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Abstract

The integration of symbolic reasoning and deep learning is considered a revolutionary step in the field of artificial
intelligence. This work proposes Unified Neuro-Symbolic Reasoning Algorithms (UNSRA), an innovative system that
seamlessly combines first-order logic (FOL) and deep neural networks using transformer architectures. Conventional deep
learning algorithms have great abilities to identify patterns but lack interpretability and logic-based reasoning, whereas
classical symbolic Al approaches are capable of performing complex logic operations but cannot learn from raw data. This
work takes advantage of both worlds by designing a two-path architecture in which neural networks deal with semantic
representations and FOL components address logic-related tasks such as inference and rule implementation. The
experimental results obtained using different datasets, such as Visual Question Answering, Knowledge Graph Completion,
and Reasoning problems, show that the model outperforms existing neuro-symbolic models by 18% to 24% in logical
consistency measures, while still competing effectively in benchmark tests. The findings of the interpretability study
demonstrate that research have developed an approach that yields explainable decision-making processes that can be
tracked from the neural layer to the symbolic layer, thus filling vital gaps in explainability in Al systems. Research contribution
includes a flexible and modular system design that can be customized for different reasoning applications.

Keywords: First-order Logic, Interpretability, Knowledge Representation, Neural-Symbolic Integration, Transformer Networks.
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1. Introduction

Deep learning techniques have been immensely successful in Al through the use of transformer models, which
have transformed NLP and computer vision. But such models remain black boxes, using learned associations to
perform decision-making without any logical inferences [1][4]. On the other hand, classic Al models have exhibited
robustness in performing logical reasoning but necessitate extensive knowledge engineering and fail to adapt to
new domains without undergoing re-training [2][6]. The key challenge associated with purely neural models is
that they cannot ensure logical consistency and remain opaque in their reasoning process. Classic models, on the
other hand, lack the flexibility and ability to learn [3][5].

The latest developments in the field of neuro-symbolic artificial intelligence have aimed at filling this gap; however,
the current strategies suffer from either a superficial combination of symbolic and neural elements or lack of
principled ways of combining them [6]. In this paper, research propose Unified Neuro-Symbolic Reasoning
Algorithms (UNSRA) that provide a full-fledged solution for deep integration of first-order logic and transformer
models. Studies novel contribution is an attention-based logic gate structure that facilitates bi-directional
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interactions between neural embeddings and symbolic expressions, enabling joint learning of symbolic rules and
neural weights.

This paper makes three main contributions:

e To propose an innovative unified architecture where first-order logic is successfully incorporated into neural
networks based on transformers via differentiable logic gates.

e To prove the effectiveness of study method via empirical results, showing its superiority in dealing with
complicated reasoning problems while ensuring explainability.

e To develop a general framework which can be easily adapted for different applications.

2. Related Work

Neural-symbolic computing is one topic that has seen a great deal of research with pioneering works such as Logic
Tensor Networks (LTN) and Neural-Symbolic Visual Question Answering models [7]. Garcez and Lamb presented
a complete approach to neural-symbolic integration using differentiable logic programming [8]. Nevertheless, such
methods usually involve embedding logic in neural networks or working separately using symbolic systems
parallel to neural elements. The main distinction of the approach is in reaching the level of full bidirectional
integration of the two computing methods [9]. Transformer-based models have emerged as the state-of-the-art
approach for modeling sequential data and learning representations with structure [10]. The self-attention
method, which allows parallel computation on sequences as well as modeling of long-range interactions, was first
proposed by [11]. Improved versions such as BERT, GPT, and Vision Transformers extended their applications to
various domains [12]. The research applies transformer models enhanced with logical reasoning capability using
symbolic modules. First-order logic is an excellent formal system for knowledge representation and inference
through logical reasoning [13]. The classical methodologies for logic programming and automated reasoning have
provided sound mechanisms for executing rules and satisfying constraints. The system utilizes FOL concepts but
modifies them to suit differentiable operations, thus facilitating gradient-based training of the logical rules.

3. Methodology

Architecture Overview
There are three main components of the UNSRA architecture, which include:

a) Neural Semantic Module, which is the transformer encoder to encode input features to produce distributed
semantic representations;

b) Logical Reasoning Module, which is the first-order logic inferencing engine that keeps symbolic knowledge
bases to do the reasoning process; and

c) Attention-Weighted Logic Gates, which connect neural and symbolic worlds in two directions.

Component Function Key Features
Neural Semantic Module Process raw i'nput into Multi-head attent'ion, positional
embeddings encoding
Logic Reasoning Module Perform FOL inference Forward chaining, soft unification
Attention-Weighted
Gates & Bridge neural-symbolic gap E2L and L2E conversions

Neural Semantic Module

This neural module contains a multi-head self-attention transformer encoder which takes as input an arbitrary-
length sequence [14]. Every entity in the input is first encoded into a semantic vector using a very large semantic
space where the interactions between the entities can be captured using attention mechanisms. This results in
contextual semantic representations whereby the semantic representation of every token in the sequence encodes
information about the context.
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Embedding attention weights are computed in equation (1) as:

. QKT
Attention(Q, K, V) = softmax | — |V (D

/o

where Q, K, V represent query, key, and value projections respectively, and dy, is the dimensionality of the key space.

Logical Reasoning Module

The Logical Reasoning Module keeps an evolving knowledge base in the first-order logic representation format
[15]. The job of this module is to apply rules and constraints, do deductions, and satisfy constraints. Rules in the
knowledge base are represented by Horn clauses: H < By, B,, ..., B, where H stands for head predicate and B;...By
stand for body predicates. For rule application, the Logical Reasoning Module uses the technique called forward
chaining. In other words, the module derives new information until it reaches a fixed point or answers the query
that it needs to answer. An important novelty introduced into the system is the differentiation of inference through
soft unification and probabilistic rule application.

Attention-Weighted Logic Gates

The attention-weighted logic gates (AWLGs) play an important role in connecting symbolic and neural modules.
Specifically, these gates enable the determination of symbolic reasoning contribution to output predictions as well
as providing feedback from neural to symbolic modules in terms of neural confidence. There exist two different
kinds of gates: embedding to logic gates (E2L) transfer information from the neural module to the symbolic one by
translating attention weights into logical predicates; and logic to embedding gates (L2E) perform a reverse
transformation.

Embedding-to-Logic conversion:

Pred(x) = ThresholdGate(Attention(x), T) (2)
Logic-to-Embedding mapping:

Embed’(x) = Embed(x) + A - LogicReach(x) 3)
where in equation (2) & (3), Tt is a learnable threshold parameter, LogicReach represents the set of logical
deductions reaching fact x, and A is a learned gating parameter balancing neural and symbolic contributions.

4. Experimental Evaluation

UNSRA is evaluated on three different tasks:

(1)VQA on the GQA dataset, which involves understanding visual content as well as reasoning about object
relationships;

(2)KG Completion on the Freebase and YAGO datasets, evaluating the capability of the model to infer missing
relations from incomplete information;

(3) Complex Reasoning on the CLEVR-CoGenT dataset, requiring reasoning about spatial and numeric relations in
a systematic way.

In the case of the GQA dataset, UNSRA obtains an accuracy of 87.3%, while the baseline neuro-symbolic models

achieve only 71.2% accuracy. The higher accuracy of UNSRA indicates its better ability to reason over complex

spatial and relational data. An important point here is that UNSRA outperforms baseline models by 23% in multi-

step reasoning problems.

Method VQA KG Comp. CLEVR Interpretability
Pure Neural 76.1% 0.398 78.5% 62%
Baseline NS 71.2% 0.399 82.3% 71%

UNSRA (Ours) 87.3% 0.487 94.2% 89%
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The attention weighted logic gates allow the system to dynamically manage the trade-off between neural
perception and symbolic reasoning. In case of queries that relate to counting objects or establishing relationships,
the system learns to give more importance to logical reasoning, whereas subjective assessment becomes more
important for other kinds of questions.

The proposed method for knowledge graph completion yields MRR of 0.487 on Freebase and 0.521 on YAGO
datasets, which amounts to 22% and 24% gains from previous neuro-symbolic approaches, respectively. The
ability to learn hidden logical rules is evidence that the proposed unified framework works well. On the CLEVR-
CoGenT dataset, which was created specifically to test compositional generalization, the UNSRA framework
performs at 94.2%, while neural baselines score only 78.5%. It proves the importance of symbolic reasoning in
obtaining compositional generalization ability, which is one of the weaknesses of neural frameworks.

An important benefit of UNSRA compared to pure neural models is interpretability. Decision making can be
understood using both neural and symbolic processing. The study investigate decision making processes for each
of the VQA cases and illustrate the interaction between visual embedding and logical rules leading to an answer.
Consider the question ‘What color is the object to the left of the red cube?’ In this case, the reasoning process
followed by the model is as follows: (1) neural detection of the red cube, (2) use of the ‘left-of” rule, (3) neural
detection of the target object, and (4) neural detection of its color. The degree of interpretability is measured in
terms of explanation accuracy, or how well the explanations capture the true underlying decision-making process
of the model. Using the LIME perturbation test, study show that the UNSRA explanation reaches an accuracy of
89%, compared to only 62% for the black-box neural network.

5. Discussion

In addition, the performance gains in UNSRA are attributed to a number of reasons: (1) Symbolic reasoning ensures
that spurious associations are not learned in the network, which would be the case in any neural-only approach;
(2) Neural learning allows rules to be automatically learned by the system from data instead of having them
defined manually; (3) Attention-weighted gates help in dynamically weighting paradigms according to the needs
of the task [18]. Nevertheless, there are certain computational issues associated with the proposed framework
[17]. Since the process of symbolic inference is iterative, there is increased inference time, which averages about
2.3x slower than neural-only methods [16]. These problems can be alleviated by using approximated inference or
cache-based approaches for symbolic rules. Moreover, the current approach assumes that the logic used is
relatively simple (Horn clauses) [19][20].

The potential gains in interpretability have substantial implications for Al safety and trustworthiness. Through the
explicit modeling of inference steps, this approach allows for auditing and debugging of models for flawed
inference. This is consistent with new regulations on Al explainability.

6. Conclusion

In this work, the research introduces the Unified Neuro-Symbolic Reasoning Algorithms framework that combines
first-order logic and transformers into one unified framework through attention-weighted logic gates. This ensures
two-way communication between neural representations and symbolic knowledge. In experiments, the study
observe improvements in logical consistency scores by 18-24%, better generalization, and higher interpretability.
The framework is flexible enough to be customized based on the needs of different domains. Future directions
involve the expansion to more sophisticated logics such as full first-order logic with negation and methods to
improve efficiency. Utilization within actual application areas such as diagnosing illnesses, making legal
arguments, and scientific discovery. Researching methods by which rules and weights for applying rules can be
learned end-to-end from minimal supervision.
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