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Results and Take aways
Challenge: Tradi&onal decision models (e.g., U&lity Theory) op&mize for popula&on-level 
predic&ons but fail to capture the unique "cogni&ve calculus" of individuals.
Gap:
• U"lity-Based: Rigid math forms oCen miss nuanced personal constraints.
• LLMs: Strong reasoning but lack structural grounding, causing calibra&on errors.
Goal: Bridge this gap by combining Symbolic U&lity Discovery (structure) with LLM-driven
Seman&c Adapta&on (nuance) to beLer model high-stakes decisions like vaccine uptake and 
travel choices.

Group-level Symbolic U8lity Discovery
samples candidate symbolic u&lity 

func&ons {"!,#$ }#%&' from the LLM-condi&oned 
distribu&on!(· |%, ', (, )!"#) , guided by 

the concept library $, symbolic library %, and 
prior feedback &$(&.
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Individual-level Seman8c Adapta8on refines 
each person’s !) through itera&ve updates. 

This process personalizes the template based 
on individual data ') and seman&c gradients, 

capturing heterogeneous preferences and 
contextual constraints.

Personalized Decision Inference integrates the learned symbolic u&lity "!∗ with the adapted 
seman&c template ()∗ to generate individualized predic&ons )*) that reflect both group-level 

reasoning and personal context.

Table: Performance comparison of LLM-based, classical choice, and machine learning methods 
on the three-class Swissmetro and three-class COVID-19 Vaccine choice tasks.

Figure : ATHENA yields improvements on classes that matter most yet were previously hard to distinguish.

(a) Vaccine-uptake task. ATHENA removes all 34 cases in which the Vaccinated_no_booster class 
was previously misclassified as Booster, thereby preserving the integrity of booster-demand estimates.

(b) Travel-mode choice task. ATHENA cuts the Swissmetro-versus-Car confusion from 83 to 6
instances, refining forecasts of low-carbon rail adoption.

Figure: Aggregated fragment importance extracted from the learned symbolic utilities. 

Swissmetro

Vaccine

Case 1: Business Traveler Case 2: Senior Shopper

Key Profile Features (+)
• Age: 54-65 years old!
• Trip Purpose: Business "
• Gender: Male#

• Trip: St. Gallen – Bern $
• Luggage: None 
• Income: Over 100 %

Op3mal Personalized Decision Rule (,!
∗)

Balanced: dynamically weighs speed, environmental 
impact, and cost, adjusKng by trip purpose. Uses real-Kme 
condiKons and past experiences to choose among metro, 
trains, cars, buses, and rideshares.

Op*on (!, min/CHF): 
Metro 77/74; Train 120/64; Car 169/60 

Key Profile Features (+)
• Age: >65 years old!
• Trip Purpose: Shopping &
• Gender: Male#

• Trip: Vaud– Geneva $
• Luggage: None 
• Income: Over 100 %

Op3mal Personalized Decision Rule (,!
∗)

Comfort-seeking: prioriKzes space, quiet, and services; 
pays ~20% extra; values real-Kme updates and easy 
boarding; social events encourage social modes; 
feedback conKnually refines choices.

Op*on (!, min/CHF): 
Metro 21/226; Train 42/209; Car 40/67

ATHENA unifies symbolic u8lity modeling with LLM-driven seman8c 
adapta8on to beLer capture personalized human decisions. Across both 
transporta&on and vaccine tasks, the framework achieves higher accuracy, 
beDer calibra8on, and clear interpretability, showing that combining 
structured u&lity forms with individual-level textual seman&cs provides a 
stronger and more human-centric decision model.

Group-Level Structure:
Symbolic u?lity discovery reveals compact, interpretable formulas capturing key drivers 
such as age - trust interac>ons (vaccine) and >me/purpose sensi>vity (transporta?on).

Individual-Level Seman>cs:
Textual templates personalize decisions by incorpora?ng preferences, constraints, and 
aMtudes (e.g., “Trus?ng Authority,” “Skep?cal,” “Comfort-Seeking,” “Cost-Saving”).

Insight:
ATHENA explains why each person makes a choice—linking group-level symbolic 
structure to individual seman?c reasoning in a transparent, human-readable form.

Disentangling Seman>cally Similar Choices
• Many baselines fail on closely related alterna?ves.
• Vaccine task: ATHENA removes all 34 misclassifica?ons of Vaccinated_no_booster

→ Booster.
• Travel-mode task: Cuts Swissmetro ↔ Car confusion from 83 → 6.
• Greatly improves clarity at cri>cal boundaries where previous models struggle.
• Shows ATHENA can capture subtle behavioral signals missed by both classical 

models and prompt-only LLMs.

Performance and Insights
• ATHENA achieves the highest Accuracy, F1, and AUC on both tasks.
• Outperforms LLM-only, u>lity-based, and machine-learning models.
• Produces more stable and be@er-calibrated probability predic?ons.
• Symbolic u?lity discovery captures group-level pa@erns (e.g., ?me, cost, trust).
• Seman?c adapta?on adds individual nuances missing in other models.
• Together, the two stages enable stronger and more reliable decisions.

https://yibozh.github.io/Athena/

