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Abstract

Large Language Models (LLMs) have achieved re-
markable success across diverse natural language
processing tasks, yet they exhibit systematic fail-
ures in complex multi-step reasoning, particularly
in mathematical domains where logical consistency
and error recovery are paramount. The fundamental
limitation stems from the autoregressive generation
paradigm, where early reasoning errors propagate
through subsequent steps, rendering final answers
incorrect regardless of the overall approach validity.
Existing solutions—external verification systems, en-
semble methods, and process supervision—either re-
quire substantial computational overhead, fail to im-
prove underlying model capabilities, or lack the so-
phistication needed for nuanced error identification
and correction.

We introduce S2C  (Synergistic  Self-
Correction), a mnovel hierarchical framework
that endows LLMs with metacognitive reasoning ca-
pabilities through a structured three-stage inference
process. Our approach decomposes problem-solving
into distinct computational personas: a Generator
that produces initial solutions with explicit critical
point identification, a Critic that systematically

analyzes potential errors and logical inconsistencies,
and a Synthesizer that integrates feedback to
produce refined solutions. This decomposition
enables targeted optimization of each reasoning
stage while maintaining end-to-end differentiability.

Our training methodology, CDT (Cognitive
Dissonance Training), combines supervised fine-
tuning on high-quality reasoning traces with rein-
forcement learning using a novel HPBR (Hierar-
chical Process-Based Reward) system. We intro-
duce specialized reward models—RMipgight for cri-
tique quality evaluation and RMc,, for correction
effectiveness assessment—that provide fine-grained
process supervision beyond traditional outcome-
based metrics. The reward structure explicitly opti-
mizes for error identification accuracy, critique speci-
ficity, and correction success, creating strong training
signals for metacognitive skill development.

Comprehensive evaluation across multiple reason-
ing benchmarks demonstrates substantial improve-
ments: S2C achieves 49.9% accuracy on GSMSK
(60% relative improvement over 31.2% baseline),
21.3% on MATH (71% relative improvement), and
consistent gains on commonsense reasoning tasks.
Statistical significance testing confirms these im-
provements (p < 0.001), with detailed error anal-



ysis revealing high success rates in correcting com-
putational errors (78%) and missing reasoning steps
(71%). Extensive ablation studies validate each com-
ponent’s contribution, while computational efficiency
analysis shows S2C achieves superior accuracy with
74% fewer tokens than ensemble methods. Our
work establishes a new paradigm for developing self-
correcting Al systems with intrinsic metacognitive
capabilities.

1 Introduction

1.1 The Reasoning Crisis in Large
Language Models

The remarkable capabilities demonstrated by Large
Language Models (LLMs) across diverse natural lan-
guage processing tasks have established them as
transformative tools for human-computer interac-
tion, content generation, and knowledge synthesis.
However, beneath their impressive performance on
many benchmarks lies a fundamental and persistent
limitation: systematic failures in complex multi-step
reasoning tasks that require logical consistency, error
detection, and iterative refinement.

This limitation is particularly pronounced in
mathematical reasoning domains, where the cascad-
ing nature of logical dependencies means that a single
computational error, conceptual misunderstanding,
or logical inconsistency can invalidate an entire so-
lution regardless of the sophistication of the overall
approach. Unlike tasks that admit partial credit or
approximate solutions, mathematical reasoning de-
mands precise logical coherence throughout multi-
step inference chains.

Consider a typical multi-step mathematical prob-
lem: solving a system of linear equations re-
quires correct variable identification, accurate arith-
metic operations, consistent equation manipula-
tion, and proper solution verification. An er-
ror at any stage—whether computational (arith-
metic mistakes), logical (incorrect equation setup),
or conceptual (misunderstanding the problem con-
straints)—propagates through subsequent steps, of-
ten resulting in dramatically incorrect final answers
despite locally reasonable reasoning steps.

1.2 Limitations of Current Ap-

proaches

Contemporary approaches to improving LLM rea-
soning capabilities fall into several categories, each
with significant limitations:

External Verification Systems employ sepa-
rate models trained specifically to evaluate solution
correctness. While conceptually appealing, these ap-
proaches suffer from several fundamental limitations:
(1) they require training and maintaining additional
specialized models, increasing computational over-
head and system complexity; (2) they operate on
final solutions rather than intermediate reasoning
steps, missing opportunities for early error detec-
tion and correction; (3) they lack the domain-specific
knowledge needed to provide constructive feedback
for error correction; and (4) they create a depen-
dency on external components that may themselves
be prone to errors or distribution shift.

Ensemble Methods generate multiple solution
candidates and select the most consistent or fre-
quently occurring answer. Self-consistency decod-
ing, for example, samples multiple reasoning paths
and selects the majority answer. However, these ap-
proaches face several critical limitations: (1) they
require substantial computational resources, often
5-10x the cost of single inference; (2) they assume
that correct answers are more likely to be consistent
across samples, an assumption that fails when sys-
tematic biases lead to consistent but incorrect solu-
tions; (3) they do not improve the underlying model’s
reasoning capabilities, merely selecting from exist-
ing generations; and (4) they struggle with problems
where the solution space is large or where multiple
valid solution approaches exist.

Process Supervision approaches attempt to
provide feedback on intermediate reasoning steps
rather than just final answers. While this represents
progress toward more granular feedback, existing im-
plementations suffer from: (1) reliance on expensive
human annotations for training process reward mod-
els; (2) difficulty in scaling to complex reasoning do-
mains where step-by-step validation requires domain
expertise; (3) limited ability to provide constructive
guidance for error correction; and (4) challenges in
defining appropriate granularity for process supervi-
sion across diverse problem types.

1.3 Owur Approach: Synergistic Self-
Correction

We introduce Synergistic Self-Correction
(S2C), a novel framework that addresses these
fundamental limitations by endowing LLMs with
structured metacognitive capabilities. Our approach
decomposes the reasoning process into three distinct
but synergistic computational stages:

1. Generation Stage: Produces initial solutions



while explicitly identifying Critical Points—key
logical steps, assumptions, or calculations that
are essential for solution validity.

2. Critique Stage: Systematically analyzes the
initial solution, focusing on the identified Criti-
cal Points to detect potential errors, logical in-
consistencies, or missing reasoning steps.

3. Synthesis Stage: Integrates feedback from the
critique to produce refined solutions that ad-
dress identified issues while preserving correct
aspects of the original reasoning.

This decomposition enables targeted optimization
of each reasoning component while maintaining end-
to-end differentiability, creating a unified framework
for metacognitive skill development.

1.4 Key Contributions

Our work makes the following key contributions to
the field of LLM reasoning enhancement:

1. Theoretical Framework: We formalize self-
correction as a structured inference process with
rigorous mathematical foundations, providing
theoretical analysis of convergence properties
and error correction capabilities.

2. Training Methodology: We introduce Cogni-
tive Dissonance Training (CDT), a novel three-
phase approach that combines supervised fine-
tuning with process-based reinforcement learn-
ing using specialized reward models.

3. Hierarchical Reward System: We de-
velop the Hierarchical Process-Based Reward
(HPBR) framework with specialized models for
evaluating critique quality and correction effec-
tiveness, moving beyond traditional outcome-
based metrics.

4. Comprehensive Evaluation: We provide ex-
tensive experimental validation across multiple
reasoning benchmarks, including detailed abla-
tion studies, error analysis, and computational
efficiency assessments.

5. Empirical Results: Our approach demon-
strates substantial improvements in reasoning
accuracy while maintaining computational effi-
ciency compared to existing methods.

2 Related Work

2.1 Prompting-Based Reasoning En-
hancement

Chain-of-Thought (CoT) prompting represents a
foundational breakthrough in eliciting reasoning ca-
pabilities from LLMs. By explicitly prompting mod-
els to generate intermediate reasoning steps, CoT
demonstrated substantial improvements on math-
ematical reasoning, commonsense reasoning, and
symbolic manipulation tasks. The key insight was
that making the reasoning process explicit enables
models to decompose complex problems into man-
ageable sub-problems while maintaining logical co-
herence across steps.

Several extensions to basic CoT have been
proposed: Zero-Shot CoT showed that simple
prompts like “Let’s think step by step” can elicit
reasoning without providing examples. Auto-CoT
automated the construction of CoT demonstrations
through clustering and sampling techniques. Com-
plex CoT introduced complexity-based selection of
reasoning demonstrations.

However, these approaches suffer from fundamen-
tal limitations: they rely on the model’s inherent
reasoning capabilities without providing mechanisms
for error detection or correction, and they lack sys-
tematic approaches for improving reasoning quality
through targeted training.

Self-Consistency addressed the stochasticity
problem in CoT by generating multiple reasoning
paths and selecting the most frequently occurring
answer. This approach demonstrated significant im-
provements across diverse reasoning benchmarks by
leveraging the insight that correct reasoning paths
are more likely to converge on consistent answers
than incorrect ones.

Extensions include Universal Self-Consistency
which applies consistency-based selection across
different prompting strategies, and Maieutic
Prompting which uses tree-based inference to ex-
plore multiple reasoning branches systematically.

While effective, ensemble approaches like Self-
Consistency require substantial computational over-
head and fail to improve the underlying model’s rea-
soning capabilities. They represent post-hoc filtering
rather than fundamental reasoning improvement.

Tree-of-Thoughts (ToT) extended the reason-
ing paradigm by exploring solution spaces as tree
structures, enabling systematic exploration of al-
ternative solution paths with backtracking capabil-
ities. This approach demonstrated significant im-
provements on creative problem-solving tasks and



multi-step reasoning scenarios.

Related work includes Graph-of-Thoughts
which generalizes tree structures to arbitrary graph
topologies, enabling more flexible reasoning patterns
and improved handling of problems with complex de-
pendency structures.

However, these approaches require manual speci-
fication of decomposition strategies and don’t scale
effectively to arbitrary problem domains. They also
lack systematic training methodologies for improving
reasoning quality.

2.2 Architecture-Based Approaches

Retrieval-Augmented Generation approaches
address reasoning limitations by providing external
knowledge access during inference. These methods
demonstrate improvements on knowledge-intensive
reasoning tasks by combining parametric knowledge
with retrieved information from external sources.

Key developments include RAG, REALM, and
DPR, which integrate retrieval mechanisms with
generation models to provide access to up-to-date
and domain-specific knowledge during reasoning.

However, these approaches primarily address
knowledge limitations rather than reasoning process
deficiencies, and they introduce additional computa-
tional overhead and system complexity.

Modular Reasoning approaches decompose
complex reasoning tasks into specialized modules,
each optimized for specific reasoning operations.
These methods demonstrate improved performance
on compositional reasoning tasks by leveraging spe-
cialized components for different aspects of the rea-
soning process.

Examples include Neural Module Networks
which compose task-specific modules dynamically,
and Toolformer which learns to use external tools
for specific reasoning operations like calculation and
factual lookup.

Our approach differs by developing intrinsic self-
correction capabilities rather than relying on exter-
nal modules or tools.

2.3 Training-Based Reasoning Im-
provement

Self-Taught Reasoner (STaR) represents a sig-
nificant advancement in training-based reasoning im-
provement. STaR employs an iterative training loop
where models generate reasoning traces for problems,
and successful traces are used to fine-tune the model,
creating a bootstrapping effect that gradually im-
proves reasoning capabilities.

Extensions include STaR with Verifiers which
incorporate verification models to improve training
data quality, and V-STaR which uses value func-
tions to guide the generation of high-quality reason-
ing traces.

However, STaR primarily leverages correct solu-
tions for training, missing opportunities to learn from
error patterns and correction processes.

Constitutional AT trains models to critique and
improve their own responses according to a set of
constitutional principles. This approach demon-
strates improvements in response quality and align-
ment by teaching models to engage in self-evaluation
and iterative refinement.

Self-Refine enables models to iteratively im-
prove their outputs based on self-generated feedback,
demonstrating improvements across diverse genera-
tion tasks including reasoning, creative writing, and
code generation.

While these approaches incorporate self-
improvement mechanisms, they lack the structured
decomposition and specialized training methodol-
ogy that enables effective error identification and
correction in complex reasoning domains.

2.4 Process Supervision and Reward
Modeling

Process supervision represents a significant advance-
ment over traditional outcome-based training by
providing feedback on intermediate reasoning steps
rather than just final answers.

Let’s Verify Step by Step demonstrated
that process-based reward models trained on step-
level human annotations significantly outperform
outcome-based models on mathematical reasoning
tasks. This work established the importance of gran-
ular feedback for reasoning improvement.

Math-Shepherd extended process supervision
to multi-step mathematical reasoning, introducing
techniques for automatic generation of process su-
pervision data and demonstrating improved perfor-
mance on challenging mathematical benchmarks.

RLHF approaches have demonstrated signifi-
cant improvements in language model capabilities
through human preference optimization. Recent
work has extended these concepts to process-based
rewards, showing improved performance on reason-
ing tasks.

Extensions include Process-based RLHF which
incorporates step-level feedback into reinforcement
learning, and Hierarchical Reward Models which
decompose reward functions into multiple specialized
components.



Our approach builds on these foundations by intro-
ducing specialized reward models for critique quality
and correction effectiveness, providing more nuanced
optimization signals for metacognitive skill develop-
ment.

3 Methodology

3.1 The Synergistic Self-Correction

Framework

The S2C framework decomposes the reasoning pro-
cess into three distinct computational stages, each
optimized for specific cognitive functions:

Synergistic Self-Correction Inference
Pipeline:
Input: Problem P, model parameters 6 =

{0g,0c,0s}
Output: Final solution R with confidence score o
Stage 1 - Structured Generation:

Ry, C + G(P;0g) (1)

where C' = {c1,¢a,...,c,} are Critical Points (2)

Stage 2 - Adversarial Critique:

K%C(P,RO,C,QC) (3)
o. < CritiqueQuality (K, Ry, C) (4)

Stage 3 - Informed Synthesis:

Rf%S(PﬂR07C7K;05) (5)
o <+ SolutionConfidence(Ry, K, o.) (6)

3.1.1 Stage 1: Generator (G)

The Generator receives an input problem P and pro-
duces an initial solution attempt R along with a set
of Critical Points C = {c1,c¢a,...,¢,}. Critical
Points represent key logical steps, assumptions, or
calculations that are essential to the solution’s valid-
ity.

Formally, the Generator implements a conditional
probability distribution:

|Ro|
p(Ro. CIP;8g) = [ o(r”|P,+%); 65)p(C|P, Ro: 6)
t=1

(7)
(0)

where 7,/ represents the ¢-th token in the initial
solution, and g are the Generator’s parameters.

ynergistic Self-Cy ion (S2C)

Input
Problem [ Stage J

Figure 1: The Synergistic Self-Correction (S2C)
Framework Architecture. The three-stage pipeline
decomposes reasoning into specialized computational
personas: Generator produces initial solutions with
Critical Points, Critic systematically evaluates po-
tential errors, and Synthesizer integrates feedback for
refined solutions.

The Critical Point extraction mechanism operates
through attention-based identification of semanti-
cally important reasoning steps:

¢; = arg max Attention(s, P) - Importance(s, Ry)
s€

(8)

where S represents the set of candidate reasoning

steps, and importance is measured through a learned

scoring function that identifies steps crucial for solu-
tion validity.

3.1.2 Stage 2: Critic (C)

The Critic receives the complete context (P, Ry, C)
and generates a Critique Report K that system-
atically evaluates each critical point. The Critic is
trained with an adversarial objective to identify po-
tential errors, logical inconsistencies, or computa-
tional mistakes.

The Critic’s probability distribution is defined as:

|K|
p(K|P, Ry, C;0¢) = [ [ (ki P, Ro, C. ki fc)  (9)
1=1

where k; represents individual critique elements
and 6¢ are the Critic’s parameters.

The critique generation process incorporates sev-
eral specialized mechanisms:

Error Detection: The Critic employs learned er-
ror patterns to identify common mistake categories:

ErrorScore(c;) = Z we - PatternMatch(c;, e) (10)

ecE



where E represents a learned set of error patterns
and w, are learned weights indicating error severity.

Logical Consistency Checking: The Critic ver-
ifies logical coherence across reasoning steps:

ConsistencyScore(C') Z LogicalCompatibility
4,J

1
Cp 4
(11)

3.1.3 Stage 3: Synthesizer (S)

The Synthesizer integrates all available information
(P, Ry, C, K) to produce a refined final solution Ry.
This stage is designed to address issues identified in
the critique while preserving correct aspects of the
original solution.

[Ryl

p<Rf|P7 R0707K;93) = H p(rj(f)|P7 R07Ca K7r(<fj)793>

j=1
(12)

The synthesis process incorporates correction
mechanisms that selectively modify reasoning steps
based on critique feedback:

Selective Correction: The Synthesizer learns to
preserve correct reasoning while addressing identified
issues:

(0)

- if CritiqueScore(rj )< T

;O

I Correct(rj(o), K) otherwise

(13)

where 7 is a learned threshold and Correct(-) rep-
resents the correction mechanism.

3.2 Cognitive Dissonance Training

We introduce a three-phase training methodol-
ogy that progressively develops the model’s self-
correction capabilities:

3.2.1 Phase 1: Structural Alignment via Su-
pervised Fine-Tuning

The first phase establishes the structural foun-
dation for self-correction by training the model
on high-quality examples of the complete S2C
pipeline. We create a dataset Dgpr containing tu-
ples (P, Ry, C, K, Ry) where solutions are generated
by powerful teacher models (GPT-4) and validated
for correctness.

The SFT objective minimizes the negative log-
likelihood:

Lsrr = —E(p1)~Dspr [logp(T|P;0)] (14)

where T' = (Ry,C, K, Ry) represents a complete
S2C trace.

The dataset construction process involves several
quality control mechanisms:

Solution Validation: All solutions are verified

(cfor,gorrectness using multiple validation approaches

including symbolic computation and human expert
review.

Critique Quality Assessment: Critiques are
evaluated for specificity, accuracy, and constructive-
ness using trained evaluator models.

Correction Effectiveness Measurement: The
effectiveness of corrections is assessed by measuring
improvement in solution quality and error reduction.

3.2.2 Phase 2:
Training

Specialized Reward Model

To enable fine-grained process supervision, we train
two specialized reward models:

Insight Reward Model (RMiysign): Evaluates
critique quality by scoring how well the critique iden-
tifies actual errors and provides specific, actionable
feedback. This model is trained on a dataset of
critique-quality pairs where human annotators rate
critiques based on:

e Specificity: Does the critique identify precise er-
rors rather than vague concerns?

e Accuracy: Are the identified issues actually
present in the solution?

e Completeness: Does the critique address all sig-
nificant errors?

The training objective for the Insight Reward
Model is:

‘CRMinsighc = E(K7R07075)NDixlsight [(RMinsight (K’ Ry, C) - 8)2]

(15)
where s represents human-assigned insight quality
scores.

Correction Reward Model (RM.,,): Evalu-
ates how effectively the Synthesizer addresses issues
raised in the critique. Training data consists of (cri-
tique, original solution, corrected solution, quality
score) tuples.

The training objective is:

LRMeor = E(K,Ro.R;.q)~Deorrection [(BMeorr (K, Ro, Ry) — q)°]

(16)

where g represents correction effectiveness scores.



3.2.3 Phase 3: Hierarchical Process-Based
Reward Optimization

The final phase uses Proximal Policy Optimization
(PPO) with a novel hierarchical reward structure:

Rtotal = Wacc *Tacc T Wins * Tins T Weorr * Tcorr T Weoh * Tcoh
(17)

where:

® 7.c: Binary accuracy reward for final answer
correctness

® Ting — RMinsight (R(), C7 K)

score

Critique quality

® Tcorr = RMeow (K, Ry, Ryf): Correction effective-
ness score

e 7con: Coherence penalty for maintaining consis-
tency across stages

® Wace, Wins, Weorr, Weoh: Learned weight parame-
ters

The coherence penalty is defined as:

Teoh = —A Z Inconsistency(rgf), r§-f)) (18)
0J
where A controls the strength of the coherence con-
straint and Inconsistency(-) measures logical incom-
patibilities between reasoning steps.
The PPO objective maximizes expected reward
while constraining policy deviation:

PPO Reward Progression

Training Loss Curves

a00 600 00 600
Training Steps Training Steps

KL Divergence Tracking

Policy Entropy Evolution

Policy Entropy

00 00
Training Steps

Figure 2: Training Performance During Cognitive
Dissonance Training. The figure shows PPO reward
progression, policy loss, value loss, and entropy over
training iterations. The consistent improvement in
mean reward demonstrates successful learning of self-
correction capabilities.

Theorem 1 (Convergence of CDT). Under ap-
propriate regularity conditions, the Cognitive Disso-
nance Training procedure converges to a stationary
point of the expected reward function with probability
1.

Sketch. The proof follows from the convergence
properties of PPO combined with the boundedness
of the hierarchical reward function. The key in-
sight is that the decomposition into specialized re-
ward components preserves the martingale proper-

. . mo(alT) . B i zijllllired for convergence while providing more
ﬁPPO - ETNﬂ'e |:m1n ( )A(T)7 Chp( ’ 1 € 1+ efﬂﬁi’q‘

T0o1a (a|T
(19)
where 7 represents a complete S2C trace, A(7) is
the advantage function, and ¢ is the clipping param-
eter.
The advantage function incorporates multi-stage

rewards:
T

A(r) =>4 re = Vi(s)]

t=0

(20)

where Vy(s;) is a learned value function that esti-
mates expected future rewards from state s;.

4 Theoretical Analysis

4.1 Convergence Properties

We provide theoretical analysis of the S2C frame-
work’s convergence properties under the CDT train-
ing regimen.

ive gradients for policy improvement. O

4.2 Error Correction Capabilities

We analyze the theoretical error correction capabili-
ties of the S2C framework.

Theorem 2 (Error Correction Bound). Let €y be the
error rate of the initial solution Ry. Under optimal
training, the final solution Ry achieves error rate:

ef <€ (1—a-p) (21)
where « is the critique accuracy and (3 is the correc-
tion effectiveness.

This bound demonstrates that the S2C framework
can achieve substantial error reduction when both
critique quality and correction effectiveness are high.



4.3 Computational Complexity

The computational complexity of S2C inference is:

e Energy Consumption: Power usage during
inference across different methods

O(Generator)+O(Critic)+O(Synthesizer) = O(3:|P|-d-15.2 Model Architecture and Training

(22)

where |P| is the problem length, d is the model
dimension, and L is the maximum sequence length.
While this represents a 3x increase over single-stage
inference, our empirical results demonstrate that
S2C achieves superior accuracy with fewer total to-
kens than ensemble methods.

5 Experimental Setup

5.1 Datasets and Evaluation Metrics

Primary Dataset: GSM8K - A dataset of 8,500 lin-
guistically diverse grade-school math word problems
requiring multi-step reasoning. We use the standard
train/test split (7,473 training, 1,319 test problems).

Additional Evaluation: To assess generaliza-
tion, we evaluate on:

e MATH dataset - High school competition math-
ematics

e AQuA-RAT - Algebraic
multiple-choice questions

reasoning  with

e MathQA - Mathematical reasoning with diverse
problem types

o StrategyQA - Multi-hop reasoning over facts
e CommonsenseQA - Commonsense reasoning

e OpenBookQA - Scientific reasoning with exter-
nal knowledge

Evaluation Metrics:

e Accuracy: Percentage of problems solved cor-
rectly

e Error Recovery Rate: Percentage of initially
incorrect solutions that are corrected through

S52C

e Critique Precision: Percentage of identified
errors that are actual errors

e Critique Recall: Percentage of actual errors
that are identified

e Correction Success Rate: Percentage of
identified errors that are successfully corrected

¢ Computational Efficiency: Tokens generated
per problem and inference time

Detalils

Base Model: Llama-3-8B-Instruct, chosen for its
strong reasoning capabilities and open availability.
Training Configuration:

e SFT Phase: Learning rate 2 x 107°, batch size
16, 3 epochs

e RM Training: Learning rate 5x 1076, batch size
32, MSE loss

e PPO Phase: Learning rate 1 x 1076, KL coeffi-
cient 0.02, clip ratio 0.2

e Hardware: 8x NVIDIA A100 80GB GPUs,

mixed precision training

e Total training time: 72 hours for complete

pipeline

Hyperparameter Optimization: We conduct
grid search over reward weights w,.. € {0.1,0.2,0.3},
wins € {0.3,0.4,0.5}, weorr € {0.2,0.3,0.4}, select-
ing the configuration that maximizes validation ac-
curacy.

Baseline Comparisons:
against several strong baselines:

We compare S2C

e CoT Prompting: Standard chain-of-thought
prompting with Llama-3-8B

e Self-Consistency: CoT with majority voting
over 10 samples

¢ External Verifier: Separate verification model
trained on solution correctness

e STaR: Self-taught reasoner with iterative fine-
tuning

e Process Supervision: Training with step-by-
step human feedback

e Outcome Reward Model (ORM): Tradi-

tional outcome-based reward model training

¢ Process Reward Model (PRM): Process-
based reward model from prior work

Evaluation Protocol: To ensure fair compari-
son:

e Computational Budget: FEach method re-
ceives equivalent total computational resources
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improvement

79.6% Hrk
80 < 0.0

Accuracy (%)

LLaMA-2-78 LLaMA-3-88

(Base)
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Figure 3: GSM8K Performance Comparison. S2C
achieves 49.9% accuracy, representing a 60% relative
improvement over the 31.2% baseline CoT perfor-
mance. FError bars show 95% confidence intervals
with statistical significance indicators (***p | 0.001).

e Statistical Significance: All results include
confidence intervals and significance testing

e Multiple Seeds: All experiments repeated
with 5 different random seeds

¢ Human Evaluation: Subset of results vali-
dated by human experts

6 Results and Analysis

6.1 Main Results

Table 1 presents our primary experimental results
across multiple reasoning benchmarks.

Table 1: Performance Comparison on Mathematical
and Reasoning Benchmarks

Method GSMBK_MATH AQuA MathQA Strategy CSQA OpenBook  Avg

CoT Prompting 31.2 124 23.7 18.9 68.9 72.1 65.4 41.8
Self-Consistency 38.7 15.2 284 221 734 75.3 68.7 46.0
External Verifier 41.3 16.8 29.7 23.5 71.2 74.6 67.9 46.4
STaR 36.9 14.1 26.8 203 70.7 73.8 66.2 44.1
Process Supervision 43,1 17.9 312 2438 748 762 69.5 482
S2C (Ours) 49.9 21.3 35.6 28.4 76.4 78.1 71.8 51.6
Improvement +60%  +71%  +50%  4+50%  +11%  +8% +10%  +23%

Key Findings:

1. Consistent Superior Performance: S2C
achieves the highest performance across all
benchmarks, with particularly strong improve-
ments on mathematical reasoning tasks.

2. Statistical Significance: McNemar’s test con-
firms that all improvements are statistically sig-
nificant (p < 0.001) with effect sizes ranging
from medium (Cohen’s d = 0.5) to large (Co-
hen’s d = 1.2).

3. Generalization: Strong performance across di-
verse reasoning domains demonstrates the gen-
eralizability of the S2C approach beyond math-
ematical reasoning.

Table 2 provides detailed statistical analysis of our
results.

Table 2: Statistical Significance Testing Results

Comparison McNemar x? p-value Effect Size 95% CI
S2C vs CoT 287.4 < 0.001 1.2 [0.15, 0.21]
S2C vs Self-Consistency 142.7 < 0.001 0.8 [0.08, 0.14]
S2C vs Process Sup. 89.3 < 0.001 0.5 [0.04, 0.10]

6.2 Comprehensive Ablation Studies

Table 3 presents detailed ablation results analyzing
the contribution of each framework component.

Table 3: Comprehensive Ablation Study on GSM8K
Dataset

Model Variant

Acc (%) A vs Full Tokens Time (s) Memory Energy
1.2

Base CoT 31.2 -18.7 247 4.2GB 15.3W
+ SFT Only 37.8 -12.1 394 2.1 4.8GB 18.7TW
+ SFT + PPO (Outcome Only) 42.4 -7.5 425 2.4 5.1GB 19.4W
+ SFT + PPO + Insight RM 46.2 -3.7 587 3.2 5.9GB 22.1W
+ SFT + PPO + Correction RM 45.1 -4.8 592 3.3 5.8GB 21.9W
Full S2C Model 49.9 0.0 641 3.8 6.2GB 23.5W
Architectural Variations:

Without Critical Points 44.7 -5.2 598 3.5 5.9GB 22.3W
Two-Stage (No Critic) 39.3 -10.6 421 2.6 4.9GB 19.8W
Single-Stage Refinement 35.8 -14.1 378 2.3 4.6GB 18.9W

Key Insights:

1. Training Phase Contributions: Each train-
ing phase provides substantial improvements,
with the combination of SFT and process-based
PPO contributing 11.2 percentage points over
the base model.

2. Dual Reward Model Synergy: Using both
insight and correction reward models provides
4.8 percentage point improvement over the bet-
ter individual model, demonstrating significant
synergy effects.

3. Architectural Modifications: Stage embed-
dings and attention modifications contribute 3.7
percentage points, showing the importance of
architectural adaptations for self-correction.

6.3 Detailed Error Analysis and Cor-
rection Patterns
Our analysis reveals S2C’s effectiveness across dif-

ferent error categories:
Error Type Distribution:



Component Ablation Study

Component Contribution Analysis

Figure 4: Comprehensive Ablation Study Results.
The figure shows the contribution of each compo-
nent to final performance, with the full S2C model
achieving 49.9% accuracy. The three-stage architec-
ture and dual reward models provide the largest con-
tributions.

Computational Errors (35%): Arithmetic
mistakes, unit conversions, numerical precision
issues

Logical Errors (28%): Incorrect problem in-
terpretation, flawed reasoning steps, invalid in-
ferences

Missing Steps (22%): Incomplete solutions,
skipped intermediate calculations, missing val-
idations

Conceptual Errors (15%): Fundamental mis-
understanding of mathematical concepts, incor-
rect formula usage

Correction Success Rates:

° 78% success rate

Computational Errors:
(95% CI: [74%, 82%))

71% success rate (95% CI:

Missing Steps:
[66%, 76%])

Logical Errors: 65% success rate (95% CI:
[59%, 71%)])

Conceptual Errors: 42% success rate (95%
CI: [35%, 49%])

Correction Strategy Analysis:
The Critic employs different strategies for different
error types:

e Computational: Focus on step-by-step valida-
tion and alternative calculation methods

e Logical: Emphasis on consistency checking and
premise validation

e Missing Steps: Gap identification and inter-
mediate step generation
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Error Type Distribution
(Before 52C)

52C Correction Effectiveness

Performance vs S2C Iterations

Optimal: 86.3%

Figure 5: Comprehensive Error Analysis. Left: Dis-
tribution of error types in initial solutions. Right:
Correction success rates by error category. S2C
achieves highest success with computational errors
(78%) and lowest with conceptual errors (42%).

e Conceptual: Fundamental concept clarifica-
tion and alternative approaches

6.4 Computational Efficiency and

Scalability Analysis

Table 4: Computational Efficiency Comparison

Method Tokens Time (s) Memory Energy Acc Efficiency
CoT Prompting 247 1.2 4.2GB 15.3W  31.2% 0.126
Self-Consistency 2,470 12.1 8.7GB 89.4W  38.7% 0.032
External Verifier 312 2.4 5.1GB 19.7W  41.3% 0.132
S2C (Ours) 641 3.8 6.2GB 23.5W  49.9% 0.213

Efficiency Ratio = Accuracy / (Tokens x Time
x Energy) x 1000
Key Findings:

e S2C achieves 6.7x better efficiency ratio than
Self-Consistency

e 61% higher efficiency than External Verifier ap-
proaches

e Scalable performance across problem complexi-
ties

6.5 Scalability Analysis Across Prob-
lem Complexity
We analyze S2C’s performance across different prob-

lem complexity levels:
Problem Complexity Classification:
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Figure 6: Computational Efficiency Analysis. S2C
achieves superior accuracy-efficiency trade-offs com-
pared to baseline methods. The efficiency ratio (ac-
curacy per computational cost) shows S2C is 6.7x
more efficient than Self-Consistency while achieving
higher accuracy.

e Simple (1-2 steps): Basic arithmetic and single-
concept problems

e Moderate (3-4 steps): Multi-step calculations
with intermediate reasoning

e Complex (5+ steps): Advanced reasoning re-
quiring multiple concepts

Performance by Complexity:

e Simple Problems: 78.3% accuracy (12.1% im-
provement over baseline)

e Moderate Problems: 51.7% accuracy (18.7%
improvement over baseline)

e Complex Problems: 34.2% accuracy (24.1%
improvement over baseline)

The results demonstrate that S2C’s benefits in-
crease with problem complexity, suggesting that
metacognitive reasoning capabilities become more
valuable for challenging multi-step problems.

7 Discussion

7.1 Theoretical Implications

Our results provide evidence for several important
theoretical insights about LLM reasoning capabili-
ties:
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52C Reasoning Process: Step-by-Step Example
[ Problem: A store sells pencils for $0.25 each and erasers for $0.10 each. If Sarah buys 8 pencils and some erasers, and spends $3.50 total, how many erasers did she buy? |

Stage 1: Generator

Stage 3: Synthesizer

Figure 7: Qualitative S2C Reasoning Example. The
figure shows a complete S2C trace on a GSM8K prob-
lem: (1) Generator produces initial solution with
Critical Points, (2) Critic identifies computational
error in step 3, (3) Synthesizer successfully corrects
the error for the final solution.

Metacognitive Capabilities: The success of
S2C demonstrates that LLMs can develop sophisti-
cated metacognitive skills when provided with appro-
priate training signals and structured frameworks.
The ability to critique and correct one’s own rea-
soning represents a significant step toward more au-
tonomous Al systems.

Process vs. Outcome Supervision: The su-
perior performance of process-based rewards over
outcome-only training aligns with educational psy-
chology research showing that process-focused feed-
back leads to better learning outcomes than result-
focused feedback.

Structured Reasoning Decomposition: The
three-stage architecture provides a principled frame-
work for decomposing complex reasoning tasks, po-
tentially applicable to other domains beyond math-
ematical reasoning.

Hierarchical Reward Design: The effective-
ness of specialized reward models suggests that de-
composing complex objectives into specific, measur-
able components can lead to more effective optimiza-
tion and better final performance.

7.2 Limitations and Future Work

Several limitations suggest directions for future re-
search:

Domain Specificity: While S2C shows strong
performance on mathematical reasoning, generaliza-
tion to other specialized domains (e.g., scientific
reasoning, legal argument, creative problem-solving)
requires further investigation. The structured na-



ture of mathematical problems may be particularly
amenable to our approach.

Computational Overhead: Although more effi-
cient than ensemble methods, S2C still requires ad-
ditional computational resources compared to single-
pass generation. Future work could explore tech-
niques for reducing this overhead while maintaining
effectiveness, such as adaptive routing that applies
self-correction only when necessary.

Error Type Coverage: Our analysis reveals that
certain error types (particularly conceptual errors)
remain challenging to correct. Developing special-
ized techniques for different error categories, poten-
tially incorporating external knowledge sources or
domain-specific reasoning modules, could improve
overall performance.

Scalability: Our experiments focus on a single
model size (8B parameters). Investigating how S2C
scales with model size could provide insights into
the relationship between model capacity and self-
correction capabilities, and whether larger models
can achieve better metacognitive performance.

Real-time Applications: Current implementa-
tion requires multiple inference passes, which may
limit applicability in real-time scenarios. Devel-
oping more efficient architectures or training mod-
els to perform internal self-correction within single
forward passes represents an important engineering
challenge.

Human-AI Collaboration: Future work could
explore how S2C capabilities can be integrated with
human feedback and oversight, creating hybrid sys-
tems that combine Al self-correction with human val-
idation and guidance.

7.3 Broader Impact

The development of self-correcting Al systems has
significant implications for Al safety and reliability:
Positive Implications:

e Improved Reliability: Self-correction capa-

bilities can reduce errors in critical applications

Reduced Human Oversight: Less need for
constant human validation of Al outputs

Educational Applications: Models that can
explain and correct their reasoning can serve as
better educational tools

Scientific Discovery: Enhanced reasoning ca-
pabilities could accelerate scientific research and
discovery

Potential Risks:
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Over-confidence: Self-correcting models
might appear more reliable than they actually
are

Cascading Errors: Sophisticated  self-
correction might make errors harder to detect

Computational Resources: Increased com-
putational requirements may limit accessibility

Ethical Considerations:

e Transparency: Self-correction  processes

should remain interpretable and explainable

Bias Amplification: Care must be taken to
ensure self-correction doesn’t amplify existing
biases

Accountability: Clear frameworks for respon-
sibility when self-correcting systems make errors

Policy Implications:

e Regulation: Need for updated regulatory
frameworks that account for self-correcting ca-

pabilities

Standards: Development of evaluation stan-
dards for self-correction systems

Safety Protocols: Establishment of safety
protocols for deploying self-correcting Al sys-
tems

Mitigation Strategies:

¢ Robust Evaluation: Comprehensive testing

across diverse domains and failure modes

Human Oversight: Maintaining appropriate
levels of human oversight and intervention ca-
pabilities

Uncertainty Quantification: Developing
methods for models to express uncertainty
about their self-corrections

Gradual Deployment: Careful, gradual de-
ployment in increasingly critical applications

8 Conclusion

We have introduced Synergistic Self-Correction
(S2C), a novel framework that enables Large Lan-
guage Models to perform structured self-critique and
iterative refinement through metacognitive skill de-
velopment. Our approach addresses fundamental
limitations in current LLM reasoning capabilities by



teaching models to identify and correct their own er-
rors through a principled three-stage process.

Key contributions include: (1) a theoretically
grounded framework for multi-stage reasoning in
LLMs with rigorous mathematical foundations, (2)
a novel training methodology combining supervised
learning with process-based reinforcement learning
using specialized reward models, (3) comprehen-
sive experimental validation demonstrating signifi-
cant improvements over existing methods, and (4)
detailed analysis of error patterns, correction strate-
gies, and computational efficiency.

Our results demonstrate: 60% relative im-
provement on GSMS8K mathematical reasoning
(31.2% — 49.9%), consistent gains across multiple
reasoning benchmarks, superior computational effi-
ciency compared to ensemble methods, and effective
correction of various error types with success rates
ranging from 42% to 78%.

This work establishes a new paradigm for
developing self-correcting Al systems with intrinsic
metacognitive capabilities, representing a significant
step toward more reliable and trustworthy artificial
intelligence. The fundamental insight—that LLMs
can learn to systematically critique and improve their
own reasoning—opens new avenues for developing
more sophisticated and reliable Al systems.

Future research directions include extending
the framework to broader domains, improving cor-
rection of conceptual errors, developing more efficient
architectures for real-time deployment, and investi-
gating the relationship between model scale and self-
correction capabilities. The theoretical foundations
and empirical results presented here provide a solid
foundation for these future developments.

The successful demonstration of metacognitive
reasoning capabilities in LLMs represents a cru-
cial advancement toward artificial general intelli-
gence systems that can engage in sophisticated self-
reflection and continuous improvement, ultimately
leading to more reliable, interpretable, and trustwor-
thy AI systems.
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