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Abstract

Current Al analytics excels at pattern recognition but struggles with reasoning under uncertainty and novel
scenarios. This paper presents Probabilistic Neurosymbolic Analytics (PNA), a hybrid framework merging
belief functions for uncertainty quantification with neurosymbolic reasoning for logical inference. We
demonstrate the framework through a healthcare case study on sepsis prediction, showing how PNA
maintains 91% accuracy while providing human-interpretable explanations. Comparative analysis against
pure neural networks reveals PNA's superior robustness to distributional shifts (15% accuracy
improvement) and explainability (78% user task success vs. 45% baseline). These results validate the
viability of uncertainty-aware, explainable smart analytics for real-world decision systems.

Index Terms—Smart data analytics, neurosymbolic Al, belief functions, uncertainty reasoning,
explainable Al, creative problem solving.

I. INTRODUCTION

A. Background and Motivation

The proliferation of digital information has fundamentally altered the landscape of industries ranging from
healthcare and economics to engineering and social sciences [1]. In this era of "Big Data,"” the challenge
has shifted from data acquisition to data intelligence—the ability to derive actionable, context-aware
insights from raw information. Artificial intelligence (Al) serves as the engine for this transformation,
offering computational techniques inspired by natural intelligence to model complex behaviors [1].
However, deployment in critical domains has revealed significant gaps between theoretical performance
and practical utility.

Consider a clinical scenario: a sepsis detection system flags a patient based on vital signs, but provides no
explanation. The physician cannot determine whether the system is confident or merely guessing, nor
understand which clinical factors drove the decision. This opacity creates a trust barrier that prevents
adoption despite high reported accuracy [4]. Smart analytics must transcend pattern matching to provide
reasoning, uncertainty quantification, and actionable explanations.

B. Problem Statement and Contributions

This paper addresses the inadequacy of purely statistical or purely symbolic approaches in achieving true
"smart" analytics. We present Probabilistic Neurosymbolic Analytics (PNA), a framework that:

* Integrates belief functions [6] with neurosymbolic reasoning [7] for uncertainty-aware inference
* Provides a concrete implementation architecture with formal algorithms

» Demonstrates effectiveness through healthcare case study with comparative evaluation

* Shows 15% accuracy improvement over neural baselines on out-of-distribution scenarios
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Il. RELATED WORK

A. Neurosymbolic Al

Recent surveys [7] identify neurosymbolic Al as bridging neural learning with symbolic reasoning. The
field encompasses multiple integration strategies: neural-guided symbolic systems use neural networks to
select or prioritize logical rules, while symbolic-guided neural systems inject logical constraints into neural
training. A third approach, which we adopt, treats both components as peers that communicate through a
shared probabilistic interface.

While NeSy systems maintain logical consistency, they suffer computational complexity in high-
dimensional spaces. Traditional approaches use model-based inference (grounding all possible worlds),
which becomes intractable for large domains. Our proof-based approach performs forward chaining through
the knowledge base, maintaining O(|K|) complexity where |K| is the number of rules. This makes our
framework practical for real-time clinical applications where response latency must remain under 500ms.

B. Uncertainty Quantification

Shafer's belief functions [6] provide a mathematical framework separating aleatoric uncertainty (inherent
randomness) from epistemic uncertainty (lack of knowledge). Unlike Bayesian approaches that force
probabilistic commitments, belief functions explicitly represent ignorance through the mass assigned to the
complete frame of discernment. This distinction is crucial for medical decision-making where "I don't
know" is preferable to false confidence.

Consider a patient with fever and elevated white blood cell count. A traditional probabilistic system might
output P(sepsis) = 0.6, treating this as moderate confidence. However, if laboratory values are incomplete,
this 0.6 could represent either "60% confident it's sepsis" or "insufficient data to determine, but sepsis is
slightly more likely." Belief functions disambiguate this: m({sepsis}) = 0.4, m({not sepsis}) = 0.1,
m({sepsis, not sepsis}) = 0.5 explicitly shows high ignorance (0.5), triggering additional diagnostic workup
rather than premature treatment.

C. Clinical Decision Support Systems

MDP-based clinical frameworks [3] simulate patient trajectories by modeling treatment decisions as
sequential choices under uncertainty. These systems capture the temporal dynamics of disease progression
and enable "what-if" analysis before actual intervention. However, existing approaches assume complete
observability and struggle with novel patient presentations that deviate from historical patterns.

XAl research [4], [5] emphasizes that explanations must be helpful—enabling users to perform tasks—not
merely interpretable. Labarta et al. [5] demonstrated that post-hoc rationalizations often fail to improve
decision quality because they don't address users' actual information needs. Our framework generates
explanations that are action-oriented: instead of explaining *why* the model made a prediction, we explain
*what evidence supports* a clinical decision and *what additional information* would change it. This shifts
from model-centric to user-centric explanations.

I11. PROBABILISTIC NEUROSYMBOLIC ANALYTICS FRAMEWORK

A. Architectural Overview

PNA consists of three integrated modules: (1) Probabilistic Perception Layer transforms neural outputs into
belief masses quantifying confidence and ignorance; (2) Neurosymbolic Reasoning Core applies domain
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rules guided by belief scores to generate justified decisions; (3) Creative Anomaly Resolution handles novel
scenarios through analogical reasoning when standard inference fails.

B. Probabilistic Perception Layer

Given neural network output probabilities p = (pi, p2, ..., pn) from softmax, we construct belief mass function
m: 2°® — [0,1] where O is the frame of discernment. For each hypothesis i:

m({i}) = pi x 0, m(®) =1 - X (pi x )
where a = 0.9 is a discount factor preventing overconfidence, and m(®) represents ignorance mass. This
formulation explicitly separates "low confidence in sepsis” from "insufficient evidence to determine." For

clinical decisions, this distinction is critical—it triggers additional diagnostic tests rather than premature
treatment.

C. Neurosymbolic Reasoning Core

The reasoning module maintains knowledge base K of domain rules encoded in first-order logic. For sepsis
detection, example rules include:

R1: fever(X) A hypotension(X) A tachycardia(X) - sepsis risk(X, high)
R2: lactate (X, >4) A organ dysfunction (X) - septic_shock(X)
For each candidate proof path w, we compute belief-weighted score:
Score(m) = min{Pl(antecedent(r)) : r € }
where plausibility P1(A) = X{m(B) : B N A # @}. The system selects the highest-scoring proof, ensuring

decisions trace to explicit rule applications. This provides interpretability: "Patient flagged for sepsis
because fever (P1=0.85), hypotension (P1=0.78), and tachycardia (P1=0.91) satisfy guideline R1."

D. Creative Anomaly Resolution

When no proof exceeds confidence threshold T = 0.7, the Creative Problem Solving (CPS) module activates.
It employs analogical reasoning to map novel scenarios to similar historical cases, synthesizes ad-hoc rules
through inductive generalization, and validates solutions via Monte Carlo simulation [2], [8]. For instance,
encountering a sepsis presentation with atypical vital signs, CPS retrieves similar cases, identifies common
patterns, and proposes a tentative diagnostic pathway with explicit uncertainty bounds.

IV. HEALTHCARE CASE STUDY: SEPSIS PREDICTION

A. Experimental Setup

We implemented PNA for early sepsis detection using publicly available MIMIC-III clinical data. The
dataset comprises 5,000 ICU patient records with 20 clinical features (vital signs, lab values,
demographics). We constructed a knowledge base of 15 clinical guidelines from established sepsis
protocols. The neural perception layer uses a three-layer feedforward network (64-32-16 neurons) trained
on 80% of data.

To evaluate robustness, we created three test scenarios: (1) Nominal—standard test set matching training
distribution; (2) Shifted—patients with 20% altered vital sign distributions; (3) Novel—rare sepsis
presentations absent in training data. Baselines include pure neural network (NN), Bayesian neural network
(BNN), and rule-based expert system (RBS).
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B. Quantitative Results

Table | presents comparative performance across scenarios. PNA achieves 91% accuracy on nominal data
while maintaining 76% on novel presentations—a 15% improvement over pure neural networks (61%).
Critically, PNA's ignorance mass correctly signals low confidence on novel cases, enabling appropriate
escalation to human experts.

TABLE |
COMPARATIVE PERFORMANCE ACROSS TEST SCENARIOS

Model Nominal Shifted Novel Explain.
NN (baseline) 87% 72% 61% 42%
BNN 85% 74% 65% 58%
RBS 82% 81% 58% 85%
PNA (Ours) 91% 84% 76% 78%

The "Explain.” column measures explanation helpfulness via user study: participants received system outputs and
performed downstream diagnostic tasks. PNA explanations enabled 78% task success compared to 42% for black-box
neural networks.

C. Qualitative Analysis
Example PNA Output for Patient #4721:
Decision: High sepsis risk (confidence: 0.82, ignorance: 0.12)

Reasoning: Rule R1 triggered by fever (P1=0.88), hypotension (P1=0.79),
tachycardia (P1=0.91). Supporting evidence: lactate 3.2 mmol/L (P1=0.67).

Recommendation: Initiate broad-spectrum antibiotics, order blood cultures,
monitor closely.

Uncertainty note: Moderate ignorance (0.12) due to incomplete lab panel—consider

procalcitonin test.

This example demonstrates how PNA provides not just a decision, but actionable reasoning that clinicians
can verify, critique, and act upon. The explicit uncertainty quantification prevents overconfident
recommendations when data is incomplete.

V. DISCUSSION

A. Key Findings

Our results validate three critical hypotheses: (1) Belief functions effectively separate confidence from
ignorance, enabling appropriate uncertainty handling; (2) Neurosymbolic integration maintains accuracy
while providing interpretability; (3) The framework exhibits superior robustness to distributional shifts
compared to pure neural approaches. The 15% accuracy improvement on novel scenarios directly addresses
the brittleness problem plaguing current Al systems.

B. Limitations

Several limitations warrant acknowledgment. First, the knowledge base requires domain expertise for rule
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construction—automated knowledge acquisition remains future work [7]. Second, computational
complexity increases linearly with rule count (O(|K]) for our implementation), though this remains tractable
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for typical clinical guidelines (~10-50 rules). Third, our evaluation uses publicly available data; prospective
clinical validation is needed before deployment.

The discount factor a = 0.9 was empirically tuned; principled methods for setting this parameter based on
domain characteristics require investigation. Additionally, while user studies showed improved task
performance, long-term effects on clinician trust and workflow integration need assessment.

C. Practical Implications

PNA's architecture addresses practical deployment requirements: (1) Explanations facilitate regulatory
compliance and clinical auditing; (2) Uncertainty quantification enables graceful degradation—the system
can flag cases requiring human review rather than failing silently; (3) The modular design allows domain
experts to refine rules without retraining neural components. Beyond healthcare, the framework generalizes
to any domain requiring transparent, uncertainty-aware decision support—financial risk assessment,
autonomous vehicles, and legal decision-making.

D. Future Directions

Future work should pursue three avenues: (1) Automated structure learning to inductively acquire rules
from data [7]; (2) Dynamic knowledge base updating through continual learning as new medical evidence
emerges; (3) Multi-agent architectures where multiple PNA instances collaborate on complex cases.
Additionally, extending the framework to handle temporal reasoning for longitudinal patient monitoring
represents a promising direction.

V1. CONCLUSION

This paper presents Probabilistic Neurosymbolic Analytics, a framework addressing the critical need for
uncertainty-aware, explainable Al in high-stakes decision-making. Through integration of belief functions
and neurosymbolic reasoning, PNA achieves 91% accuracy with 78% explanation helpfulness while
maintaining robustness to novel scenarios. The healthcare case study demonstrates practical viability,
showing 15% accuracy improvement over neural baselines on out-of-distribution data. These results
validate that smart analytics—combining statistical learning, logical reasoning, and explicit uncertainty
guantification—represents a viable path toward trustworthy Al systems. As Al increasingly influences
critical decisions, frameworks like PNA that prioritize transparency, interpretability, and appropriate
uncertainty handling become not just desirable but essential.
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