in resolving the
fundamental instability plaguing multi-turn inference systems. Our macro-averaged results across
six diverse reasoning tasks (Table [I)) reveal that TTPO delivers substantial improvements not only
in mean performance but—more critically—achieves a paradigmatic breakthrough in reliability, the
key bottleneck preventing practical deployment of multi-turn reasoning systems. The empirical
findings are striking: TTPO consistently outperforms strong baselines across all evaluation metrics,
with particularly pronounced gains in the challenging SHARDED setting that most closely approx-
imates real-world deployment conditions. As visualized in Figure [2] TTPO establishes clear su-
periority over competitive open-source models including LLaMA-3.1 (§8B/70B variants), while our
TTPO-enhanced Qwen3-32B achieves performance competitive with state-of-the-art closed-source
systems like GPT-40 and surpasses flagship models including Claude-3.7 Sonnet and Gemini-2.5-
Pro in both capability and reliability metrics under SHARDED evaluation. These results represent
a qualitative leap, transforming multi-turn reasoning from an unreliable research prototype into a
stable capability with genuine deployment viability.

Table 1: Overall performance across simulation settings (macro-average over six tasks). Higher is
better for P and Agg; lower is better for Ugg_10.

Model (size) Setting Pt AgoT Ugo_104d

Base (8B) FULL 72.3  86.1 11.8
Base (8B) CONCAT 69.7 839 14.2
Base (8B) SHARDED 598 74.6 49.7
GRPO (8B) SHARDED 62.1 76.3 45.9
TTPO (8B) SHARDED 689 78.2 29.8
Base (32B) FULL 84.7 938 8.1

Base (32B) CONCAT 829 924 9.7

Base (32B) SHARDED 712 83.1 46.9
GRPO (32B) SHARDED 734 842 43.1
TTPO (32B) SHARDED 798 86.4 27.6

Significant Improvement in Mean Performance (P). Under the most challenging SHARDED
setting, TTPO demonstrates exceptional optimization efficacy. For the 32B model, TTPO achieves a
mean performance score (P) of 79.8, an 8.6-point improvement over the baseline Base model (71.2)
and significantly surpassing the standard reinforcement learning baseline, GRPO (73.4). This result
confirms that TTPO is not merely a stabilization technique but also an effective optimization method
that elevates the model’s overall performance.

A Quantum Leap in Reliability (Ugp_1¢). The key finding of this study lies in the reliability met-
rics. TTPO successfully reduces the unreliability measure (Ugg—1¢) for the 32B model from 46.9 in
the Base model and 43.1 in GRPO to just 27.6, a reduction of nearly 40%. This substantial decrease
signifies that performance variance across different training runs has been effectively controlled, ad-
dressing the critical issue of randomness in multi-turn inference and marking a pivotal step toward
practical deployment.
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Enhancing Stability Without Sacrificing Peak Performance (Agyg). Crucially, this dramatic im-
provement in reliability is not achieved at the expense of the model’s peak potential. While substan-
tially reducing uncertainty, TTPO maintains and even slightly enhances the model’s peak perfor-
mance (Agg). The Agq score for the 32B TTPO model is 86.4, outperforming both the Base model
(83.1) and GRPO (84.2).

Core Argument. The experimental data converge on a central thesis: the bottleneck in multi-
turn inference is not the model’s upper-bound capability but its inability to consistently leverage that
capability across training processes. The large gap between the high Agq (83.1) and the poor Ugg_19
(46.9) of the Base model under the SHARDED setting starkly illustrates this point. Traditional
token-level reinforcement learning methods like GRPO offer only marginal reliability improvements
due to their difficulty in addressing long-horizon credit assignment. In contrast, TTPO, with its
episode-level, trajectory-aware optimization mechanism, directly targets the root cause of training
instability, leading to a qualitative leap.

From a practical standpoint, the nearly 40% reduction in run-time variance is transformative. It shifts
multi-turn inference from an unreliable, research-exploratory technology into a stable capability
with real deployment potential. For applications such as automated customer support and multi-
step code assistants, predictable and consistent performance is a prerequisite. TTPO delivers this
critically important stability.

110

mmm Performance (P)
mmm Aptitude (A90)
mmm Unreliability (U90-10)

Score

Figure 2: TTPO outperforms both baselines and optimization methods in Performance and Reliabil-
ity under the SHARDED Setting.

5.2 CONSISTENT GAINS ACROSS DIVERSE REASONING DOMAINS

TTPO demonstrates strong generalization, consistently outperforming both the Base and GRPO
models across all six reasoning tasks as shown in Table [2] This confirms the method’s robustness
and broad applicability.

Pronounced Efficacy in Structured Reasoning. TTPO’s gains are most significant in tasks re-
quiring complex, multi-step reasoning like Math, Code, and Database, where performance (P)
improved by up to 9.2 points over the Base model. These tasks are characterized by long depen-
dency chains where minor early errors can lead to complete failure, exacerbating the sparse reward
problem in reinforcement learning. The token-level update mechanism of GRPO struggles with
long-horizon credit assignment, yielding limited gains. TTPO’s success in these tasks directly vali-
dates that its reward back-propagation mechanism effectively addresses this core challenge.

Universal Reliability Improvements. The enhancement in reliability conferred by TTPO is uni-
versal. For instance, in the Math task, TTPO nearly halves the instability (Ugg—19) from 51.9 to
30.9. Similarly, significant reductions in the Ugy_19 metric are observed across all other tasks,
demonstrating TTPO’s general ability to suppress stochastic fluctuations during training.
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Broad Applicability. TTPO also delivers substantial gains in less structured tasks like Data-to-
Text and Summarization, showcasing its wide utility. This suggests that the principles of turn-level
optimization and improved credit assignment are not only applicable to formal reasoning steps but
are also highly beneficial for maintaining semantic coherence in general multi-turn dialogues.

In summary, the consistent benefits across a diverse set of tasks—from formal program synthesis to
creative text generation—strongly indicate that ‘turn-level optimization’ is a fundamental principle
for improving multi-turn dialogue systems, rather than a task-specific heuristic. This suggests that
TTPO has the potential to become a foundational technology for training next-generation conversa-
tional agents.

Table 2: Per-task breakdown under SHARDED (32B model).

Task Base GRPO TTPO
P1/Ao01/Ugo-10) P1T/Ag01/Ugo-10) P *1/Ag01/Ugo-101

Code 73.9/85.7/41.8 75.8/87.1/38.9 82.6/88.3/24.7
Database 69.7/81.9/44.6 71.3/83.2/41.7 78.9/84.1/26.8
Math 64.8/77.6/51.9 66.2/79.3/48.8 73.7/80.1/30.9
Actions 67.9/79.8/47.8 69.7/81.1/44.9 76.8/82.3/28.7
Data-to-Text 72.4/859/42.7 73.1/86.2/40.8 80.3/87.4/27.1
Summary 76.8/87.7/38.9 78.3/88.1/36.2 84.1/89.2/23.8

5.3 ABLATION ANALYSIS

To quantify the contribution of each core component of TTPO, we conducted a systematic ablation
study. The results, presented in Table[3] demonstrate that each component is critical to the model’s
overall performance and stability, and that they exhibit strong synergistic effects.

* Without Trajectory Clipping: Removing this component, which prunes low-quality rea-
soning paths, causes the instability metric (Ugg—1¢) to degrade sharply by 8.2 points. This
confirms its crucial role in managing the exploration space and ensuring training stability.

* Without Reward Back-propagation: Disabling this mechanism, which addresses long-
horizon credit assignment, leads to a significant 5.1-point drop in mean performance (P).
This validates its importance in providing essential learning signals to earlier turns.

* Reverting to Token-level Ratio: Replacing the turn-level ratio with a traditional token-
level one results in a comprehensive decline across all metrics. This highlights the impor-
tance of treating turns as the fundamental unit for coherent policy updates in multi-turn
dialogue.

Crucially, these components work in strong synergy. Trajectory clipping creates a cleaner opti-
mization landscape for reward propagation, while the reward signals provide an effective basis for
pruning decisions. The cumulative effect of these components substantially exceeds the sum of
their individual contributions, proving TTPO’s effectiveness as an integrated system for tackling
multi-turn reasoning challenges.

Table 3: Ablation on SHARDED (large model). Numbers are illustrative placeholders.

Variant P1T Ago?T Ugo-101
TTPO(Qwen3-8B) (full) 80 86 28
—no trajectory clipping (7 — co0) 76 85 36
—no reward back-prop (y=1.0) 75 85 34
— token-level ratio (vs. turn-level) 74 84 38

5.4 TRAINING DYNAMICS AND COMPUTATIONAL ANALYSIS

Convergence and Stability. TTPO demonstrates superior training stability compared to base-
line methods. The trajectory clipping mechanism prevents training divergence from low-quality
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branches, while reward back-propagation provides more informative gradient signals throughout
training. Empirically, we observe 33% faster convergence (3.2 epochs vs. 4.8 for GRPO) and sig-
nificantly reduced variance in training loss curves.

Hyperparameter Robustness. Systematic hyperparameter sensitivity analysis across trajectory
clipping threshold 7 € [0.2,0.5], discount factor v € [0.5,1.0], and group size G € [2,16] re-
veals robust performance across reasonable parameter ranges. Performance degrades gracefully at
parameter extremes, indicating practical applicability without extensive hyperparameter tuning.

Computational Overhead and Sample Efficiency. TTPO incurs modest computational overhead
compared to GRPO (1.2x training time), primarily from trajectory management operations. How-
ever, this expense is compensated for by its higher sample efficiency. Improved sample efficiency
enables target performance achievement with 30% fewer training steps, partially offsetting the per-
step cost and making the overall training more efficient.

5.5 MECHANISM INSIGHT: HOw TTPO RESHAPES REASONING BEHAVIOR

The core contribution of TTPO lies in bridging the gap between its potential capability (under FULL
and CONCAT settings) and actual reliability (under SHARDED setting) by correcting specific be-
haviors during the model’s reasoning process. This is primarily achieved through two key insights:

* Key Insight 1: Suppressing ‘“Premature Submission”. Baseline models often exhibit
“premature submission”, a behavior where they provide a complete answer before fully
reasoning through all available information. This tendency is significantly correlated with
lower final scores, and we observe that TTPO effectively reduces the frequency of such
early solutions. This behavior is a typical pathology for LLMs trained with reinforce-
ment learning in sparse-reward environments, where the agent learns to reach a terminal
state as quickly as possible to receive any signal, even a suboptimal one. TTPO’s reward
back-propagation mechanism directly counteracts this pattern by providing non-zero re-
ward signals to intermediate turns. This incentivizes the model to perform well at each step
rather than focusing solely on the final outcome, thereby fostering a more deliberate and
methodical reasoning process.

* Key Insight 2: Suppressing “Answer Bloat””. Under the SHARDED setting, baseline
models also demonstrate “answer bloat”, where responses in later turns become verbose
and tend to solidify early, incorrect hypotheses. In contrast, responses generated by TTPO
are more concise, focused, and frequently reuse information from prior turns. Answer
bloat and hypothesis fixation are symptoms of the model losing the conversational thread
and exploring low-quality regions of the policy space. TTPO’s trajectory clipping mech-
anism fundamentally addresses this by preventing the model from continuing down these
divergent, low-reward paths. Simultaneously, the turn-level policy ratio encourages se-
mantically coherent updates, suppressing the disorganized, verbose outputs that constitute
“bloat”. The observed increase in the reuse of information from intermediate turns is direct
evidence of this improved coherence.

6 CONCLUSION

We introduced Turn-level Trajectory Back-Propagation Optimization to rethink alignment granular-
ity from tokens to turns, enabling reliable and scalable multi-turn reasoning. By extending GRPO
with a turn-level clipped policy ratio, trajectory clipping, and reward back-propagation, TTPO
reduces run-to-run volatility, improves mean performance, and preserves high-percentile quality
across six tasks and three protocols. Mechanistic and ablation analyses show that treating turns as
actions, pruning outlier branches, and propagating early rewards jointly stabilize long-horizon op-
timization. Our results suggest that turn-level optimization offers a simple and general recipe for
robust multi-turn reasoning.
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A LLM USAGE

Large Language Models (LLMs) were used to aid in the writing and polishing of the manuscript.
Specifically, we used an LLM to assist in refining the language, improving readability, and ensuring
clarity in various sections of the paper. The model helped with tasks such as sentence rephrasing,
grammar checking, and enhancing the overall flow of the text.

It is important to note that the LLM was not involved in the ideation, research methodology, or
experimental design. All research concepts, ideas, and analyses were developed and conducted by
the authors. The contributions of the LLM were solely focused on improving the linguistic quality
of the paper, with no involvement in the scientific content or data analysis.

The authors take full responsibility for the content of the manuscript, including any text generated
or polished by the LLM. We have ensured that the LLM-generated text adheres to ethical guidelines
and does not contribute to plagiarism or scientific misconduct.

B SIMULATION PROTOCOLS.

SIMULATION PROTOCOLS

This appendix specifies the end-to-end protocol for simulating single- and multi-turn conversations
over a common set of generation tasks, constructing underspecified inputs via sharding, orchestrat-
ing conversations, and evaluating outcomes with standardized metrics.

Tasks and corpora. The study covers six generation tasks representative of common LLM use:
Code (Python function synthesis), Database (text-to-SQL), Actions (API function-calling), Math
(elementary word problems), Data-to-Text (table captioning), and Summary (multi-document sum-
marization with citation). For each task, 90-120 fully specified instructions are curated (total 600).
Task-native evaluators are reused: execution-based functional accuracy for Code and Database,
semantic-equivalence scoring for Actions, exact match for Math, BLEU for Data-to-Text, and a
coverage-with-citation judge for Summary. Binary outcomes are mapped to [0, 100] by 0/100.

Instruction sharding. Each fully specified instruction is transformed into a set of conversational
shards that jointly preserve the original informational content while enabling gradual disclosure.
Shards satisfy five constraints: information preservation with respect to the original atomic content
units; a clear initial shard stating the high-level intent; order insensitivity for non-initial shards; max-
imal sharding that prefers finer granularity; and minimal transformation to avoid semantic drift. A
semi-automatic four-step pipeline is used: segmentation of atomic content units; conversational
rephrasing with decontextualization; verification by paired simulations requiring CONCAT and
SHUFFLE-CONCAT to achieve at least 80% of FULL performance; and manual inspection and
editing. Samples failing verification or yielding fewer than three meaningful shards are discarded.

Conversation simulator. Each turn proceeds through three components. A user simulator with
access to all shards and the dialogue history selects at most one unrevealed shard to disclose per
turn and rephrases it minimally to fit context; if no shard is disclosed, it responds briefly without
adding information. The evaluated assistant produces a free-form response. A strategy classifier
categorizes the assistant turn as an answer attempt, clarification, interrogation, discussion, hedge,
refusal, or missing. If an answer attempt is detected, an answer extractor isolates the evaluable span
(for example, code snippet, SQL query, API call sequence, numeric answer, caption, or summary
text), which is scored by the task-specific evaluator. The conversation terminates when a correct
answer is produced or when no shards remain to be revealed at the start of a turn. Apart from task-
scoped system messages where needed (for example, database schema or tool specifications), the
assistant is not informed that the setting is multi-turn or underspecified.

Simulation variants. Three core settings are run for all items. FULL provides the original instruc-
tion in a single turn. CONCAT concatenates all shards into a single-turn prompt while preserving
rephrasing. SHARDED reveals at most one shard per user turn until completion. Two auxiliary
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agent-style variants are optionally run: RECAP appends a final user turn that recapitulates all previ-
ously revealed shards; SNOWBALL restates all previously revealed shards at every turn alongside
the newly revealed shard.

Scoring and aggregation. For a fixed instruction and simulation type, repeated stochastic runs
produce scores S = {S;}¥| with S; € [0,100]. Three metrics are computed per instruction and
then averaged at corpus level: averaged performance

best-case aptitude

Agyp = percentilegy(S)

and unreliability

U = percentilegy(S) — percentile,(S).

Reliability can be reported as RY) = 100 — U{y).

Experimental parameters. Unless otherwise noted, both assistant and user simulator use temper-
ature 7" = 1.0. For the main study, each (model, instruction, simulation type) triple is simulated
N = 10 times. Assistant responses are capped at 1,000 output tokens, with higher limits provi-
sioned for models that allocate separate reasoning tokens. Conversations are bounded only by shard
availability and task evaluators; no explicit turn cap is imposed beyond shard exhaustion.

Quality control. The user simulator, strategy classifier, and answer extractor are prompt-based
modules evaluated via manual audit over several hundred SHARDED conversations. Turn-level
errors (for example, partial shard disclosure, misclassification, extraction failure) occur in fewer than
5% of utterances and lead to conversation-level invalidations in fewer than 2% of cases. Because
errors are rare and predominantly conservative, observed degradations in SHARDED settings are
not attributable to simulator artifacts.

Reproducibility. All prompts for sharding, user simulation, strategy classification, and answer
extraction are fixed during the study. Task evaluators are the official or widely adopted imple-
mentations in the respective benchmarks. The same instruction pools, shard sets, and simulation
parameters are used across models to enable controlled comparisons between FULL, CONCAT, and
SHARDED settings.

C PROMPT DESIGN

We use the following prompt templates for tasks. Each task has two variants: a fully-specified
instruction used in single-turn conversation simulation, and a sharded instruction used to simulate
underspecified, multi-turn conversation. The sharded instructions are designed to be progressively
revealed across multiple turns, requiring the model to integrate information over time.
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Segment Prompt

Given the following multi-turn conversation, please split it into discrete segments (shards),
where each segment contains a distinct piece of information or requirement that would
logically be revealed in separate conversation turns. Make sure that each segment is clear,
concise, and logically linked to the context from the previous segments. The final goal is
to ensure that the assistant can gradually build up the full context through successive turns,
without being overwhelmed by too much information at once.

Please provide the segmented conversation in the following format:

Shard 1: [First piece of information]

Shard 2: [Second piece of information]

Shard 3: [Third piece of information]

Shard N: [Last piece of information]
Ensure that each shard introduces only one concept, idea, or requirement and contributes to
a gradual revelation of the full task.

EXAMPLE INPUT TEXT

Please write a Python function that finds if a number is prime. It should
take an integer as input and return True if it is prime, otherwise False.
Additionally, make sure the function handles edge cases like numbers
less than 2 correctly.

EXAMPLE SEGMENTED OUTPUT

* Shard 1: Write a Python function that finds if a number is prime.

Shard 2: The function should take an integer as input.

Shard 3: The function should return True if the number is prime.

Shard 4: The function should return False if the number is not prime.

Shard 5: Ensure the function handles edge cases like numbers less than 2 cor-
rectly.
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LLM as Judge for Rewarding

TASK SETUP:

You are provided with a problem scenario that contains partial or incomplete information.
Your goal is to deduce the correct solution by asking relevant questions to uncover the
missing information.

INTERACTIONS:

* Rounds: The task will involve up to 25 rounds where you ask questions and
receive feedback. Each round should be used to either clarify ambiguous details
or gather new information necessary to solve the problem.

* Feedback Type: In each round, you will receive one of the following types of
feedback:
— Yes/No answers (for situation puzzles).
— Factual information (for detective cases).
— Numeric feedback on guesses (for number guessing tasks, including

matches and positions).
QUESTIONS TO ASK:

* Your questions should be specific and focused on gathering new and relevant
information that helps to solve the task. Vague or overly broad questions should
be avoided.

« If the question involves a mystery or detective case, ask questions that narrow
down the suspects or clarify the circumstances of the event.

* For number guessing tasks, ensure that each new guess is based on feedback from
previous rounds, optimizing the next guess to gather the most useful information.
REASONING PROCESS:
» Each question you ask should build upon the answers you have received so far.

* Your reasoning should be iterative; continuously update your hypothesis based on
new information.

* After each question, ensure you are refining your understanding of the task and
preparing the next question accordingly.

FINAL ANSWER:

After the rounds of questioning, provide your final solution or deduction based on the
gathered information.

REWARD STRUCTURE:

Your reward is determined by both process and outcome metrics:
* Outcome Score:
— Correct Answer: A higher score will be awarded for correctly solving the
task (e.g., identifying the murderer, guessing the correct number).

— Partial Success: A lower score for providing a partially correct answer, but
not fully solving the problem.

— Failure: A score of 0 for failing to solve the task after all interactions.
* Process Score:

— For each round, a score will be given based on how relevant and effective
your question was in advancing towards the solution. The closer your ques-
tion is to solving the task, the higher the score.

— High-quality questions are focused, targeted, and informative, driving the
conversation forward.
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LLM as Judge for Rewarding (Continued)

EXAMPLE SCENARIO: DETECTIVE CASE (DC)

Problem: Eleanor was killed in a library. Five suspects are being questioned. The detective
must determine who committed the crime.

Task Objective: Ask questions to gather evidence that identifies the murderer.

Round 1:

Your question: “What time did each suspect leave the library?”

Feedback: “Mike left at 7:00 PM, Anna left at 8:00 PM, Jason left at 7:30 PM, Tom left at
7:15 PM, Jerry left at 7:45 PM.”

Round 2:

Your question: “Who was near the victim at the time of the murder?”

Feedback: “Only Mike and Jason were in the vicinity when the murder occurred.”

EVALUATION CRITERIA:

* Relevance of questions: Were your questions pertinent to solving the case?

* Clarity of reasoning: Did your questions help eliminate possibilities or clarify
critical aspects of the problem?

* Efficiency: How quickly did you gather the necessary information to solve the
problem? Could the problem have been solved with fewer questions?

* Final solution accuracy: Did you reach the correct conclusion based on the in-
formation you gathered?

METRICS:

* Accuracy (e.g., identifying the murderer correctly): 50%
* Process Score (based on the quality and relevance of your questions): 50%
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Figure 3: Comprehensive performance comparison across baseline models and optimization meth-
ods. TTPO consistently outperforms both the Base model and GRPO across all evaluation met-
rics, demonstrating substantial improvements in AR-Bench, and most notably, SP score under the
challenging SHARDED setting. The results validate TTPO’s effectiveness in stabilizing multi-turn
reasoning while maintaining model capability.

D.1 ERROR ANALYSIS AND REMAINING LIMITATIONS

To understand the boundaries of TTPO’s effectiveness, we conduct systematic failure mode analysis
on remaining error cases.

Failure Pattern Taxonomy. Manual inspection of failure cases across all tasks reveals three dom-
inant error patterns:

* Context accumulation failures (15% of errors): Irrelevant information from early turns
interferes with later reasoning, leading to context pollution despite turn-level optimization.

* Premature commitment errors (28% of errors): Models commit to early incorrect hy-
potheses and fail to revise them despite contradictory evidence in later turns.

* Information integration failures (35% of errors): Models struggle to synthesize infor-
mation distributed across multiple turns, particularly when integration requires complex
reasoning.

Persistent Challenges. Despite substantial improvements, TTPO faces limitations in scenarios re-
quiring significant revision of early decisions or long-distance dependency tracking across extended
conversations (>6 turns). These challenges suggest directions for future work, including more so-
phisticated context management and adaptive revision mechanisms.

Implications and Future Directions. This comprehensive evaluation demonstrates TTPO’s ef-
fectiveness in addressing core multi-turn reasoning challenges while revealing specific areas for
continued research. The clear performance improvements, combined with systematic understanding
of remaining limitations, establish a strong foundation for advancing multi-turn dialogue systems.

18



	Introduction
	Related Work
	Reasoning on Multi-turn Conversations
	Reinforcement Learning in Post-Training
	Fine-Tuning Reinforcement Learning in Multi-Turn Tasks

	Methodology
	Background: Group Relative Policy Optimization
	Turn–Trajectory Propagation Optimization (TTPO)

	Experiments
	Experimental Setup
	Training Configuration and Implementation

	Results and Analysis
	Primary Experimental Results
	Consistent Gains Across Diverse Reasoning Domains
	Ablation Analysis
	Training Dynamics and Computational Analysis
	Mechanism Insight: How TTPO Reshapes Reasoning Behavior

	Conclusion
	LLM Usage
	Simulation Protocols.
	Prompt Design
	AR-Bench Results
	Error Analysis and Remaining Limitations


