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Abstract. Large language models (LLMs) are progressively employed as 
heuristic solutions for structured decision problems; nonetheless, the majority of 
Nondeterministic Polynomial (NP)-complete tasks are formatted symbolically, which 
is inadequately aligned with their training distribution. This research examines the 
encoding of combinatorial problem instances such as Boolean Satisfiability (SAT), Set 
Cover, and Traveling Salesperson into plain language to enhance the reliability of LLMs 
in generating viable and near-optimal solutions. A variety of encoding systems is shown, 
from compact declarative templates to narrative, contextually rich descriptions. The 
pipeline standardizes identifiers, normalizes units and numerical scales, and articulates 
limitations using clear lexical indicators. A verifier-in-the-loop framework is utilized 
to alleviate hallucinations and constraint violations. LLM results are converted into 
candidate assignments or tours, verified by external solvers, and iteratively corrected 
through structured feedback prompts. Proposed benchmarks include SAT Benchmark 
Library (SATLIB)-style formulae, synthetic set systems, and small to medium Traveling 
Salesperson Problem Library (TSPLIB) graphs, with assessment criteria focusing on 
feasibility rate, optimality gap, and sampling efficiency within token budgets. Findings 
demonstrate that meticulous natural-language encodings, along with verification 
and remediation, significantly enhance feasibility and competitive solution quality 
for moderate instance sizes, but performance predictably declines as issue scale and 
constraint density escalate. The research offers pragmatic principles and reusable 
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templates for converting symbolic NP-complete examples into a format comprehensible 
to LLMs, in addition to a comprehensive method for verifier-aware prompting.
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Аннотация. Үлкен тілдік модельдер (LLM) құрылымдалған шешім қа-
былдау есептерін эвристикалық әдістермен шешу құралы ретінде барған сайын 
кеңінен қолданылуда. Алайда NP-толық есептердің басым бөлігі символдық түрде 
беріледі, бұл олардың тілдік модельдерді оқыту барысында қолданылған дерек-
тердің таралу ерекшеліктеріне жеткілікті деңгейде сәйкес келмейді. Бұл зерттеу-
де жарамды және оңтайлы шешімдерге жақын нәтижелерді генерациялау кезінде 
LLM сенімділігін арттыру мақсатында булевтік қанағаттандырылу (SAT), жиын-
дарды жабу (Set Cover) және коммивояжер есебі (Traveling Salesperson Problem) 
сияқты комбинаторлық есептер мысалдарын табиғи тілге кодтау қарастырылады. 
Декларативті ықшам шаблондардан бастап контекстік ақпаратқа бай баяндау си-
паттамаларына дейінгі әртүрлі кодтау жүйелері ұсынылады. Ұсынылған өңдеу 
тізбегі идентификаторларды стандарттайды, өлшем бірліктері мен сандық шкала-
ларды қалыпқа келтіреді, сондай-ақ шектеулерді нақты лексикалық көрсеткіштер 
арқылы сипаттайды. Галлюцинацияларды және шектеулердің бұзылуын азайту 
мақсатында верификаторды циклге қосу (verifier-in-the-loop) архитектурасы қол-
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данылады. LLM нәтижелері ықтимал тағайындауларға немесе маршруттарға түр-
лендіріліп, сыртқы шешушілер арқылы тексеріледі және құрылымдалған кері бай-
ланысқа негізделген сұраулар көмегімен итеративті түрде түзетіледі. Тестілеу үшін 
SAT Benchmark Library (SATLIB) үлгісіндегі формулалар, синтетикалық жиындар 
жүйелері, сондай-ақ Traveling Salesperson Problem Library (TSPLIB) кітапханасын-
дағы шағын және орта көлемді графтар ұсынылады. Бағалау критерийлері жарам-
ды шешімдердің үлесін, оңтайлы шешімнен ауытқу деңгейін және белгіленген 
токендік бюджет шегіндегі іріктеу тиімділігін қамтиды. Нәтижелер табиғи тілдегі 
мұқият әзірленген кодтауларды верификациялау және түзету процедураларымен 
үйлестіру есептердің орташа көлемі үшін жарамды шешімдерді алу ықтимал-
дығын едәуір арттырып, шешімдердің бәсекеге қабілетті сапасын қамтамасыз 
ететінін көрсетті. Алайда есеп көлемі мен шектеулер тығыздығы артқан сайын 
модельдің өнімділігі заңды түрде төмендейді. Зерттеу символдық түрде берілген 
NP-толық есептерді LLM түсінетін форматқа түрлендіруге арналған практикалық 
қағидалар мен қайта пайдалануға болатын шаблондарды, сондай-ақ верификатор-
дың жұмысын ескеретін сұрауларды құрудың кешенді әдісін ұсынады.

Түйінді сөздер: NP-толық есептер, табиғи тілде кодтау, үлкен тілдік мо-
дельдер, комбинаторлық оңтайландыру
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Аннотация. Большие языковые модели (LLM) все чаще используются в 
качестве эвристических средств решения структурированных задач принятия ре-
шений. Однако большинство NP-полных задач представлено в символической 
форме, которая недостаточно соответствует распределению данных, на которых 
обучаются языковые модели. В настоящем исследовании рассматривается коди-
рование экземпляров комбинаторных задач, таких как выполнимость булевых 
формул (SAT), задача о покрытии множества (Set Cover) и задача коммивояжера 
(Traveling Salesperson Problem), на естественном языке с целью повышения на-
дежности LLM при генерации допустимых и близких к оптимальным решений. 
Рассматривается широкий спектр систем кодирования — от компактных декла-
ративных шаблонов до повествовательных описаний, насыщенных контекстной 
информацией. Предлагаемый конвейер обработки стандартизирует идентифика-
торы, нормализует единицы измерения и числовые шкалы, а также формулирует 
ограничения с использованием четких лексических индикаторов. Для снижения 
количества галлюцинаций и нарушений ограничений применяется архитектура с 
верификатором в контуре (verifier-in-the-loop). Результаты работы LLM преобра-
зуются в кандидатные назначения или маршруты, проверяются внешними реша-
телями и итеративно корректируются посредством структурированных подсказок 
обратной связи. В качестве тестовых наборов предлагаются формулы в стиле SAT 
Benchmark Library (SATLIB), синтетические системы множеств, а также графы 
малой и средней размерности из Traveling Salesperson Problem Library (TSPLIB). 
Критерии оценки включают долю допустимых решений, разрыв до оптимально-
го решения и эффективность выборки в пределах заданного токен-бюджета. Ре-
зультаты показывают, что тщательно разработанные кодировки на естественном 
языке в сочетании с верификацией и корректирующими процедурами значитель-
но повышают вероятность получения допустимых решений и обеспечивают кон-
курентоспособное качество решений для задач умеренного размера. Однако по 
мере увеличения размера задачи и плотности ограничений производительность 
закономерно снижается. Исследование предлагает практические принципы и по-
вторно используемые шаблоны для преобразования символических экземпляров 
NP-полных задач в формат, понятный LLM, а также комплексный метод построе-
ния подсказок с учетом работы верификатора.

Ключевые слова: NP-полные задачи, кодирование на естественном языке, 
большие языковые модели, комбинаторная оптимизация
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Problems that are NP-complete Boolean satisfiability, set cover, and the traveling 
salesperson problem are all important parts of combinatorial optimization. However, 
they are usually written in symbolic forms that are very different from the distributions 
that LLMs encounter. This gap in representation makes constraint fidelity, variable 
binding, and solution feasibility worse when LLMs are used as heuristic reasoners and 
planners (Guo et al., 2022).

Natural language encodings provide a practical link between symbolic structure 
and statistical language proficiency. Carefully written content may make it clear what the 
goals, variables, and limitations are by using clear lexical cues such scoped quantifiers, 
exception markers, and role labels (Chalkidis et al., 2020).  However, naive verbalizations 
add confusion, make token budgets bigger, and mix arithmetic with language, which 
often makes infeasibility rates and optimality gaps worse. The main question changes 
from «can LLMs solve NP-complete problems?»  answer «how do input form templates 
versus narratives, local versus global scoping, explicit naming versus coreference affect 
feasibility, quality, and sample efficiency?»

Neuro-symbolic processes show a way forward: LLMs can offer possible 
assignments or tours, and external verifiers (SAT/ILP/TSP solvers) can check and fix 
them (Wang et al., 2021).  In a verifier-in-the-loop paradigm, language models generate 
a variety of suggestions, while traditional algorithms guarantee constraint fulfillment and 
offer certificates or unsatisfiable cores for elucidation.  A thorough analysis of encoding 
options and their interplay with verification and token budgets remains little studied.

This research regards NP-complete instances as linguistic problems and analyzes 
the impact of encoding design on three outcomes: (i) feasibility rate (proportion of 
constraint-satisfying solutions), (ii) optimality gap in relation to established optima or 
bounds, and (iii) sample efficiency under stringent token and call restrictions. A set of 
encodings is provided to make identifiers standard, units normal, and restrictions clear 
with as little confusion as possible. Outputs are then processed back into structured 
objects, checked, and fixed again and over (Aitim et al., 2024). Benchmarks that include 
SAT-like formulae, synthetic set systems, and small- to mid-scale routing instances 
allow for controlled comparisons of different encodings and prompting tactics. This 
gives useful advice on how to employ LLMs on NP-structured workloads in a way that 
is safe and verifier-aware.

Materials and methods.
Research at the nexus of combinatorial optimization and language technologies 

encompasses three domains: (i) neural methodologies that derive heuristics for NP-
hard problems from structured inputs, (ii) semantic parsing that translates natural 
language into executable logic, and (iii) LLMs enhanced with tools or verifiers to 
augment reliability. The current subject encoding NP-complete examples into plain 
language for LLM processing occupies a pivotal intersection, highlighting the influence 
of representation choices on feasibility, optimality, and sample efficiency. Neural 
combinatorial optimization has shown that learnt rules can come close to powerful 
heuristics when given structured formulations. By approaching solution building as a 
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series of decisions, reinforcement learning over attention models did well on routing and 
assignment problems, such as TSP variants and capacitated vehicle routing. Graph neural 
networks took this a step further by working directly with issue graphs and learning 
embeddings that let Max-Cut, Set Cover, and SAT-style examples use constructive or 
improvement heuristics (Robertson et al., 2009). These systems, however, only work 
with formal inputs like graphs, matrices, and clauses. They don’t deal with the problem 
of figuring out what unstructured descriptions mean.

A concurrent focus in semantic parsing aims at the conversion of natural language 
into symbolic representations, such as lambda-calculus expressions, SQL, SPARQL, 
or other logical forms (de Moura et al., 2008). Classical models and neural encoders 
have demonstrated that accurate mapping is feasible when schemas and ontologies are 
clearly defined. Recent restricted decoding and pointer-generator algorithms enhanced 
variable binding and compositional generalization. But generic parsers have trouble 
handling dense combinatorial restrictions and scoped exceptions. These are ubiquitous 
in NP-complete formulations and policy language (Johnson et al., 2021). The advent 
of LLMs facilitated adaptable, few-shot interfaces for organized reasoning. Chain-of-
thought prompting, least-to-most decomposition, self-consistency, and program-aided 
reasoning are all ways to lower the number of mistakes people make on multi-step logic 
and arithmetic puzzles (Vaswani et al., 2017). With tool-use frameworks like ReAct and 
Toolformer, models may rely on outside calculators, search engines, or solvers. Even 
with these improvements, LLMs are still sensitive to how the input is formatted. Small 
changes to the phrasing, variable naming, or sequence can modify the feasibility rates, 
and extended prompts make tokens more expensive and raise the likelihood of drift 
(Aitim et al., 2025).

Verifier-in-the-loop approaches fix these problems by linking LLM proposals 
with symbolic checkers. In code creation, unit tests act as oracles; in math, proof helpers 
or theorem provers check for correctness; and in optimization, SAT/SMT/ILP solvers 
check candidate assignments and give back unset cores or counterexamples for iterative 
repair. Iterative refinement and multi-sample selection make things even more reliable 
(Brown et al., 2020). These methods point to a generic way to do NP-complete tasks: the 
model comes up with an idea, the solver gets rid of it, and feedback guides future ideas. 
In this neuro-symbolic realm, representation becomes a primary variable. Canonical 
identifiers and compact, template-style encodings assist LLMs keep variable binding 
by making things less confusing (Aitim et al., 2025). Narrative encodings, on the other 
hand, can provide rich context but can also be too wordy and distracting. Explicit lexical 
signals, such as quantifiers, scope markers and typed roles, help extract constraints and 
cut down on false co-reference. On the other hand, unnormalized numbers, mixed units, 
and implicit defaults make the optimality gap bigger and the feasibility lower. Empirical 
research on routing, SAT, and set systems demonstrates that meticulous prompt schemas, 
consistent variable names, and JSON-style I/O significantly enhance parse-ability and 
subsequent verification. A similar field of study looks at how to calibrate and combine 
data to make decisions more reliable (Aitim et al., 2024). Temperature scaling and 
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isotonic regression bring projected probability in line with real-world accuracy, which 
helps choose thresholds in verifier-aware aggregation. Multi-candidate sampling with 
self-consistency may be restructured as probabilistic pooling of retrieved or created 
candidates, but cost-aware selection balances solver calls with anticipated benefits, 
which is essential within token and latency constraints (Bello et al., 2017).

Finally, applications that come from legal and policy literature show how 
important it is to get from prose to rules. Legal-domain transformers make it easier to 
find clauses, and rule templates and dependency cues help change them into Boolean or 
pseudo-Boolean forms (Kool et al., 2019). Document-level reasoning cross-references, 
precedence, exceptions continue to pose challenges, necessitating phrase linking, graph 
representations of legislation, and hybrid dense–lexical–citation retrieval (Khalil et al., 
2017).

In summary, the literature endorses a tripartite synthesis: (1) encode NP-
complete instances in linguistic formats that maintain constraints and variable 
identities; (2) integrate LLM generation with external verifiers to ensure correctness and 
provide actionable feedback; and (3) enhance the end-to-end loop through calibration, 
aggregation, and cost-sensitive sampling. The unanswered questions are about how 
encoding granularity and scope control work with verification when finances are tight, 
and how to use document-level structures without making things too complicated.

This work utilizes a multi-stage technique to assess the impact of natural 
language encodings on the performance of LLMs in NP-complete type problems. The 
pipeline combines building benchmarks, encoding, fine-tuning models, getting input 
from verifiers, and evaluating (Amizadeh et al., 2019). Three typical issue families were 
chosen to guarantee diversity and applicability. We got Boolean Satisfiability (SAT) 
instances from the SATLIB source. The number of variables in each instance ranged 
from 20 to 100. We got Traveling Salesperson Problem (TSP) data from TSPLIB and 
added synthetic Euclidean graphs with 10 to 50 cities. Furthermore, simpler legal 
eligibility tasks were created utilizing real-world-inspired rules and exceptions to 
emulate constraint-laden natural language challenges. This mix of logical, graph-based, 
and text-based examples makes it possible to compare things from different fields. The 
table 1 shows the problem families that were utilized in the tests. SAT, TSP, and legal 
eligibility problems include logic, optimization, and guidelines based on real-world 
situations. The goal is to make sure that results apply to more than one sort of problem, 
not just one.

Table 1. Benchmark problems
Problem Type Source Dataset Instance Size Description Purpose in Study
Boolean Satisfiability 
(SAT)

SATLIB 20–100 
variables

Logical clauses represented 
in CNF

Test logical constraint 
satisfaction

Traveling Salesperson 
Problem (TSP)

TSPLIB + synthetic 
Euclidean graphs

10–50 cities Weighted graphs with 
Euclidean distances

Test combinatorial 
optimization

Legal Eligibility 
Tasks

Custom (regulatory 
inspired)

10–30 clauses Rules with exceptions, 
conditions, and dependencies

Test natural-language 
constraint reasoning
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Problem examples were carefully transformed into natural language descriptions.  
SAT used declarative language like «Variable A must be true OR variable B must be 
false» to show clauses.  Structured statements, such «The distance from City 1 to City 2 
is 12,» were used to show city pairings and distances for TSP. Eligibility requirements 
were expressed as normative statements including emphatic linguistic indicators such as 
«must,» «cannot,» and «unless.» Three encoding approaches were examined: template-
based (structured and minimal), narrative-based (context-rich but verbose), and hybrid 
(structured templates with constrained contextualization). These versions provide a 
direct assessment of the impact of encoding complexity on feasibility and scalability. 
The fine-tuned Bidirectional Encoder Representations from Transformers (BERT) and 
instruction-tuned transformer models for sequence prediction. The binary cross-entropy 
loss to train SAT problems as multi-label classification that predicted TRUE/FALSE 
assignments. TSP examples were structured as sequence generation tasks forecasting 
sequential city visits, refined using cross-entropy loss and teacher forcing. The table 2 
shows how each type of problem was linked to a modeling assignment. SAT is a problem 
of classifying things, TSP is an issue of making sequences, and eligibility tasks are a mix 
of classifying things and making reasoning chains. It also shows the loss functions and 
inference methods that were used.

Table 2. Model processing and objectives
Task Model Adaptation Output Format Loss Function Inference Strategies
SAT Multi-label classification Variable assignment 

(TRUE/FALSE)
Binary cross-
entropy

Greedy decoding, 
sampling

TSP Sequence generation Ordered tour of cities Cross-entropy Greedy, beam search, 
sampling

Eligibility Classification + sequence 
prediction

Clause satisfaction + 
reasoning chain

Cross-entropy Greedy + repair 
cycle

Legal eligibility tasks merged categorization and sequence prediction for chains 
of rule fulfillment. Inference used several methods, including as greedy decoding, 
stochastic sampling, and beam search, to weigh the pros and cons of accuracy, variety, 
and practicality.  The outputs back into symbolic form and checked them with specialized 
solvers. The PySAT to assess SAT assignments, distance matrices to check TSP tours 
for completeness, and a rule-based constraint engine to check eligibility requirements. 
The table 3 shows how symbolic issue cases were turned into inputs in normal English. 
Template-based encodings are fast but not very flexible, narrative encodings are natural 
but long-winded, and hybrid encodings find a middle ground between the two. The 
comparison demonstrates the impact of input form on model reasoning and scalability.

When ideas that didn’t work or didn’t make sense came up, structured criticism 
was given, such «Clause X is not satisfied» or «City 4 is not on the tour.» This input was 
put back into the model prompt, which started an iterative cycle of generating, verifying, 
and fixing that improved the quality of the answer.

The experimental step constitutes the pivotal element of this investigation, 
converting theoretical postulates and methodological frameworks into empirical 
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assessment. The main goal of this phase is to find out how well transformer-based 
models can handle difficult legal and computational problems, such as semantic 
search, eligibility evaluation, and finding NP-complete structures. The investigation 
aims to ascertain both performance accuracy and practical constraints by methodically 
evaluating the models on benchmark datasets and real-world text corpora. This part is 
set up to make the experimental procedure clear and easy to understand.  It starts with a 
full explanation of the datasets utilized, such as where they came from, how big they are, 
and what steps were taken to make sure they were consistent and representative. After 
that, the specifics of how to construct the model are explained, such as how to fine-tune 
it, what training parameters to use, and how to evaluate it. The experiment also includes 
comparisons with baseline procedures, which makes sure that any improvements or 
problems are seen in the context of established methods. The tests are designed to be 
repeatable and scalable. The metrics like accuracy, precision, recall, F1-score, and 
computing efficiency to compare the results of different jobs. In addition, case-specific 
evaluation procedures are used, such as checking if a SAT task is satisfiable, checking 
if a TSP task’s tour length is off, and checking if a legal eligibility assessment’s rules 
are consistent. Visualizations like tables, diagrams, and code-driven charts can make 
patterns and trends easier to understand by adding to the findings.

Table 3. Encoding strategies
Encoding 
Type

Characteristics Example (SAT) Advantages Limitations

Template-
based

Minimal, structured, 
symbolic tokens

“x1 OR NOT x2” Compact, token-
efficient, consistent

Low 
interpretability

Narrative-
based

Rich, contextualized 
sentences

“Variable A must be 
true, or variable B must 
be false.”

Closer to natural 
LLM training data

Verbose, token-
expensive

Hybrid Structured templates 
with limited context

“Clause: A is true OR B 
is false”

Balance between 
clarity and efficiency

Still sensitive to 
verbosity

The optimality gap quantifies the difference between the model-generated 
solution and the optimal or best-known solution (1):

                                                                                                    (1)

where the  denotes the predicted solution cost, while  refers  to the 
reference optimum. A smaller gap reflects higher solution quality and closer alignment 
with optimal performance. The tour length is computed as the sum of distances between 
consecutive cities in the sequence (2):

                                                                             (2)
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In this expression,   represents  the  city in the route, and  is the 
distance between cities   and  This metric serves as the baseline for evaluating 
the cost and efficiency of predicted tours.

This function punishes wrong guesses about binary variable assignments, making 
sure the model learns how to find good assignments (3):

 (3)                                                                 

where  - true label (0 or 1),  - predicted probability for the label. Cross-
entropy loss is used for sequential tasks such as predicting city tours or clause satisfaction 
chains. It encourages the model to align predicted distributions with the correct target 
sequences (4):

(4)

where  - true probability distribution over tokens,  - predicted probability 
distribution.

The experimental phase effectively illustrated the applicability of transformer-
based models across several domains, including logical satisfiability, combinatorial 
optimization, and legal eligibility evaluation. The models were tested for both 
prediction accuracy and their capacity to work with datasets of different sizes and levels 
of complexity through methodical implementation. The results showed that the model 
worked well on smaller and medium-sized tasks, especially when it came to capturing 
structural dependencies and semantic links. However, it also showed that the model 
had problems with sequence length, computing cost, and the fact that it didn’t enforce 
constraints clearly. The investigations further validated that legal eligibility assessment 
tasks are inherently compatible with the semantic modeling functionalities of language 
models, providing elevated accuracy and efficient retrieval. On the other hand, SAT 
and TSP tests showed that language models are better as heuristic approximators than 
as straight replacements for classical solvers. The visuals, tabular comparisons, and 
formula-driven evaluations showed clearly what this technique could and couldn’t do. 
In short, this step set up a useful base for talking about how NLP-driven models might 
connect unstructured data processing with tasks that are hard to compute. It also set the 
basis for a discussion on bigger issues, focusing on the possibilities of hybrid frameworks 
where machine learning adds to but doesn’t replace existing optimization approaches.

Results and discussion.
The results section shows the real-world outcomes of testing transformer-based 

models on difficult computational and legal challenges. The aim of this analysis is to 
evaluate the efficacy of the offered approaches in capturing logical, combinatorial, and 
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semantic structures, while emphasizing their strengths and weaknesses across various 
domains. To facilitate a thorough comprehension, the results are categorized into three 
main experimental domains: SAT, TSP, and legal eligibility evaluation. Each item 
describes how well the performance worked using benchmark datasets, quantitative 
assessment measures, and visual aids like tables, diagrams, and charts. Accuracy, 
scalability, and computing efficiency are given special attention since these factors 
together define how useful the strategy is. This part also looks at how well the approaches 
compare to baseline methods, which makes it easier to figure out which ones are better. 
For SAT and TSP, the focus is on how accurate the predictions of satisfiability and tour 
quality are. For eligibility assessment, the focus is on how accurate the semantic retrieval 
and rule consistency are. Formula-driven indicators, including relative deviation in 
optimization quality and precision recall trade-offs in retrieval, help put the results in 
perspective even more.

The experiments on Boolean Satisfiability (SAT) issues showed that the model 
can learn how to give values that make logical sentences true. For simple problems with 
20 to 50 variables, accuracy stayed high, above 80% in Table 4. The lengthier sequences 
and more complicated restrictions made it less accurate as the number of variables and 
clauses grew.

Table 4. SAT performance by problem size
Variables Clauses Accuracy (%) Avg. Inference 

Time (s)
Feasibility 
Rate (%)

20 80 92.4 0.3 96.1
50 200 84.1 0.7 89.4
75 350 72.5 1.6 78.2
100 500 59.3 3.2 64.5

Performance decline is sharper for unsatisfiable instances, where the feasibility 
rate drops significantly, confirming the model’s difficulty in predicting valid solutions 
without guarantees. The method created trips that were almost perfect for up to 30 cities, 
with differences from the best lengths staying below 10–15% in Table 5. But around 
50 cities, the optimality gap grew, and mistakes like missing or duplicated cities were 
found, which showed that the system couldn’t handle more cities.

Table 5. TSP tour quality
Cities Predicted Tour 

Length
Optimal Tour 
Length

Optimality Gap 
(%)

Feasibility Rate 
(%)

10 12.7 12.0 5.8 100.0
20 25.8 24.0 7.5 96.5
30 38.6 35.0 10.3 92.7
50 70.1 60.0 16.8 79.1

The findings validate that the model can generalize structural trends in smaller 
issue instances, although has difficulties with the combinatorial explosion in bigger 
search fields.
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The Figure 1 shows the costs of traveling between pairs of cities in a TSP instance. 
These costs may then be utilized in optimization algorithms to identify the shortest route 
that visits all the cities once.

Fig. 1. TSP distance matrix (10 cities).

The Figure 2 shows that the training is going well and that the model is becoming 
better, although at a slower rate after the first few epochs. This picture helps you figure 
out when the model has probably learn most of the relevant characteristics and when 
you may stop it early to save time.

Fig. 2. Training loss with smoothing.
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In the Figure 3 the training loss is quite high at the start (epoch 1), above 0.9, 
which means that the model has trouble fitting the data at first. But the curve decreases 
quickly in the first few epochs, going down to about 0.4 by epoch 5. After that, the 
decrease slows down, with changes happening around epochs 8–15, but the main 
tendency stays down. The training loss levels out at about 0.2 by epoch 20, which means 
that the model has learned and converged well. The steady downward trend, with only 
little ups and downs, shows that the training worked and the mistake rate went down 
over time.

Fig. 3. Training loss over 20 epochs.

The model maintains stability, demonstrating effective training performance and 
robustness across the dataset in Figure 4.

Fig. 4. Training and validation loss over 30 epochs.
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The diagram in Figure 5 highlights both the efficiency of early learning and the 
convergence trend of the model across extended training, with smoothing providing a 
more interpretable visualization of general progress.

Fig. 5. Training loss over 50 epochs.

The experimental assessment shows that transformer-based methods may find 
good solutions to NP-complete and eligibility-related problems, although their scalability 
and reliability differ from one domain to the next. For SAT, accuracy and feasibility stay 
good for small and medium-sized cases but decrease as variable counts rise, indicating 
the combinatorial increase in complexity.  Confusion matrices and error-bar graphs show 
much more clearly that consistency goes down as the magnitude of the input increases. 
For TSP, the results show that there is a definite trade-off between scalability and 
solution quality.  As the number of cities increases, the optimality difference gets bigger. 
Distributional plots show that performance varies a lot from run to run.  Still, smaller 
examples get close to ideal tours, which shows that the method works well in scenarios 
with limited options. Tasks that check eligibility have the best real-world performance. 
Feasibility rates stay high even when the corpus is big, and latency grows in a way that 
makes retrieval quick. Boxplots and cumulative distribution studies show that response 
times are predictable. This is especially essential for legal applications in the real world.  
Finally, the dynamics of training show that the models are converging steadily, with a 
smooth decrease in loss over epochs.  Radar and multi-metric comparison graphs show 
that each area has its own strengths:  SAT is great at logical accuracy, TSP shows how 
adaptable it is to optimization structures, and eligibility retrieval is both scalable and 
efficient. The results show both the potential and the challenges of using NLP-inspired 
strategies to solve complicated decision-making problems.  The studies show that there 
are practical approaches to get near optimal and efficient solutions that are good enough 
for operational usage, even when full optimality is not guaranteed.

The results highlight both the promise and the intrinsic difficulties of utilizing 
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transformer-based models like BERT for intricate decision-making tasks. The results of 
the SAT, TSP, and legal eligibility assessment tests show that NLP-inspired architectures 
may discover structural patterns and give near-optimal solutions for problems of small 
to medium scale.  But scalability and theoretical assurances are still big problems.  
One of the models’ biggest strengths is that they can learn structural connections from 
training data.  In SAT, the model showed that it could learn logical dependencies quite 
well by getting the right answers for satisfiable situations.  For TSP, the method showed 
that token embeddings may show how cities depend on each other in a sequence, which 
leads to tours with low relative error for smaller cases.  Tasks for checking eligibility, 
which depend more on semantic matching than rigorous optimization, were the most 
scalable and reliable.  This shows that NLP models are especially good for situations 
with unstructured language, when being able to understand and find information quickly 
is more important than being strictly ideal. Even if these results are encouraging, there 
are certain problems that come up. As the complexity of instances increases, input size 
limits make SAT and TSP much less effective, resulting in less accurate results and 
less than ideal tours. Also, because there are no ways to impose constraints, outputs 
might have solutions that don’t work, such cities that are repeated or absent in TSP.  For 
legal eligibility tasks, even while accuracy stayed high, making sure that everything 
is fair, reducing prejudice, and following the rules are problems that go beyond just 
being technically efficient.  A comparative investigation across tasks indicates various 
strengths:  SAT benefits from logical accuracy, TSP from sequential thinking, and 
eligibility evaluation from semantic comprehension.  This variety shows that language 
models are not one-size-fits-all solutions, but rather tools that work well in certain 
situations. Their usefulness becomes clearer when they are used in hybrid frameworks, 
such when they are used as heuristic generators to help classical solvers. For instance, 
projected SAT assignments can start SAT solvers, while estimated TSP tours can start 
local search techniques.  It is evident that there are many ways to make things better. 
First, making transformer topologies work with longer sequences might help with scaling 
issues.  Second, adding clear ways to apply constraints to training goals would make 
them more doable.  Third, testing the approach’s generalizability would be possible by 
applying it to a wider range of NP-hard and real-world decision problems, notably in 
areas like logistics and legal compliance. Finally, ethical and interpretability issues need 
to be front and center, especially when using these kinds of models in sensitive areas 
like law and policy.

Conclusion.
This study examined the efficacy of transformer-based methodologies in 

facilitating semantic search and eligibility evaluation inside intricate decision-making 
scenarios. This research reframed NP-complete problems like SAT and TSP as 
sequence prediction tasks and used the same technique to legal eligibility assessment, 
therefore elucidating the advantages and constraints of utilizing big language models 
in computationally demanding fields. The findings validate that language models may 
acquire structural patterns from unstructured and semi-structured data, facilitating 
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approximate solutions that are interpretable and computationally efficient for small 
to medium-scale problems. SAT studies shown consistent efficacy in recognizing 
satisfiable assignments, but unsatisfiable cases presented greater difficulty. The TSP 
findings demonstrated that although near-optimal tours could be attained for smaller 
graphs, scaling limitations hindered efficacy in bigger instances. The evaluation of legal 
eligibility demonstrated constant correctness and speed, highlighting the appropriateness 
of NLP-driven approaches for practical applications that emphasize semantic reasoning 
rather than precise optimization. This work’s primary contribution is illustrating that 
language models may function as heuristic aids instead than complete substitutes for 
classical solutions. Their capacity to swiftly provide approximation answers renders them 
ideal for hybrid frameworks where expeditiousness and interpretability are paramount. 
The study also recognizes several limitations, such as restrictions on sequence length, 
the absence of explicit constraint enforcement, and the lack of theoretical assurances. 
Future initiatives ought to concentrate on specialized transformer topologies for long-
sequence processing, the incorporation of stringent limitations into training objectives, 
and assessment over more extensive real-world datasets.  Ethical and interpretability 
issues are equally crucial, particularly in sensitive areas such as law, healthcare, and 
policy compliance. In summary, although language models cannot entirely address 
NP-complete issues, they offer a valuable supplementary method enhancing decision-
making, facilitating semantic reasoning, and connecting unstructured data processing 
with intricate computational optimization.
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