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Abstract

Large Language Models (LLMs) have demonstrated remarkable capabilities across
various domains, including software development, education, and technical assis-
tance. However, a fundamental question remains unresolved: can LLMs reason
about physical constraints—the rules governing how abstract computations must
map onto real-world hardware? This capability is distinct from, and arguably more
demanding than, software generation alone, as it requires grounding language
understanding in spatial, electrical, and connectivity constraints. To address this
gap, we introduce PCEVAL (Physical Computing Evaluation), a benchmark and
evaluation protocol for physical computing education that enables fully automatic,
execution-based assessment of LLMs across both logical and physical implementa-
tion artifacts, without human grading. Our evaluation framework assesses LLMs in
generating circuits and producing compatible code across varying levels of project
complexity. Through comprehensive testing of 14 leading models, PCEVAL pro-
vides the first reproducible and automatically validated empirical assessment of
LLMs’ ability to reason about fundamental hardware implementation constraints
within a simulation environment. Our findings reveal that while LLMs perform well
in code generation and logical circuit design, they struggle significantly with physi-
cal breadboard layout creation, particularly in managing proper pin connections
and avoiding circuit errors. PCEVAL advances our understanding of Al assistance
in hardware-dependent computing environments and establishes a foundation for
developing more effective tools to support physical computing education.

1 Introduction

Physical computing is the practice of connecting software with the physical world, typically through
microcontroller platforms such as Arduino that control sensors, actuators, and displays. This con-
nection reveals how implemented code produces tangible effects in the physical world, effectively
bridging abstract computation and real-world objects. This unique characteristic has made physical
computing a rapidly growing element of modern STEM (Science, Technology, Engineering, and
Mathematics) education, valued for fostering creativity, problem-solving skills, and computational
thinking through hands-on experiences (Chung and Loul, 2021} Kastner-Hauler et al., 2022} |Aratjo
and Satude} 2025). Consequently, educational institutions worldwide are increasingly offering physi-
cal computing classes to help students interact with technology and understand complex concepts
(EI-Abd, 2017; |Garcia-Tudela and Marin-Marin, [2023; |Schatz et al .| 2024).

Despite its educational value, physical computing remains difficult to teach and assess. In physical
computing education, teachers must have dual expertise in software and hardware, yet even experi-
enced educators report challenges in evaluating physical circuits with their small components and
tangled wires (Hyeon et al.l |2016; Theodoropoulos et al., 2018)). In addition, our interviews with
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#p Physical & Logical Circuit & LLMs

Components: [arduino uno, piezo buzzer, ...] Components: [arduino uno, piezo buzzer, ...] @I) Generated Code
Physical Connections: [ Logical Connections: [ o
["breadboard.22h", "arduino uno.9"], ["arduino uno.9", "piezo buzzer.2"], Q Circuit
["breadboard.22g", "piezo buzzer.2"], ...] ["arduino uno.gnd.1", "piezo buzzer.1"], ...] . L7
;'E Test Procedure
Press Button
‘ -> Generate 262Hz tone
Release Button
-> Stop tone generation
. o - Success or Failure
-~ Project Description
Arduino project that uses pushbutton to control piezo electric buzzer. < 4
e s
The test is successful when: Piezo buzzer runs when the button is pressed. The piezo buzzer doesn’t / Code
sound when the button is not pressed. @ / @9 Generated Circuit
<[> Code v
void setup() 1 (4 Circuit Validation
pinMode (BUTTON_PIN, INPUT); pinMode(BUZZER_PIN, OUTPUT); } &

. Pin Conflict
void loop() {
if (digitalRead(BUTTON_PIN) == LOW) { tone(BUZZER_PIN, 262, 250); } else noTone(BUZZER_PIN); } + More Extraneous Component

Figure 1: This figure illustrates the core protocols of the PCEVAL benchmark. The left panels show
the input options for LLMs, while the right panels show the evaluation workflow. There are basically
two types of tasks: code generation (blue arrow) and circuit generation (red arrow). Generated outputs
undergo validation through standardized test procedures and circuit validation metrics, measuring
both logical correctness and physical implementation feasibility in physical computing systems. (The
circuit visualizations are shown to aid understanding. They are not used as inputs to the LLMs.)

eight experienced computer science educators (Appendix [A) showed that individualized feedback
and circuit verification represent a widespread burden in classroom practice.

In physical computing, working with circuits is absolutely essential, and that’s just something Al
can’t help with. These days, tools like Gemini in Colab can write and even suggest code, which is
great. But it’s not like an arm can suddenly pop out and build the circuit for you.

- Public High School Computer Science Teacher C, Appendix@ Q4

Given these persistent challenges, it is natural to ask whether LLMs can provide meaningful assis-
tance—yet this first requires understanding whether LLMs can reason under physical constraints
at all. However, despite the remarkable capabilities of LLMs in software development and coding
assistance (Annepaka and Pakray} 2024} [Wang et al.| 2024)), their evaluation remains under-developed
in hardware-dependent settings, particularly when outputs must satisfy execution-level constraints
induced by physical artifacts. Prior efforts on LLMs for electronics (Jansen, 2023}, [Yang et al.| [2024)
further highlight this gap, as they relied on labor-intensive manual expert evaluation and largely
overlooked the physical layout constraints central to educational breadboard implementations.

To address this gap, we introduce PCEVAL (Physical Computing Evaluation), the first benchmark
designed to systematically evaluate whether LLMs can reason under physical constraints—a capability
we argue is critical for assessing LLM readiness for real-world prototyping and education beyond
text-only domains. PCEVAL decomposes the challenge into four dimensions: (1) Logical Circuit
Generation, (2) Physical Circuit Generation, (3) Code from Logical Circuits, and (4) Code from
Physical Circuits. This structured decomposition enables scalable and reproducible evaluation
without manual expert intervention, overcoming the subjectivity and labor costs of prior manual
assessments.

Our evaluation of leading LLM architectures on PCEVAL spans projects of varying complexity, from
basic I/O operations to intricate multi-component interactive systems. The experimental results reveal
a clear disparity: while LLMs demonstrate competence in code generation and logical circuit design,
they struggle considerably with physical circuit generation, particularly in adhering to breadboard
mechanics and ensuring correct pin configurations. Although mitigation strategies such as self-
improvement and chain-of-thought prompting provided partial improvements, substantial challenges
remain, reflecting the difficulty of physical computing tasks. By illuminating these challenges,
PCEVAL establishes a critical starting point for developing models capable of truly interacting with
our physical world.

This research offers three key contributions:
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Table 1: Comparative analysis of related benchmarks, highlighting key differentiators in task scope
and evaluation. *For VerilogEval and ResBench, code generation itself constitutes the logical circuit
description (HDL). tEmbedTask’s automated evaluation via HIL testing requires physical hardware
setup. SPCEVAL’s code generation assessment uniquely includes tasks for generating code from
detailed physical circuit layouts.

Code Logical Circuit Physical Circuit Automated

Benchmark Target Domain Validation Method

Generation Generation Generation Evaluation
HumanEval (Chen et al.|[2021) v X X v Unit Testing
MBPP (Austin et al.||2021] General SW v X X v Unit Testing
VerilogEval (Liu et al.||2023) HDL Desi 4 v X v HDL Simulation
ResBench (Guo and Zhao|[2025) esign v v* X v HDL Sim. & Synthesis
EmbedTask (Yang et al.|[2024) v X X st HIL Testing
MICRO2S (Jansen)|2023} Physical Computing v v X X Manual Evaluation
PCEVAL /8 v v v HW/SW Sim.

* New Evaluation Framework (PCEVAL): We define and operationalize physical constraint
reasoning as a measurable LLM capability distinct from code generation, and introduce an
execution-based benchmark protocol establishing a reproducible framework to evaluate both
functional correctness and physical constructability in hardware-dependent tasks.

e Scalable Automated Evaluation: Our framework eliminates subjective manual assessment
through decomposed tasks and simulation-based validation, enabling reproducible evaluation
without domain expert intervention.

* Diagnostic Findings: Across 14 models and 300 tasks, we reveal a consistent, model-agnostic
gap between logical and physical reasoning—identifying pin conflict and breadboard topology
violations as primary failure modes—providing a diagnostic basis for future model development.

2 Related Work

Al for Programming. Early LLM benchmarks focused on algorithmic tasks in Python, later
extended to broader domains like data science and web/mobile applications (Chen et al., [2021}; |Austin
et al.,|2021; Hendrycks et al., 2021} [Lai et al.| 2023} [Zheng et al., 2024). While these works advanced
functional correctness in software, they do not address physical grounding, where correctness depends
not only on execution but also on whether the hardware is physically realizable.

Al for Hardware and Physical Systems. Recent research has explored LLMs in hardware-related
domains, including Verilog/HDL generation (Liu et al., 2023} [Thakur et al.,|[2024), analog circuit
design with SPICE-based evaluation (Lai et al.,[2025), and PCB layout assistance (Liu et al., [2025).
Educational contexts such as Arduino programming have also been considered (Johnson et al., [2024;
Subramanium et al.| 2024), but these studies typically limit themselves to small-scale code snippets
without evaluating physical circuit design. EmbedTask (Yang et al., [2024) introduced hardware-in-
the-loop testing for IoT systems, yet its scope is restricted to validating code against pre-defined
circuit representations, bypassing the problem of generating physically valid circuits. MICRO25
(Jansen, [2023) is closest to our work, demonstrating that LLMs can generate electronic device designs
from text. However, its evaluation depends heavily on manual expert judgment, raising concerns
about cost, scalability, and reproducibility. Furthermore, MICRO25 does not address physical circuit
generation or assess code generation under physical constraints. In contrast, PCEVAL introduces two
key advances: (1) a fully automated and reproducible evaluation pipeline ensuring scalability and
consistency; and (2) a principled decomposition of physical constraint reasoning into four measurable
subtasks, enabling fine-grained diagnosis of LLM capabilities that prior work conflates or omits.

3 PCEval Benchmark

3.1 The Interviews and Problem Definition

To develop a benchmark addressing real challenges in physical computing education, we first
conducted in-depth interviews with eight experienced CS educators (Appendix [A). These discussions
revealed several obstacles in physical computing education. Educators consistently highlighted three
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critical challenges: (1) time-intensive hardware setup and debugging (A, B, C, E), (2) difficulties
providing individualized support across varying student skill levels (A, C, D, E, F, G, H), and (3)
the complex interplay between circuit construction and code functionality (A, B, C). For instance,
public school CS Teacher A candidly noted the inherent manageability constraints, stating, “I think
the maximum number of students one teacher can handle in physical computing class is about
15.” These firsthand accounts indicate that while physical computing offers immense educational
potential (Appendix[A]Q4), its practical implementation is fraught with significant, persistent hurdles.
Addressing these hurdles effectively may require new forms of assistance, potentially from Al, but
this first necessitates a clear understanding of current Al capabilities and limitations within this
specific context.

In particular, the interviews reveal that practical challenges in physical computing directly influence
the technical design of PCEVAL — a benchmark specifically created to evaluate LL.Ms in this domain.
While current LLMs are adept at software tasks (Chen et al.,[2021), they struggle to integrate abstract
instructions with tangible, constrained hardware in physical computing. Key deficiencies include
reasoning about physical constraints (e.g., layouts, pinouts) and ensuring coherence between circuit
designs and corresponding code. Accordingly, PCEVAL systematically assesses LLMs not only
on isolated code or schematic generation but, crucially, on producing physically viable layouts and
hardware-compatible code, providing guidance for Al tool development in this domain.

3.2 Evaluation Task Structure

Each PCEVAL project is defined by five components: (D)escription, a natural language specification
of objectives and requirements; (L)ogical circuit, an abstract pin-to-pin connection map; (P)hysical
circuit, a breadboard-level implementation with wiring constraints; (C)ode, an executable program
aligned with the given circuit; and (T)est procedure, a set of automated checks that assert expected
outputs under simulated inputs. This decomposition enables controlled evaluation of specific LLM
capabilities while maintaining realistic educational scenarios.

3.3 Task Definitions

The PCEVAL benchmark is designed to rigorously assess the capabilities of LLMs in physical
computing through four distinct generation tasks. As illustrated in Figure[I] each task challenges an
LLM to produce a specific target artifact (either a circuit representation or code) based on a designated
set of input components from our dataset structure. These tasks systematically probe different facets
of an LLM’s understanding, from logical design to physical implementation and code-hardware
compatibility. The four tasks are defined as follows:

1. Logical Circuit Generation (D, C — L): Given a natural language project description D and the
corresponding code C, the LLM is tasked with generating a complete logical circuit specification
L. This task primarily evaluates the LLM’s ability to infer necessary hardware components and
their abstract, pin-to-pin logical connections based on functional requirements and program logic,
without concern for physical layout details.

2. Physical Circuit Generation (D, C — P): Using the same inputs as the previous task, the
project description D and code C, the LLM must generate a detailed physical circuit layout P
suitable for breadboard implementation. This task assesses the LLM’s understanding of practical
hardware integration, including valid wire routing adhering to breadboard mechanics and physical
constraints.

3. Code Generation from Logical Circuit (D, L — C): In this task, the LLM is provided with the
project description D and a logical circuit specification L. Its objective is to generate a functional
code C that correctly implements the project requirements using the provided logical hardware
structure. This tests the ability to translate a conceptual circuit design into working code.

4. Code Generation from Physical Circuit (D, P — C): Similar to the preceding task, the LLM
receives the project description D, but in this case, it is accompanied by a physical circuit layout
P. The LLM must generate the code C that is compatible with this specific physical hardware
configuration, including adherence to the explicit pin assignments dictated by the breadboard
layout.
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For each project in PCEVAL, we evaluate all four tasks using a controlled methodology that isolates
the specific generation capability being assessed. As shown in the right panel of Figure|l} we pair
each type of LLM-generated artifact with one of the reference components (L, P, or C) to construct
complete, testable systems. When evaluating circuit generation capabilities, we connect the generated
circuit with the reference code. For code generation tasks, we pair the generated code with the
corresponding reference circuit. This structured evaluation approach allows us to execute the Test
Procedure (T) and precisely measure performance on each distinct capability. By systematically
controlling one aspect while testing another, we can accurately determine whether the integrated
system functions correctly according to project requirements, ensuring a focused assessment of the
LLM’s performance across the physical computing spectrum.

3.4 Project Design

PCEVAL contains 300 benchmark task in-  Table 2: Summary statistics for the PCEval bench-
stances derived from 75 curated projects (50 mark dataset, categorized by complexity level, showing

Arduino Uno, 25 ESP32). While the number  project counts, code and circuit complexity metrics.
of projects is modest relative to code-only

benchmarks, each instance includes mutu- Statistic Level1 Level2 Level3 Leveld
ally consistent reference code, logical and  Num. Task Instances 88 80 72 60
physical circuits, and an automated test pro- (¢) Lines of Code 1427 18.60 1941 2840
cedure, making each sample substantially (C) Cyclomatic Complexity ~ 3.50 5.65 5.83 7.07
more expensive and enabling reproducible  (z) Num. Components 4.00 3.30 728 773
execution-based evaluation. Each project (L) Num. Connections 8.45 6.60 1750 15.86
defines one complete tuple of description, (P) Num. Components 5.00 430 8.28 8.73
logical circuit, physical circuit, code, and ~(#) Num. Connections 1659 1455 3861  33.67

test procedure. The four tasks in Section[3.3]

then create four distinct generation problems from this tuple. These task instances are not repeated
attempts at the same output. They evaluate different capabilities under a shared project context. The
source projects cover components commonly used in introductory physical computing classes, includ-
ing LEDs, buttons, buzzers, sensors, displays, motors, and RTC modules. We organize the projects
into four curriculum oriented complexity levels. Level 1 covers basic single component or single
module input and output. Level 2 adds controlled behavior such as thresholding, serial interaction, or
sensor state processing. Level 3 introduces interaction between multiple components, such as buttons
with LEDs, sensors with displays, or sensors with actuators. Level 4 covers integrated projects that
combine multiple inputs and outputs with state, timing, or application logic. Table [J] summarizes the
distribution of projects and task instances across these levels. It also reports descriptive complexity
measures, including lines of code, cyclomatic complexity, component count, and connection count.
These measures describe the programming and wiring burden of each level. They are not used as
evaluation targets. For each project, the reference code, logical circuit, physical breadboard layout,
and test procedure were checked for mutual consistency before model evaluation. The success criteria
were fixed through the test procedure before any model outputs were evaluated. Appendix [E]lists all
source projects and gives additional details on benchmark scale.

3.5 Evaluation

We assess LLM performance across all PCEVAL tasks using an execution-based protocol that
measures both functional correctness and physical feasibility. The primary metric is simulation
success. A generated artifact is paired with the corresponding reference artifact and executed against
the project-specific test procedure in a simulation evironment (Shaked, 2020). For circuit generation,
the generated circuit is paired with the reference code. For code generation, the generated code is
paired with the reference circuit. This paired reference design isolates the capability under test while
still evaluating a complete hardware and software system.

This protocol is stricter than textual similarity or graph overlap. A generated output must not only
resemble the reference artifact, but also work with the fixed counterpart artifact under the expected
input and output behavior. Small errors such as an incorrect pin number, a missing ground path,
or a mismatched device initialization can therefore cause failure. For physical circuit generation,
simulation success alone is not sufficient. PCEVAL also checks whether the generated layout is
physically constructible on a breadboard. These checks detect structural errors such as redundant
connections, missing components, isolated components, pin conflicts, and breadboard bypasses.
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Table 3: Comparative performance (success rate %) of various LLMs on PCEVAL benchmark tasks,
highlighting differential capabilities across circuit generation and code generation domains.

Model Param. Circuit Gen. Code Gen. Total Overall

D,C—~L D,C—P Overal D,L—~C D,P—C Overall

GPT-40-mini - 50.9 1.3 26.1 54.4 53.6 54.0 40.1
Gemini-2.0-Flash-Lite - 51.2 2.7 26.9 56.3 57.3 56.8 419
Claude Haiku 4.5 - 58.1 3.7 30.9 69.1 64.3 66.7 48.8
Gemini-2.0-Flash - 60.5 17.9 39.2 59.7 55.7 571 485
Gemini-3.1-Flash-Lite - 71.5 26.9 49.2 72.3 68.8 70.5 59.9
GPT-4.1 - 54.1 16.0 35.1 68.8 63.2 66.0 50.5
GPT-40 - 62.4 28.5 455 65.3 61.1 63.2 54.3
GPT-5-mini - 56.5 44.8 50.7 70.9 72.5 71.7 61.2
03-mini - 65.3 46.4 55.9 71.5 71.2 713 63.6
LLaMA 3.1 8B 243 1.6 12.9 29.6 259 27.7 20.3
DeepSeek-Coder-V2 16B 333 0.8 17.1 34.1 21.1 27.6 223
Gemma 3 278 52.8 1.6 272 36.0 37.3 36.7 31.9
Phi 4 14B 37.1 2.4 19.7 49.1 379 43.5 31.6
Mistral-Small 3 24B 51.5 14.1 32.8 49.1 35.7 42.4 37.6

Table 4: Detailed success rates (%) of selected high-performing LLMs across project complexity
levels, demonstrating performance degradation with increasing project complexity.

Model D,C—L D,C—P D,L—C D,P—C
L1 12 L3 14 11 12 L3 14 L1 L2 L3 14 L1 L2 L3 14

Claude Haiku 4.5 847 643 364 433 27 51 29 24 780 804 67.6 41.1 729 651 72.6 399
Gemini-3.1-Flash-Lite 88.9 81.5 51.2 51.8 45.1 348 136 6.1 849 792 759 423 749 80.2 73.1 447
GPT-5-mini 68.7 579 512 439 553 49.6 343 351 893 679 736 435 86.7 72.1 78.6 47.1
03-mini 849 713 431 543 58.0 66.0 283 320 86.5 723 72.1 483 833 74.1 71.7 483
Phi 4 620 41.1 112 255 22 7.1 00 00 582 454 558 313 435 541 329 205
Mistral-Small 3 727 57.1 29.7 385 29.1 200 00 57 609 598 321 362 493 478 245 144

Reference implementations were checked against real hardware and simulator. This makes the
benchmark scalable while grounding the target behavior in classroom hardware artifacts. We conduct
five independent trials for each task-model combination and report mean success rates. We use
mean success as the primary metric because classroom assistance requires reliable single-attempt
outputs. Appendix [D]reports pass@5 as a complementary sampling-based measure. Detailed metric
definitions, simulator details, and validation statistics are provided in Appendix [C]

4 Experimental Results

4.1 Setup

We evaluated 14 LLMs spanning frontier closed-source systems and representative open-source
models (Team et al., [2025; (Grattafiori et al.l 2024 |Abdin et al., 2024} Jiang et al., [2023). We
selected models to cover (i) widely deployed frontier APIs used in educational coding assistance, and
(ii) representative open-source LLMs with strong code-generation performance at different scales
(Jimenez et al.| 2023} Rein et al.| 2023} |Chen et al.,[2021). Our experimental comparison focuses
on LLMs because PCEVAL evaluates an end-to-end, partially specified generation setting: the input
consists of natural-language project descriptions and partial artifacts, while the output may require
inferring missing hardware structure, producing a breadboard-level layout, or synthesizing executable
microcontroller code. Off-the-shelf symbolic, search-based, and EDA methods typically assume
formalized inputs such as truth tables, netlists, placements, or routing constraints, and therefore are
not directly comparable as single-solver baselines (Brayton et al.| |1984; |[Kirkpatrick et al., [1983} |Leel
1961} Hart et al.| [1968)) (Appendix [H) For each of the four benchmark tasks, we used standardized
prompts with explicit output specifications (Appendix [M). Table [3] reports aggregate results over
all 300 benchmark task instances, which are derived from 50 Arduino Uno projects and 25 ESP32
projects. Appendix [G]provides the platform specific breakdown.
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4.2 Analysis of Model Performance and Task Characteristics

Circuit Gen. vs. Code Gen. Table 3]shows that most models achieve higher success in code tasks
than in circuit tasks. For example, GPT-5-mini reaches 71.7% on code generation overall versus
50.7% on circuit generation overall, while Claude Haiku 4.5 reaches 66.7% versus 30.9%. This
trend also holds for the strongest overall model, 03-mini, which obtains 71.3% on code generation
overall but 55.9% on circuit generation overall. These results suggest that, although LLMs can
often synthesize executable microcontroller code when given a circuit representation, generating the
corresponding hardware artifact remains less reliable.

Logical Circuit Gen. and Physical Circuit 80/ s Functional correctness only  EEE No pin conflct

Gen. The most striking ﬁnding, evident iIl Ta- . No breadboard bypass === No bypass and no pin conflict
ble 3] is the substantial performance gap be-
tween logical and physical circuit generation.
Across all models, success rates for Physical

Circuit Generation (D, C — P) are markedly
lower than for Logical Circuit Generation (D,
C — L). Many models achieved success rates
below 10% for physical circuit generation. Even
top-performing models such as 03-mini (46.4%)
and GPT-5-mini (44.8%) found this task con- — II

siderably more challenging than logical circuit Claude  Geminidi. GPT5mini  odmini  Mistral-
design, where they scored 65.3% and 56.5%, Halkuds  Flashlite el Small 3
respectively. This highlights the profound dif-
ficulty LLMs face in translating conceptual Figure 2: Impact of physical-constraint filters in
project requirements and code into physically D, C — P: success rates are shown under progres-
valid and implementable breadboard layouts sively stricter criteria— blue: functional correct-
while considering pin assignments. ness only; : functional correctness and no
breadboard bypass; green: functional correctness
Sensitivity to Project Complexity. Project and no pin conflict; red: functional correctness
Complexity generally makes the benchmark and no breadboard bypaSS and no pln conflict. The
more difficult (Table[d). This tendency is espe- drop from blue to red highlights how bypasses and
cially clear in physical circuit generation, where ~pin ?OnﬂiCtS drive failures in physical layout gen-
performance on later levels is typically lower €ration.
than on earlier levels. For example, Gemini-3.1-
Flash-Lite declines from 45.1% at Level 1 to 6.1% at Level 4, 03-mini declines from 58.0% to
32.0%, and Mistral-Small 3 declines from 29.1% to 5.7%. Logical circuit generation and code
generation also become harder at later levels, although the decline is generally less severe than in
physical circuit generation. This pattern is consistent with the curriculum-oriented level design of
PCEvAL, which progresses from single-component tasks to controlled single-component behav-
ior, multi-component coordination, and integrated multi-component projects. See Appendix [Jjand
Appendix [K]| for complementary visual analyses across complexity metrics and project levels.

Success Rate (%)
N w B (53 o
S 8 &8 &8 8

-
o

o

Dominant Failure Causes in D, C — P. Physical circuit generation errors are not merely logical
inconsistencies. They reflect violations of breadboard mechanics. Figure [2] separates behavioral
success from physical constructability. The blue bars count layouts that pass the functional test
procedure, while the red bars additionally require the layout to avoid both breadboard bypasses
and pin conflicts. The gap between these bars shows that some generated layouts are behaviorally
plausible in simulation but still impossible or inappropriate to construct as breadboard circuits. Pin
conflicts cause the largest drop for most selected models. Breadboard bypasses vary more by model.
This pattern suggests that current LLMs can often recover the intended circuit behavior, but fail to
respect occupancy and topology constraints that are specific to breadboard construction. Detailed
results are provided in Appendix [C}

Implication of the task decomposition. These results show that PCEVAL is diagnostic rather than
merely comparative. The gap between Logical and Physical Circuit Generation localizes a major
failure mode to breadboard-level spatial and occupancy reasoning, rather than to component inference
alone. Conversely, the relatively stronger performance on code-generation tasks suggests that many
models can synthesize compatible programs once the circuit representation and pin assignments are
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(- Project Description <[> Code Test Procedure

This project uses three LEDs to create a traffic light. VD]:'d setup() {e=-} Check if green LED is on
. void loop() {
. " if (digitalRead(BUTTON_PIN)=HIGH) { c Press button
® When th? Arduino powers u;?, it should: digitalWrite (GREEN_LED, LOW); ] — Check if yellow LED is on
0 1. Configure the button pin as INPUT. digitalWrite(YELLOW_LED, HIGH); = Wait 1 sec
=} 2. Configure three LED pins as OUTPUT. delay(1000); g 2, Check if red LED i N
g‘ 3. Continuously monitor the button state. ' = ec e s o
- 4. If it is not pressed, turn the green LED3 on. } I.ﬁ Wait 2 sec
5. If it is pressed, turn the green LED3 off, and turn digitalWirite (GREEN_LED, HIGH); — Check if green LED is on
the yellow LED2 on for 1000ms, and then turn the red delay(500) ;
LED1 on for 2000ms. Lastly, turn the green LED3 on. } Success or Failure
- @ 03-Mini < Gemini-2.0-Flash L4 Mistral-Small 3 £ Reference
]
[ =
= 3
S 8
2 s} .
[ ; 4 H o] o
[ Success X Failure X Failure ° Success
g Redundant Connection 0 Redundant Connection [c] Redundant Connection 0 ‘Q. Redundant Connection 0
(0] Extraneous Component 0 Extraneous Component [¢] Extraneous Component 0 L Extraneous Component 0
~ Missing Component 0 * Missing Component 0] Q Missing Component 0 o ~ Missing Component 0
- Isolated Component 0 Isolated Component [¢] Isolated Component 0 “ Isolated Component 0
Pin Conflict 0 Pin Conflict 1 Pin Conflict 4 Pin Conflict 0
14 Breadboard Bypass 0 Breadboard Bypass 4 Breadboard Bypass 4 ’ Breadboard Bypass 0

Figure 3: Qualitative examples of LLM-generated physical circuits for a traffic light project (level 4),
illustrating successful and failed attempts with corresponding error analyses.

given. This decomposition therefore identifies where future systems should intervene: not only in
code synthesis, but also in explicit planning, and constraint checking for physical layouts.

4.3 Exploratory Mitigation Strategies

We additionally tested two prompting-based mitigation strategies in the Arduino Uno setting. Detailed
results are reported in Tables[7]and [8]in Appendix

Self-improvement. Our error analysis suggested that many failures arise from small but execution-
critical implementation errors across both circuit and code outputs, including missing connections and
incorrect pin specifications. Motivated by this, we explored a multi-turn self-improvement strategy
in which the model received structured failure logs and iteratively revised its solution for up to five
turns. This strategy improved overall performance by +10.3 percentage points for 03-mini and +7.1
points for Gemini-2.0 Flash, with especially large gains in code-generation tasks, where even minor
pin-related mistakes often caused otherwise plausible solutions to fail.

Chain-of-thought prompting. For tasks which use physical circuit, we hypothesized that explicit
intermediate reasoning could help bridge logical design and physical implementation. We therefore
guided models to first generate an intermediate Logical Circuit representation before producing the
final code or physical layout—mirroring the human process of reasoning from abstract connections to
concrete breadboard placement. This chain-of-thought strategy produced notable improvements for
some models including +16.8 percentage points for Mistral-Small 3, +11.6 for DeepSeek-Coder-V2,
and +10.8 for Gemma 3, although its impact was not uniform across all models.

4.4 Qualitative Results

Figure [3] presents an example of the input, generated circuit, testing process, and results for a
physical circuit generation task involving a traffic light project. The input consists of a scenario and
corresponding code in which pressing a button changes the light from green to yellow to red and then
back to green. The figure further illustrates which specific constraints are violated in each failed case.
This scenario appears to be challenging because it requires correctly assigning the role of each leg of
the button within the circuit. In addition, the example from 03-Mini suggests that even when a circuit
functions correctly, it is not necessarily well-organized or easy to interpret. More qualitative results
can be found in Figures 4] [5]and [6]in Appendix [I}

5 Educational Usability and Pedagogical Implications

Our findings suggest that LLMs hold considerable promise for physical computing education, but
their integration must be guided by careful pedagogical considerations. Prior studies already caution
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that students may rely on LLMs for “ready-made answers,” which can hinder deeper engagement
and learning (Anson, [2024; Jost et al., [2024). This concern was also raised in our initial interviews
with eight experienced CS teachers, which we conducted at the outset to identify the central pain
points in physical computing education (Appendix [A). Educators emphasized that while LLMs can
generate working physical computing solutions, students may bypass essential reasoning processes if
guidance is not structured. This challenge is amplified by known factors such as automation bias (L1
and Wu, [2025)) and the moderating role of prior knowledge (Lee et al., [2025)), where learners with
limited foundational skills may be less able to critically assess Al outputs.

To complement these design-stage insights, we conducted exploratory post-benchmark validation: a
focus group with two physical computing educators (8 and 10 years of experience, 30 minutes each)
and a survey of three pre-service CS teachers (Appendix [B). Unlike the initial interviews, these ses-
sions were conducted with the benchmark and model outputs in hand, enabling participants to directly
assess educational potential and limitations. Both groups highlighted tangible benefits—particularly
the use of automated circuit verification to reduce instructor workload and assist less-experienced
teachers. At the same time, they noted practical barriers for classroom use: the lack of step-by-step
assembly guidance, declining readability in complex layouts, and the absence of pedagogical conven-
tions such as consistent wire colors. Notably, pre-service teachers rated low-complexity projects as
highly usable in classrooms, but their educational value dropped sharply at higher complexity levels.

Taken together, these findings suggest two implications: (i) LLMs should serve as scaffolding tools
that structure learning and support student agency, and (ii) benchmarks such as PCEVAL should
extend beyond functional correctness to capture usability factors (e.g., readability, step-wise guidance).
Our work provides a foundation for this direction, highlighting the need to bridge computational
correctness and instructional utility.

6 Conclusion

We introduced PCEVAL, a benchmark for systematically evaluating LLM capabilities in physical
computing tasks. Our evaluation of 14 models reveals that while LLMs perform reasonably well in
code generation and logical circuit design, they struggle significantly with physical circuit generation,
particularly in managing pin conflicts and breadboard layout constraints. This performance gap
indicates that current LLMs have difficulty reasoning about spatial and physical implementation
details that are essential for educational physical computing. While mitigation strategies like self-
improvement and chain-of-thought prompting provided partial improvements, the challenges remain
most pronounced in tasks requiring precise pin assignments and adherence to breadboard mechan-
ics—areas where students typically need the most guidance. Educational validation through focus
groups suggested that effective classroom deployment requires consideration of pedagogical factors
beyond technical correctness, including step-by-step guidance and visual clarity. These findings
suggest that Al support tools for physical computing education must balance automation with learning
objectives.

7 Limitations

Educational Focus and Scope. PCEVAL focuses on introductory STEM education contexts, which
represents the domain where physical constraint reasoning is most urgently needed and least studied.
While this scope excludes professional embedded systems scenarios (e.g., power optimization, real-
time requirements, EMI considerations), we argue that the benchmark’s primary value lies precisely in
this educational focus: it is the first to reveal that LLMs systematically fail at physical layout reasoning
even in simplified settings, suggesting that this gap is fundamental rather than domain-specific.

Platform Scope and Generalizability. PCEVAL evaluates LLM performance on two representative
microcontroller platforms for introductory physical computing, Arduino Uno and ESP32 (EI-Abd,
2017;|Garcia-Tudela and Marin-Marin, 2023}, |Schétz et al., 2024). While this reduces the likelihood
that our findings are artifacts of two boards, the current benchmark is still limited to these two
platforms and does not capture the full diversity of physical computing ecosystems. At the same
time, this limitation is primarily one of coverage rather than benchmark design, since PCEVAL’s
task decomposition is not tied to a particular board and can be extended to additional platforms by
providing the corresponding board specifications, reference circuits, and evaluation procedures.
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A Interviews with Computer Science Educators

To gain comprehensive insights into the practical challenges encountered in physical computing
education, interviews were conducted with eight educators. This group included six in-service
computer science teachers from public middle and high schools (Teacher A, B, C, D, E, F) and two
instructors with experience in private educational settings (Instructor G, H). The interviews aimed
to identify common difficulties in areas such as class preparation, managing diverse student needs,
providing individualized support, the inherent benefits and drawbacks of physical computing, and the
need for better tools and resources. All educator names have been anonymized. Each interview lasted
approximately 30 minutes. Participants were recruited by directly contacting educators with relevant
teaching experience in computer science or physical computing education. Participation was entirely
voluntary, and no financial compensation was provided, as these interviews were conducted as brief
expert contributions rather than paid labor. At the time of recruitment and again before the interviews
began, participants were informed that their responses would be used for research on Al support in
physical computing education, that selected excerpts could be reported only in anonymized form, and
that participation was optional and could be discontinued at any time. Consent was obtained from all
participants before the interviews.

A.1 Key Interview Question Areas

e Q1: What are the primary challenges and time-consuming aspects encountered when preparing for
and conducting physical computing or practical coding classes?

* Q2: How do diverse student skill levels and the need for individualized support impact the flow of
physical computing classes, and what difficulties arise in providing this support?

* Q3: What are the perceived benefits and drawbacks of physical computing classes, particularly
regarding hardware integration (like Arduino) with software?

* Q4: What kind of additional support, tools, or resources do educators feel are needed to conduct
physical computing classes more effectively, including the potential role of LLMs?

A.2 Thematic Summary of Interview Responses with Excerpts

Q1: What are the primary challenges and time-consuming aspects encountered when preparing for
and conducting physical computing or practical coding classes?

Educators consistently highlighted the significant time investment required for both preparing
and conducting physical computing classes. Key challenges include the initial setup of
hardware and software, creation or sourcing of suitable teaching materials, and managing the
wide range of student skill levels.

» Teacher A: “Well, I think all teachers would agree that the most difficult stage is the connec-
tion stage.” “Each time, firmware and installed programs disappear, which is a challenge.”
“So, I think it’s not easy for teachers to change teaching aids every year.” “During class, well,
connection is something I prepare beforehand, but we always connect when class starts. So,
in a way, that causes delays in the class progression.”

Teacher B: “First, the initial setup takes longer than expected.” “But just as students need time
to get used to new equipment or software they are handling for the first time, understanding
the machine or physical computing device and how to connect it takes quite some time, which
often takes longer than the essential programming part.” “But for physical computing, the
order and structure need to be slightly rearranged by the teacher depending on the task.”
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* Teacher C: “First, when the practical exercise begins, I try to create reference materials that
are as detailed as possible for the students.” “And when we actually start, many unexpected
errors appear. Among them are the students’ lack of experience with circuits, and also the
stability of the boards.” “Compatibility boards often perform poorly. So, I always prepare
plenty of spares.” “Driver installation and such, for compatibility boards, sometimes require
installing separate drivers. There are many such environmental factors. And if students bring
their own laptops, the number of things to set up increases significantly.” “So, initially, when
we did the camp with the Digital Sprout (CS Camp) [Anonymous] University side, even
following the manuals they sent, files wouldn’t upload at all... I remember digging through
English manuals, manually setting everything up, and working on that continuously for a
week before the class.”

* Teacher E: “Then, the initial setup actually takes the longest time. In the case of Micro:bit,
the setup environment doesn’t take that extremely long, but anyway, when using any new
teaching aid, I anticipate it will probably take a very long time.” “Even simple things like
having to sign up for a new environment, each little thing becomes a hurdle.”

» Teacher F: “In the case of specialized high schools, since I'm not teaching the subjects I
expected, I have to prepare for classes anew every time.” “The content isn’t light either, so I
have to study while preparing for class, and I also have to create materials.” “However, for
specialized high school subjects, there aren’t many materials, so I think the biggest difficulty
is that I have to create everything myself.” “Even in those, as I mentioned earlier, since class
materials are not widely shared, I think creating examples for the students to do is the most
difficult part.”

¢ Instructor G: “Yes, robot coding was quite difficult. Since I can’t use the robot at home, it’s
an item that’s only at the academy. So even if I studied a lot before going, there were times
when it didn’t work well in practice.” “So, I really wanted to go to the academy a bit late, but
once I went about an hour early to try it out myself.”

¢ Instructor H: “The step that took a lot of time in the preparation process was that we usually
had to continuously check the mini-cars for any malfunctions or charging status before
and after class.” “Also, for auxiliary teaching aids like partitions or obstacles, we had to
continuously check if there were any issues, and that process seemed to take a lot of time.”

504

so5  Q2: How do diverse student skill levels and the need for individualized support impact the flow of
so6 physical computing classes, and what difficulties arise in providing this support?

A major recurring theme was the challenge of managing diverse student abilities. Instructors
find it difficult to cater to both fast learners and those who struggle, often leading to class
delays and an inability to provide equal support to all students. Troubleshooting individual
student issues, whether hardware or software, consumes significant class time.

» Teacher A: “Individual understanding varies much more with these teaching aids. So, I have
to walk around a lot. (To support students)” “If a connection is lost mid-class, that team gets
delayed, and all other teams have to wait for that team to reconnect.” “I think students ask
more questions when their understanding of the tool is lacking.” “Yes, yes, yes, I definitely
think so [that there isn’t enough time for one teacher to help all students].” “I think the
maximum number of students one teacher can handle is about 15.” “If all four members lack
aptitude or are all struggling and fall behind, I end up focusing on those students and can’t
provide much feedback to other teams. The other teams might have finished and are just
playing around.”

» Teacher B: “Even with the same code, the sensors and other physical computing components
differ slightly, so things often don’t operate as desired.” “Motors might suddenly break down,
sensors might fail, or physical connections might come loose. When such things happen,
spending time addressing them means less time for the actual lesson... losing a lot of time
that way happens frequently.” “The variation among students is also very large, so it’s always
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good to prepare one or two advanced tasks or tasks that students can do according to their
level.”

Teacher C: “Once you exceed about 10 students, practical physical computing classes become
very difficult.” “First, students find building circuits quite challenging... many kids lack a
high understanding of electrical circuits... Then, we also had to check if the code was written
correctly accordingly, so that was a somewhat difficult part.” “When the friend next to them
has it working, but theirs isn’t... their sense of achievement can diminish quickly... feedback
needs to be fast, there need to be many people available to help, and peer learning... need to
be utilized much more.” “Over 60% [of class time is spent giving feedback].”

Teacher D: “Since the class pace is extremely fast, students who grasp things well and
those who already have some basic knowledge... follow along well. But students who are
encountering the language for the first time seem to take some time to apply concepts and
write code. So, there’s quite a bit of difference in level.” “It’s rather a very small minority, so
those kids can’t confidently ask for help like this. During class time.” “If you start helping
one student with their question, you have to keep helping that student, and then you can’t
cover all the material.”

Teacher E: “First, the students have a very hard time keeping up. Initially, when using
something new, they really struggle.” “I do one step, then go around and check everyone,
then do another step, go around and check everyone again. This keeps repeating... eventually,
I have to go around and check on everyone.” “The class gets significantly delayed.”

Teacher F: “The biggest thing is the difference in level among the students.” So, some students
finish too quickly and are playing around after about 10 minutes, while some students don’t
understand until the very end, so I have to stand next to them and help them continuously.”
“As I explain it more simply and easily, the time spent with one student becomes longer. So,
the overall class time becomes loose.’

Instructor G: “The students’ levels are really so different.” “To match their levels, I tried
many activities. First, I tried teaching them one-on-one... but that was too hard for me.”
“Because the students’ levels were so different, if the number of students increased, it seemed
very difficult to match each student’s progress or solve each student’s problems.”

Instructor H: “Some students who didn’t listen properly to the theory class didn’t understand
the meaning or main activity of the practical exercise. So, for these students, we had the
difficulty of having to explain the theory class content again while helping them with the
practical activity.” “Since there were 15 teams of middle school students, there were parts
that students didn’t understand, and also students who couldn’t proceed properly, so we had
to help them one by one. There were several times when I felt that one main instructor and
two assistant instructors were not enough to support 15 teams.” “Explaining the theory to
each team, explaining what the practical content was, and helping them... usually meant that
the practical exercise time... would often exceed 1 minute per team. Therefore, there was a
shortage of time to guide all 15 teams.”

508

s09  Q3: What are the perceived benefits and drawbacks of physical computing classes, particularly
s10 regarding hardware integration (like Arduino) with software?

Educators see significant value in physical computing for its ability to engage students and
make abstract concepts tangible. However, they also point out the inherent difficulties in
debugging hardware, managing unpredictable component behavior, and the financial and
maintenance burden of hardware kits.

* Teacher A: “Advantages, well, the kids definitely enjoy it. I think it’s one of the classes they
find most fun.” “they can actually see it with their own eyes, and I think that generates a lot
of interest.” “The disadvantage... Students who find it difficult find this more challenging
than programming.” “First, many students struggle with the connection stage.” “If they’ve
written the code perfectly, but it doesn’t run as expected, it could actually be a flaw in the
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physical computing tool itself... I think the difficulty also lies in having to consider two things
[hardware and software].”

Teacher B: “For classes using physical computing, kids often only work in virtual envi-
ronments like Python, so they don’t know how it’s actually used... But when they actually
see something move... I think they feel, ‘Ah, this is why it’s necessary.”” The biggest dis-
advantage is, firstly, it’s not easy for schools to provide the budget for this.” “Secondly...
managing it continuously is difficult. Especially for Arduino, sensors and similar items are
often disposable.”

Teacher C: “The advantage is that it seems to foster interest in the various electrical appliances
and many tools in our actual daily lives.” “The problem is, they need continuous success to
maintain interest.” “As for disadvantages, it consumes too much time [for teacher preparation].”
“Acquiring or purchasing such hardware in Korea is quite cumbersome... things sold as Kits,
are often too expensive.”

Teacher E: “The biggest advantage seems to be capturing the students’ concentration and
interest.” “However, the disadvantages could be that teaching aids can break, and that
students get too distracted by them and don’t focus properly on the lesson.” “First, there’s no
equipment. Primarily, there’s no equipment.” “Last year, our school had absolutely no budget
for the computer science subject.”

Teacher F: “The biggest advantage is that it’s not just theory; students can try things out and
internalize them.” “The disadvantage seems to be... it takes a lot of time, and the direction I
planned for the class and the direction the students actually follow are different.” “And the
biggest disadvantage in terms of teaching aids is that they cost a lot of money.”

Instructor G: “In the case of robot coding, using LEGOs definitely sparks students’ interest.
So, because it’s fascinating, they become more immersed, more focused, and more partici-
pative.” “[Disadvantage:] If students drop them, it seems to result in a very large financial
loss.” “If the number of LEGOs for robot coding we are using is limited, if it breaks or an
error occurs, there have been cases where that student could hardly proceed with the class.”

Instructor H: “Classes using teaching aids... have the advantage of consolidating the
theoretical content once more and allowing students to understand it better by directly
experiencing the theory with their hands.” “When students use physical teaching aids... their
concentration level increases, and they don’t get bored.” “The biggest disadvantage... is that
since it’s an activity conducted after the theory class, for students who don’t understand the
theoretical content, both the theory class and the teaching aid class feel rather meaningless.”
“There were students who would damage the teaching aids, such as by pressing that sensor
part with their hands, scribbling on the teaching aids, or trying to break them.”

512

513 Q4: What kind of additional support, tools, or resources do educators feel are needed to conduct
514 physical computing classes more effectively, including the potential role of LLMs?

There’s a clear call for better support systems, including more accessible and detailed guidelines
for students, improved teacher training, larger budgets for hardware, and tools that can help
bridge the gap between software and hardware. The potential of LLMs is recognized, but their
current limitations in addressing physical hardware challenges are also noted.

* Teacher A: “I wish there were more opportunities for the creators of the tools, or for places
that professionally train teachers on these tools, to provide regular training.” ‘“Sharing
of teaching materials that teachers can use easily.” “The connection methods need to be
developed to be easy, and those developed connection methods should be widely distributed so
that students can understand them at their level.” “[Regarding LLMs for students] First-year
middle school students can’t use GPT, so I've never tried it, and their Googling skills are also
lacking... So, if there were a platform or something that summarized this kind of information,
I would refer to that platform.”

* Teacher B: “Students learn Python, but to actually learn Arduino, they might need to be
taught C++, which presents a double cognitive load. So, finding a way to reduce that seems
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to be the first necessity.” “Secondly, many teachers perceive physical computing as difficult...
I think teacher training or similar initiatives are needed to reduce those perceptions.” “For
Arduino, yes, there have been times like that [using ChatGPT]. but... often they just end up
asking “make it for me.’... a lack of understanding of the coding itself tends to occur.”

Teacher C: “Feedback needs to be fast, there need to be many people available to help,
and peer learning... need to be utilized much more.” “For the code parts, naturally, these
days... using various Al like ChatGPT, you can catch errors, get help with code writing for
connections, etc. But in the physical aspect, giving students quick feedback on various errors
is really necessary. Especially in physical computing, the circuit part is crucial, and this is
something Al absolutely cannot do for you... An arm doesn’t suddenly pop out from there to
build the circuit.” “Nowadays, like Collab, Jemaine just wrote the code and recommended it
to me, and it’s like this.” “T wish schools had more budget to purchase such things.” “To do
physical computing, you need a small makerspace-like area... but those are often lacking.”

Teacher D: “[When using LLMs for class preparation] I still don’t think the quality and
completeness are high enough to be immediately used in practice... Since it can’t be used
directly, I figure it’s easier to just quickly make the blanks myself.” “[When do I use GPT?]
When showing short code examples for practice during class.”

Teacher E: “First, there’s no equipment. Primarily, there’s no equipment.” “Last year, our
school had absolutely no budget for the computer science subject.” “The entire budget for
teaching aid purchase was 1 million won.”

Teacher F: “First, I hope the Ministry of Education provides a lot of budget.” “I think it
would be good if there was a tool or service that could organize information about such
teaching aids or share it with teachers.” “[Regarding LLMs] since I can’t code, I always use
GPT to search.”

Instructor G: “I think the guidelines given to students are too few.” “If we could distribute
guidelines to each student on how they can actually use them... if detailed guidelines were
available through a platform on those laptops, it would be a huge help during class.” “If they
could model what they’re building with their hands at home before coming to the academy, if
they could try to fit the pieces together and implement it in software beforehand, it would be
a huge help.”

Instructor H: “In the case of teaching aids, malfunctions are frequent, and I believe that
continuously developing new teaching aids is more helpful for students’ classes. Therefore,
I think financial support is obviously necessary.” “If there was a management system or a
communication tool, instructors could communicate better, and it would be convenient to
have a community where we can report and inform each other about problematic teaching
aids or tools.”
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B Educational Validation through Expert Focus Groups

B.1 Participants and Procedure

We conducted two semi-structured interviews with physical computing educators (8 and 10 years of
teaching experience, respectively; 30 minutes each) and collected responses from three pre-service
CS teachers (senior undergraduates who had completed teacher certification) via a short online survey.
These participants were recruited by direct invitation based on their relevant teaching background.
Participation was voluntary, and no financial compensation was provided. Before the interviews or
survey, participants were informed that their feedback would be used for research on the educational
usefulness of PCEVAL and LLM outputs, reported only in anonymized or aggregate form, and that
participation was optional. Consent was obtained from all participants prior to data collection.

B.2 Key Findings from Educators

* Step-by-step guidance: Educators emphasized that students require sequential assembly
instructions (e.g., “now connect the red wire to pin 13”), which current LLM outputs do not
provide.

Multiple candidate solutions: Presenting alternative layouts was highlighted as peda-
gogically valuable for teaching breadboard principles, compared to providing only one
“answer.”

Readability principles: Practical design habits (e.g., consistent wire colors, left-oriented
layouts) were noted as essential for teaching, yet absent from current benchmarks.

Reducing capability gaps: Educators noted that LLMs could help less-experienced teachers
identify circuit problems and provide richer feedback to students.

Validation of automated simulation: Simulation-based verification was recognized as
a major strength, reducing teacher workload by ensuring functional correctness before
classroom use.

B.3 Findings from Pre-service Teachers
Survey participants rated educational value across project complexity levels:

» Low-complexity projects: Readability 4.67/5, Correctness 5.0/5, Educational Value 4.0/5.
* Medium-complexity: Readability 1.67/5, Correctness 4.67/5, Educational Value 2.0/5.
* High-complexity: Readability 1.0/5, Correctness 2.33/5, Educational Value 1.0/5.

They consistently identified excessive jumper wires, convoluted routing, and overlapping components
as barriers to classroom usability.

B.4 Implications

These findings confirm that while functional correctness is a prerequisite, true educational utility
also requires readability, process guidance, and layout simplicity. PCEVAL provided the systematic
framework to reveal these limitations, highlighting directions for future benchmarks and LLM
evaluation methods.
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C Evaluation Metric Details

This appendix details the metrics used to evaluate the outputs generated by LLMs in the PCEVAL
benchmark. We assess both the structural integrity of generated circuits and the quality of the
generated code, providing a comprehensive view of LLM capabilities in physical computing tasks.

C.1 Simulator

Reference implementations were validated across real hardware and multiple simulators (Wokwi,
Tinkercad, Virtual Breadboard, SimullDE), ensuring cross-platform consistency. We ultimately
selected Wokwi for automated evaluation due to its API accessibility and component coverage, while
the framework itself remains simulator-agnostic.

C.2 Code Quality Validation

Beyond functional correctness determined by simulation success, we assess the quality of LLM-
generated code using CodeBLEU (Ren et al.,[2020). Table [5|reports aggregate CodeBLEU scores
for both code generation tasks across the full benchmark, comparing outputs that led to simulation
success with those that failed.

Overall, successful outputs tend to receive higher CodeBLEU scores than unsuccessful ones, but the
gaps are often modest. For example, GPT-4.1 on D, L — C shows 0.54 for successful samples and
0.50 for failed ones, while Gemini-3.1-Flash-Lite on D, P — C shows identical aggregate scores of
0.52 for both groups. This pattern suggests that many failed outputs remain close to the reference
code in surface form and structure, yet still contain errors that are decisive in physical computing
settings, such as incorrect pin assignments, mismatched device initialization, or platform-specific
implementation mistakes. CodeBLEU is therefore useful as a complementary quality signal, but it
does not substitute for execution-based evaluation.

C.3 Circuit Validation

Our circuit validation protocol identifies structural errors in both logical and physical circuit designs
generated by LLMs. This involves six distinct error checks:

Four metrics apply to both logical and physical circuits:

* Redundant Connection: Duplicate connections between the same two component pins (e.g.,
listing both [A, B] and [B, A]).

* Extraneous Component: A component included in the LLM-generated circuit that is not present
in the ground truth (reference) circuit.

* Missing Component: A component present in the ground truth circuit but omitted from the
LLM-generated circuit.

* Isolated Component: A component correctly included in the generated circuit but lacking any
necessary electrical connections.

For physical circuit evaluation, two additional metrics specifically address implementation constraints
on a breadboard:

* Pin Conflict: Assigning multiple connections to a single, indivisible breadboard hole or a compo-
nent pin that cannot accept multiple direct connections.

* Breadboard Bypass: Creating direct pin-to-pin connections between components without utilizing
the breadboard, violating standard physical prototyping practices for the given tasks.

Table [6] presents the comprehensive circuit validation results, showing the average frequency of these
errors across all evaluated models and circuit types.
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Table 5: CodeBLEU quality assessment of LLM-generated code, comparing scores between success-
ful and unsuccessful simulation outcomes for different code generation tasks.

D,L—C D,Pp—~C
Model CodeBLEU CodeBLEU
Success Failure Success Failure

GPT-40-mini 0.50 0.40 0.49 0.39
Gemini-2.0-Flash-Lite 0.56 0.47 0.54 0.45
Gemini-2.0-Flash 0.54 0.49 0.55 0.48
Claude Haiku 4.5 0.49 0.45 0.46 0.44
GPT-4.1 0.54 0.50 0.52 0.48
GPT-40 0.52 0.45 0.52 0.44
Gemini-3.1-Flash-Lite 0.53 0.51 0.52 0.52
GPT-5-mini 0.53 0.46 0.52 0.46
03-mini 0.52 0.42 0.49 0.45
LLaMA 3.1 0.51 0.43 0.53 0.36
DeepSeek-Coder-V2 0.47 0.41 0.50 0.34
Gemma 3 0.51 0.44 0.54 0.37
Phi 4 0.46 0.43 0.48 0.38
Mistral-Small 3 0.58 0.46 0.58 0.40

Table 6: Comprehensive circuit validation results showing average error frequency across all evaluated
models, categorized by error type and circuit representation.

Logical / Physical Errors Physical Only Errors
Model Circuit Type Redundant Extraneous Missing Isolated Pin Breadboard
Connection Component Component Component Conflict Bypass
N Logical 0.06 0.86 0.96 0.24 ; -
GPT-40-mini Physical 0.01 1.68 116 0.73 429 418
. — Logical 0.12 1.43 0.80 0.36 - -
Gemini-2.0-Flash-Lite by o1 0.14 2.07 0.89 0.26 5.87 7.68
- N Logical 0.00 0.88 0.87 0.06 ; -
Gemini-2.0-Flash Physical 0.00 170 0.90 0.29 3.53 2.19
. Logical 0.00 1.59 1.40 0.02 - ;
Claude Haiku 4.5 Physical 0.00 2.88 1.47 0.11 10.28 0.56
Logical 0.00 0.77 0.79 0.02 ; -
GPT-4.1 Physical 0.26 150 0.82 0.11 7.32 0.03
Logical 0.00 0.78 0.74 0.02 - ;
GPT-4o Physical 0.02 135 0.70 052 2.10 1.03
N — Logical 0.00 144 139 0.01 - -
Gemini-3.1-Flash-Lite = py ozl 0.01 3.17 171 0.03 2.12 232
.. Logical 0.00 2.73 2.11 0.01 - -
GPT-5-mini Physical 0.04 416 212 0.25 1.03 0.01
i Logical 0.01 123 0.83 0.01 ; -
° Physical 0.01 1.88 0.98 0.01 417 0.01
Logical 0.13 174 2.50 0.61 - -
LLaMA 3.1 Physical 0.03 1.22 174 0.06 139 1.54
Logical 0.04 155 2.07 0.43 ; -
DeepSeck-Coder-V2 py i ical 0.01 1.48 3.07 0.24 114 2.70
Gemma 3 Logical 0.06 130 0.93 0.39 - -
Physical 0.00 176 1.02 0.65 475 114
o g Logical 0.05 0.94 0.78 0.03 ; -
Physical 0.04 1.45 1.10 0.23 481 1.62
. Logical 0.10 0.84 1.04 0.07 - -
Mistral-Small 3 Physical 0.29 1,57 115 0.10 237 0.77
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D Exploratory Analyses on the Arduino Uno Setting

The analyses in this section focus on the 50 Arduino Uno projects and should be interpreted as
diagnostic follow-up analyses rather than additional cross-platform benchmark results. We use
Arduino Uno because it is the benchmark’s canonical instructional setting, and because some of these
analyses require additional inference runs or are reported for a selected set of models. Our main
claims remain based on the full-benchmark results in Table |3] while Appendix [G|shows that the
overall benchmark trends are broadly consistent across Arduino Uno and ESP32.

D.1 Self-Improvement and Chain-of-Thought

Tables 7] and [] report exploratory mitigation results in the Arduino Uno setting. These analyses test
whether multi-turn prompting can reduce errors in the benchmark’s canonical setting; they are not
additional cross-platform comparisons.

As discussed in Section[4.3] the main trends are consistent across models. Self-improvement yields
robust and steady performance gains, especially in code-related tasks. CoT exhibits more variable
benefits and can even degrade performance on hardware tasks.

Table 7: Full results of self-improvement experiments on the Arduino Uno setting (success rates, %).

Model Score D,C— L D,C—P D,L—C D,P—C

03-mini 66.2 —+76.5 70.8—79.6 48.0—+58.0 72.8—83.6 732848
Gemini-2.0 Flash  50.1 —+57.2 632 —732 212 —168 59.6—+728 564 — 66.0

Table 8: Full results of CoT prompting experiments on the Arduino Uno setting (success rates, %).

Model D,C—~P D,P—C

Mistral-Small 24B 144 —11.6 32.0 —48.8
GPT-40 28.0—296 61.2—66.8
GPT-40-mini 1.2 —24 54.0 — 52.0
Phi-4 32—32 372 —472
LLaMA 3.1 20—52 24.8 —22.4
Gemma 3 24 — 2.8 344 —45.2

DeepSeek Coder V2 1.2—-00 20.8—324

D.2 Pass@5

We additionally report pass @5 for six selected models in the Arduino Uno setting. Table[D]summarizes
these results. This metric is computed from five independent samples per project-task pair and is
intended as a complementary view of sampling variance in the benchmark’s canonical setting, rather
than as a replacement for the full-benchmark mean success rates reported in Table[3]

Table 9: Pass@5 results on the Arduino Uno setting, computed from five independent samples per
project-task pair.

Model b,c—~L D,C—P D,L—~C D,P—C Arduino Avg.
Gemini-2.0-Flash-Lite 79.2 16.7 70.8 75.0 60.4
Claude 3.7 Sonnet 87.5 50.0 83.3 83.3 76.0
GPT-4.1 87.5 54.2 83.3 87.5 78.1
Gemma 3 70.8 8.3 41.7 333 38.5
Phi 4 66.7 4.2 62.5 58.3 47.9
Mistral-Small 3 75.0 13.6 62.5 50.0 50.2
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D.3 Temperature Hyperparameter Settings

All main experiments used structured-text inputs, and the complete prompts are given in Appendix [M]
We used a maximum generation limit of 4,096 tokens. For temperature, the main benchmark used each
provider’s default setting rather than imposing a single value across all APIs. The robustness checks
below were then run on the Arduino Uno setting to test whether the main qualitative conclusions
depend strongly on reasonable decoding or prompt variations.

Table [I0] shows that varying temperature between 0.1 and 0.3 leads to only modest score fluctuations
for Phi 4 and Mistral-Small 3. The overall qualitative picture is unchanged: task difficulty ordering
remains stable, and physical circuit generation remains the hardest task category.

Table 10: Temperature sensitivity analysis on the Arduino Uno setting (success rates, %).

Temp. Model Arduino Avg. D,C—~L D,C—P D,L—-C D,P—C
0.1 Phi 4 35.5 36.4 2.4 48.8 54.4
0.1 Mistral-Small 3 41.9 50.0 16.0 52.0 49.6
0.2 Phi 4 34.8 44.2 0.8 51.7 42.5
0.2 Mistral-Small 3 40.1 57.5 13.3 56.7 40.8
0.3 Phi 4 36.0 42.0 2.8 50.4 48.8
0.3 Mistral-Small 3 40.7 49.6 10.4 51.2 51.6
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E PCEval Benchmark Projects

This appendix provides a detailed overview of all projects included in the PCEval benchmark
dataset. The projects are categorized by complexity level, outlining the specific tasks and hardware
components involved in each.

While the absolute number of projects (75) may appear modest in isolation, the design of PCEVAL
ensures a sufficiently large and diverse evaluation space. Each project supports four distinct generation
tasks, resulting in 300 unique evaluation samples. This scale is comparable to established software
benchmarks such as HumanEval, which includes 164 problems for code-only tasks (Chen et al.,
2021). In physical computing, dataset construction is substantially more complex than in code-only
settings, since each instance requires not only executable code but also consistent logical and physical
circuit specifications, validated across both simulation environments and real hardware.

The most directly related prior work, MICRO25 (Jansen|, 2023), introduced 25 projects with nat-
ural language descriptions. However, MICRO25 provides no reference implementations (code or
circuits) and relies entirely on manual expert evaluation, limiting reproducibility and scalability. In
contrast, PCEVAL doubles the number of projects (75), and each project includes complete reference
implementations—code, logical circuits, and physical circuits—supporting fully automated and

reproducible evaluation across 300 task instances.

Table 11: Overview of PCEval Benchmark Arduino Projects by Level

Level Project Name Description
Level 1 7 segment display basic Connect a 7-segment display to Arduino and write code to
show the number 5.
bar led basic Connect a bar graph LED to Arduino and write code to turn
on LEDs 1 through 6.
buzzer basic Connect a piezo buzzer to Arduino and write code to play a
sound.
distance sensor basic Connect an ultrasonic distance sensor to Arduino and write
code to measure the distance and print it to the serial monitor.
humidity sensor basic Connect a DHT?22 sensor to Arduino and write code to mea-
sure the humidity and print it to the serial monitor.
LCD display basic Connect an IL19341 LCD display to Arduino and write code
to show “Hello World!” on the display.
led blink basic Connect an LED to Arduino and write code to repeatedly turn
the LED on and off with delays.
led RGB basic Connect an RGB LED to Arduino and write code to turn on
only the blue segment.
photoresistor basic Connect a photoresistor sensor module to Arduino and write
code to detect light intensity and print it to the serial monitor.
RTC module basic Connect an RTC module to Arduino and write code to read
the current time and print it to the serial monitor.
servo motor basic Connect a servo motor to Arduino and write code to repeatedly
move the servo to 0° and 180°.
temperature sensor basic Connect a DHT?22 sensor to Arduino and write code to mea-
sure the temperature and print it to the serial monitor.
Level 2 7 segment display counter Connect a 7-segment display to Arduino and write code to

accelerometer

button duration

show 1, 2, and 3 based on elapsed time.

Connect an MPU6050 accelerometer to Arduino and write
code to measure acceleration on the X, Y, and Z axes and print
the values to the serial monitor.

Connect a push button to Arduino and write code to measure
how long the button is pressed and print the duration to the
serial monitor.

Continued on next page
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Table 11 - continued from previous page

Level Project Name Description

button pulldown Connect a push button to Arduino with a pulldown resistor
and write code to monitor the button state and print it to the
serial monitor.

button pullup Connect a push button to Arduino with a pullup resistor and
write code to monitor the button state and print it to the serial
monitor.

distance sensor Connect an ultrasonic distance sensor to Arduino and write
code to measure the distance and compare it with a threshold.

gyroscope Connect an MPU6050 gyroscope to Arduino and write code
to measure rotation on the X, Y, and Z axes and print the
values to the serial monitor.

humidity sensor Connect a DHT22 sensor to Arduino and write code to mea-
sure the humidity and compare it with a threshold.

serial bar led Connect a bar graph LED to Arduino and write code to read
serial input and light up the corresponding number of LEDs.

serial LCD display Connect an ILI9341 LCD display to Arduino and write code
to read serial input and display it on the LCD.

serial monitor Connect nothing to Arduino and write code to read serial
input and print it back to the serial monitor.

serial RGB led Connect an RGB LED to Arduino and write code to read
serial input and turn on the corresponding RGB segment.

temperature sensor Connect a DHT?22 sensor to Arduino and write code to mea-
sure the temperature and compare it with a threshold.

Level 3 4 digit 7 segment display Connect a 4-digit 7-segment display to Arduino and write

7 segment display serial
button buzzer

button LCD display
button led

button RGB led

button RTC timezone

button servo motor

dht22 LCD display

multiplexer photoresistor

multiplexer potentiometer

photoresistor bar led

potentiometer bar led

code to show 1, 2, and 3 based on elapsed time.

Connect a 7-segment display to Arduino and write code to
show serial input on the display.

Connect a push button and piezo buzzer to Arduino and write
code to play a sound when the button is pressed.

Connect a push button and ILI9341 display to Arduino and
write code to show the button state on the LCD.

Connect a push button and LED to Arduino and write code to
turn on the LED when the button is pressed.

Connect three push buttons (red, green, blue) and an RGB
LED to Arduino and write code to turn on the corresponding
color segment when each button is pressed.

Connect a push button and RTC module to Arduino and write
code to print the time in different timezones based on the
button state.

Connect a push button and servo motor to Arduino and write
code to change the servo motor angle using the button.
Connect a DHT22 sensor and an ILI9341 LCD display to
Arduino and write code to show humidity and temperature
values on the LCD.

Connect six photoresistors to Arduino via a 16-channel analog
multiplexer and write code to print each sensor’s value.
Connect five potentiometers to Arduino via a 16-channel ana-
log multiplexer and write code to print each potentiometer’s
value.

Connect a bar graph LED and photoresistor to Arduino and
write code to light up the bar LEDs based on the mapped
value of the photoresistor.

Connect a bar graph LED and potentiometer to Arduino and
write code to light up the bar LEDs based on the mapped
value of the potentiometer.

Continued on next page
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Table 11 - continued from previous page

Level Project Name Description
potentiometer servo motor Connect a potentiometer and servo motor to Arduino and
write code to set the servo motor angle based on the mapped
potentiometer value.
Level 4 alarm Connect a piezo buzzer and RTC module to Arduino and write
code to play a sound when the specified time is reached.
binary led Connect five LEDs to Arduino and write code to show the
binary representation of serial input using the LEDs.
calendar display Connect an RTC module, an ILI9341 display, and two push
buttons to Arduino and write code to show the current date on
the LCD. Use the buttons to navigate between dates.
clock Connect a 4-digit 7-segment display and RTC module to

dday counter

exercise counter

multiple timezone

parking spot monitor

piano keyboard

smart led system

traffic light

Arduino and write code to show the current time in HH:MM
format.

Connect an RTC module to Arduino and write code to read a
date from serial input and print the number of days remaining
until that date.

Connect an MPU6050 sensor and 7-segment display to Ar-
duino and write code to count each time the Y-axis rotation
exceeds a threshold, then show the count on the display.
Connect an RTC module and four push buttons to Arduino
and write code to display different timezones depending on
which button is pressed.

Connect an ultrasonic distance sensor and RGB LED to Ar-
duino and write code to measure distance and switch from
green to red light if the distance is below a threshold.
Connect four push buttons and four piezo buzzers to Arduino
and write code to play a tone when the corresponding button
is pressed.

Connect five LEDs and five photoresistors to Arduino and
write code to turn on each LED when its corresponding pho-
toresistor reads below a threshold.

Connect a push button and three LEDs to Arduino and write
code to turn on the green LED by default, then switch to
yellow and red in order when the button is pressed.
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Table 12: Overview of PCEval Benchmark ESP32 Projects by Level

Level Project Name Description
Level 1 7 segment display basic Connect a 7-segment display to ESP32 and write code to show
the number 5.
bar led basic Connect a bar graph LED to ESP32 and write code to turn on
LEDs 1 through 6.
buzzer basic Connect a piezo buzzer to ESP32 and write code to play a
sound.
distance sensor basic Connect an ultrasonic distance sensor to ESP32 and write
code to measure the distance and print it to the serial monitor.
humidity sensor basic Connect a DHT22 sensor to ESP32 and write code to measure
the humidity and print it to the serial monitor.
LCD display basic Connect an ILI19341 LCD display to ESP32 and write code to
show “Hello World!” on the display.
led blink basic Connect an LED to ESP32 and write code to repeatedly turn
the LED on and off with delays.
led RGB basic Connect an RGB LED to ESP32 and write code to turn on
only the blue segment.
photoresistor basic Connect a photoresistor sensor module to ESP32 and write
code to detect light intensity and print it to the serial monitor.
RTC module basic Connect an RTC module to ESP32 and write code to read the
current time and print it to the serial monitor.
Level 2 7 segment display counter Connect a 7-segment display to ESP32 and write code to show
1, 2, and 3 based on elapsed time.
accelerometer Connect an MPU6050 accelerometer to ESP32 and write code
to measure acceleration on the X, Y, and Z axes and print the
values to the serial monitor.
button duration Connect a push button to ESP32 and write code to measure
how long the button is pressed and print the duration to the
serial monitor.
button pulldown Connect a push button to ESP32 with a pulldown resistor and
write code to monitor the button state and print it to the serial
monitor.
button pullup Connect a push button to ESP32 with a pullup resistor and
write code to monitor the button state and print it to the serial
monitor.
distance sensor Connect an ultrasonic distance sensor to ESP32 and write
code to measure the distance and compare it with a threshold.
gyroscope Connect an MPU6050 gyroscope to ESP32 and write code to
measure rotation on the X, Y, and Z axes and print the values
to the serial monitor.
humidity sensor Connect a DHT22 sensor to ESP32 and write code to measure
the humidity and compare it with a threshold.
Level 3 button led Connect a push button and LED to ESP32 and write code to

button RGB led

photoresistor bar led

potentiometer bar led

turn on the LED when the button is pressed.

Connect three push buttons (red, green, blue) and an RGB
LED to ESP32 and write code to turn on the corresponding
color segment when each button is pressed.

Connect a bar graph LED and photoresistor to ESP32 and
write code to light up the bar LEDs based on the mapped
value of the photoresistor.

Connect a bar graph LED and potentiometer to ESP32 and
write code to light up the bar LEDs based on the mapped
value of the potentiometer.

Continued on next page
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Table 12 — continued from previous page

Level Project Name Description
Level 4 binary led Connect five LEDs to ESP32 and write code to show the
binary representation of serial input using the LEDs.
calendar display Connect an RTC module, an IL19341 display, and two push

dday counter

parking spot monitor

buttons to ESP32 and write code to show the current date on
the LCD. Use the buttons to navigate between dates.
Connect an RTC module to ESP32 and write code to read a
date from serial input and print the number of days remaining
until that date.

Connect an ultrasonic distance sensor and RGB LED to
ESP32 and write code to measure distance and switch from
green to red light if the distance is below a threshold.
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F Why Direct Comparisons to Classical Design-Automation Methods Are Not
Straightforward

An important question is whether PCEVAL should be compared against classical symbolic, search-
based, or design-automation methods. Such context is useful. The key issue, however, is that
PCEvVAL evaluates end-to-end generation from partially specified educational intents, whereas
classical methods are typically applied after the problem has already been formalized as a truth table,
netlist, placement instance, or routing problem (Brayton et al.| [1984; |Kirkpatrick et al.l 1983} [Leel
1961} Hart et al., [1968)).

In other words, classical methods typically start from a formalized design instance in which the
component set and constraint structure are already specified, whereas PCEVAL still requires the
system to infer those structures from partially specified educational problems. This distinction
affects all four benchmark tasks. For D, C — L and D, C — P, the system must infer the hardware
specification itself from underspecified language and code. For D, L — C and D, P — C, the system
must synthesize executable code that is consistent not only with the intended behavior but also with
the specific circuit representation, including concrete pin assignments in the physical-layout case.
In particular, PCEVAL’s physical-layout task is not a standard PCB or VLSI routing problem: the
output is a breadboard-level educational artifact with shared-row topology, power rails, single-hole
occupancy constraints, and required compatibility with Arduino code and project semantics.

Classical routing or optimization methods can still be useful after such representations exist, but
they do not by themselves recover project intent, choose components, or generate microcontroller
code. A fair non-LLM baseline would therefore be a pipeline rather than a single solver. It would
likely need to combine semantic parsing of the project description, component retrieval, rule- or
constraint-based circuit synthesis, board-aware placement or routing, code templates or program
synthesis, and simulator-in-the-loop validation. We view such hybrid systems as a valuable direction
for future work, and PCEVAL can evaluate them once they are extended to cover the full end-to-end
task definition.

Table 13: Classical methods vs. PCEVAL.

Aspect Classical methods PCEVAL tasks

Input Formal specs such as truth tables, netlists, or Natural-language descriptions plus a partial
routing constraints artifact

Task Optimize or validate a formalized design in- Infer missing structure and generate a new
stance artifact

Output Optimized logic, placement, or routing result Logical circuit, breadboard layout, or exe-

cutable code
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Table 14: Platform-specific success rates (%) on the Arduino Uno subset (50 projects), corresponding
to the Arduino portion of Table [3}

Model Param. Circuit Gen. Code Gen. Total Overall

D,C—~L D,C—P Overal D,L—~C D,P— C Overal

GPT-40-mini - 51.6 1.2 26.4 52.8 54.0 53.4 39.9
Gemini-2.0-Flash-Lite - 52.8 2.4 27.6 56.4 56.8 56.6 42.1
Claude 3.5 Haiku - 51.2 1.6 26.4 66.0 60.8 63.4 44.9
Gemini-2.0-Flash - 63.2 21.2 422 59.6 56.4 58.0 50.1
Claude Haiku 4.5 - 60.4 4.0 322 72.8 65.6 69.2 50.7
GPT-4.1 - 54.0 13.6 33.8 69.6 67.2 68.4 51.1
GPT-40 - 62.4 28.0 452 65.6 61.2 63.4 54.3
Claude 3.7 Sonnet - 712 13.6 42.4 67.6 70.0 68.8 55.6
Gemini-3.1-Flash-Lite - 74.4 24.8 49.6 74.0 72.8 73.4 61.5
GPT-5-mini - 58.8 44.0 51.4 70.8 74.0 72.4 61.9
03-mini - 70.8 48.0 59.4 72.8 73.2 73.0 66.2
LLaMA 3.1 8B 232 2.0 12.6 26.0 24.8 254 19.0
DeepSeek-Coder-V2 16B 27.6 1.2 14.4 30.0 20.8 25.4 19.9
Gemma 3 27B 51.2 24 26.8 29.6 344 32.0 29.4
Phi 4 14B 33.6 3.2 18.4 48.8 37.2 43.0 30.7
Mistral-Small 3 24B 50.8 14.4 32.6 49.2 32.0 40.6 36.6

Table 15: Platform-specific success rates (%) on the ESP32 projects (25 projects), corresponding to
the ESP32 portion of Table

Model Param. Circnit Gen. Code Gen. Total Overall

D,C—~L D,C—P Overal D,L—C D,P—C Overall

GPT-40-mini - 49.6 1.6 25.6 57.6 52.8 55.2 40.4
Gemini-2.0-Flash-Lite - 48.0 32 25.6 56.0 584 57.2 41.4
Claude 3.5 Haiku - - - - - - - -

Gemini-2.0-Flash - 55.2 11.2 33.2 60.0 54.4 57.2 45.2
Claude Haiku 4.5 - 53.6 32 28.4 61.6 61.6 61.6 45.0
GPT-4.1 - 54.4 20.8 37.6 67.2 55.2 61.2 49.4
GPT-40 - 62.4 29.6 46.0 64.8 60.8 62.8 54.4
Claude 3.7 Sonnet - - - - - - - -

Gemini-3.1-Flash-Lite - 65.6 31.2 48.4 68.8 60.8 64.8 56.6
GPT-5-mini - 52.0 46.4 49.2 71.2 69.6 70.4 59.8
03-mini - 544 43.2 48.8 68.8 67.2 68.0 58.4
LLaMA 3.1 8B 26.4 0.8 13.6 36.8 28.0 324 23.0
DeepSeek-Coder-V2 16B 44.8 0.0 224 424 21.6 32.0 27.2
Gemma 3 27B 56.0 0.0 28.0 48.8 43.2 46.0 37.0
Phi 4 14B 44.0 0.8 22.4 49.6 39.2 444 334
Mistral-Small 3 24B 52.8 13.6 33.2 48.8 43.2 46.0 39.6

G Platform Specific Breakdown of Main Results

Table 3| reports aggregate scores over the full PCEVAL benchmark. Tables [T4] and [T3] separate those
scores by platform. They use the same task definitions and evaluation metrics for Arduino Uno and
ESP32. The prompt structure was aligned across platforms, with small platform specific substitutions
described in Appendix [M]

Notes on Model Availability Some models reported in the main table were evaluated only on the
Arduino Uno subset. In particular, Claude 3.5 Haiku and Claude 3.7 Sonnet became unavailable
before the ESP32 runs were conducted. Tables[I4]and [I3]therefore report only their Arduino Uno
results. The corresponding ESP32 entries are marked as unavailable.
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- Project Description

<[> Code

Test Procedure

Arduino project that uses servo motor. i = 0;
proj . 1"? pos = 0; System Initializes
: void setup() {
. A — Sweep starts
When the Arduino powers up, it should: myservo.attach(9); -
1. Move th from © to 180 d in 1-d ¥ )
ol suve e servo from o egrees in egree void loopO) 1 g First Sweep (0° to 180°)
=} P : : . : for (pos = 8; pos < 180; pos += @© | — Report position (1806°)
o 2. When the moving is finished, print the current servo 1 { =1
£ position to the serial monitor ) myservo.write(pos); g Second Sweep (186° to 0°)
3. Move the servo from 180 to 0 degrees in 1-degree w 5 Report position (0°)
steps Serial.println(myservo.read()); P P
4. When the moving is finished, print the current servo .- .
ses - N Success or Failure
position to the serial monitor
& 03-Mini €3 Claude-3.7-Sonnet @ DeepSeek-Coder-v2 £ Reference
= s
3
o =
=
= =3
2 £
® (3]
- —_ &
© c 5 & o ©
b .
[ Success X Failure X Failure o Success
5 Redundant Connection 0 Redundant Connection 0 Redundant Connection 0 g Redundant Connection 0
(O] Extraneous Component 0 Extraneous Component 0 Extraneous Component 0 < Extraneous Component 0
~ Missing Component [¢] -, Missing Component 0 ~ Missing Component 1 o -, Missing Component 0
“ Isolated Component 0 X Isolated Component 0 “ Isolated Component 0 “ Isolated Component 0
Pin Conflict (o] Pin Conflict ] Pin Conflict [} Pin Conflict ]
ut Breadboard Bypass 0 Breadboard Bypass 4 Breadboard Bypass 2 y Breadboard Bypass 0

Figure 4: Qualitative examples of LLM-generated Arduino physical circuits for a servo motor basic
project (level 1), illustrating successful and failed attempts with corresponding error analyses.

H System Specifications for Evaluation

The primary evaluations of Large Language Models (LLMs) for the PCEVAL benchmark were
conducted by querying their respective APIs. For any local processing, data analysis, and interaction
with these APIs, the following system configuration was utilized:

CPU: AMD EPYC 9354 32-Core Processor (1 Socket, 32 Cores, 64 Threads).
GPU: NVIDIA RTX 6000 Ada Generation.

— GPU Memory: 49140 MiB
— NVIDIA Driver Version: 535.230.02
— CUDA Version: 12.2

¢ System Memory (RAM): 125 GiB.
¢ Operating System Environment: Linux-based (x86_64 architecture).

This configuration provided a stable and capable environment for managing the data, running
evaluation scripts, and interfacing with the LLM APIs. The specific computational requirements for
querying each LLM API varied depending on the model provider and were not a limiting factor in
this local setup.

I More Qualitative Results

This section presents additional qualitative results to provide a more nuanced understanding of LLM
performance in physical circuit generation. The Figures[d] [5]and [6]showcase visual examples from
specific PCEVAL projects, illustrating both successful circuit implementations and common failure
modes encountered by the LLMs. These examples serve to complement the quantitative evaluations
by offering concrete instances of the models’ outputs and the challenges they face.

J Visualizing the Impact of Project Complexity Metrics on LLM Performance

We present a visual analysis of the relationship between project complexity metrics and LLM
performance across four physical computing tasks (Figure[7). The visualizations plot project-level
success rates (0.0-1.0) against two complexity metrics, number of connections and lines of code.
Each point shows the average performance of five selected models, namely Gemini-3.1-Flash-Lite,
GPT-5-mini, 03-mini, Phi 4, and Mistral-Small 3, on one Arduino Uno or ESP32 project. Projects are
color-coded by complexity level (1-4), and the linear regression lines (in red) summarize the overall
trends.
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- Project Description <[> Code Test Procedure

»
This project controls servo .mutur with a potentiometer. void setup() { Check if green LED is on
' Serial.begin(9600);
When the Arduino powers up, it should: myservo.attach(SERVO_PIN); c Press button
1. Generate Servo object pinMode (POT_PIN, INPUT); ol Check if yellow LED is on
7] ; : ; ¥ 2
2. Set potentiometer signal pin a@ as INPUT - i
5 I P v " gh P . N hich void loop() { @ | Wait 1 sec .
o . Continuvously read the potem_:lumeter' value, whicl int pot = analogRead(POT_PIN); S | = Check if red LED is on
E ranges from 0 to 1023, and map it to a range of 0 to myservo.write(map(pot, 8, 1023, 0, © .
180 180)) ; I.E Wait 2 sec
4. Write the mapped value to the servo motor Serial.printin(myservo.read()); — Check if green LED is on
5. Continuously read the servo value and print it to delay(100); .
the serial monitor L Success or Failure
@ 03-Mini E7 Claude-3.7-Sonnet L4 Mistral-Small 3 £ Reference
-
- 7\
=]
o =
=
— =
2 2
3 | 5
= £ : i I _— £ ;
© | © < < 4 < | G i
[7] Success X Failure X Failure _Q Success
g Redundant Connection 0 Redundant Connection 0 Redundant Connection 0 U>). Redundant Connection 0
(0] Extraneous Component ¢} Extraneous Component 6 Extraneous Component 0 = E>_<tr-a_neous Component 0
Q Missing Component 0 L‘ Missing Component 0 U~ Missing Component 0 o % Missing Component 0
Isolated Component ¢} Isolated Component 6 Isolated Component 0 Isolated Component 0
Pin Conflict 0 Pin Conflict 2 Pin Conflict 2 Pin Conflict 0
a0 Breadboard Bypass ¢} Breadboard Bypass 2] Breadboard Bypass 0 Breadboard Bypass 0]

Figure 5: Qualitative examples of LLM-generated Arduino physical circuits for a potentiometer servo
motor project (level 3), illustrating successful and failed attempts with corresponding error analyses.

(;~ Project Description (/) Code Test Procedure
This is a ESP32 project that controls an LED with a #include <Arduino.h>
pushbutton. .
. void loop() { = Press Button
When the ESP32 powers up, it should: int buttonState = 0o -> Check if LED is on
ﬂ 1. Configure the button pin as INPUT digitalRead (BUTTON_PIN); tg
g_ 2. Configure the LED pin as OUTPUT = | Release Button
< 3. Continuously monitor the button state if (buttonState == LOW) { ® | -> Check if LED is off
4. Turn the LED ON when the button is pressed (reads digitalWrite(LED_PIN, HIGH);} I.I>J
Low) else { Success or Failure
5. Turn the LED OFF when the button is released (reads digitalWrite(LED_PIN, LOW);}
HIGH) )5
. @ 03-Mini £2 Claude Haiku 4.5 4 Gemini 3.1-Flash-Lite £ Reference
S
[ =
= F
S 2
® [5)
- — =
o a S
@ | X Failure Success X Failure ° Success
g Redundant Connection 0 Redundant Connection 0 Redundant Connection 0 g Redundant Connection 0
(U] Extraneous Component 0 Extraneous Component 0 Extraneous Component 0 < Extraneous Component 0
Missing Component 0 C Missing Component 0 () Missing Component 0 o Q Missing Component 0
Isolated Component 0 Isolated Component 0 Isolated Component 0 Isolated Component 0
3 Pin Conflict 5 Pin Conflict 0 Pin Conflict 0 Q Pin Conflict 0
Breadboard Bypass 0 Breadboard Bypass 0 Breadboard Bypass 0 Breadboard Bypass 0

Figure 6: Qualitative examples of LLM-generated ESP-32 physical circuits for a button LED project
(level 3), illustrating successful and failed attempts with corresponding error analyses.

J.1 Circuit Generation Tasks

Figures and present results for Logical Circuit Generation (D, C — L) and Physical Circuit
Generation (D, C — P), respectively. Both tasks exhibit negative correlations between success rates
and the two complexity metrics. In physical circuit generation, the decline is slightly steeper with
connection count than with code length, indicating that denser breadboard layouts remain especially
challenging. In logical circuit generation, both metrics are associated with lower success, with code
length showing a comparable and slightly stronger trend than logical connection count. Overall,
more complex projects reduce circuit-generation performance regardless of whether complexity is
expressed in wiring or code.

J.2 Code Generation Tasks

For Code Generation from Logical Circuit (D, L — C) and Code Generation from Physical Circuit (D,
P — C) (Figures and , the number of code lines shows a markedly steeper negative relationship
with success rates than either logical or physical connection counts. This pattern suggests that, in the
code-generation settings, longer and more complex programs are a stronger source of difficulty than
the complexity of the input circuit representation.
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J.3  Summary

Our analysis reveals that LLMs exhibit task-specific sensitivities to different dimensions of complexity.
Code-generation performance is most strongly tied to program length, whereas circuit-generation
performance is affected by both wiring complexity and code complexity. Across all four tasks,
however, increased project complexity is consistently associated with lower success.

K Visualizing the Impact of Project Level on LLLM Performance

Figure [§] visualizes the distribution of project-level success rates across the four PCEVAL tasks,
revealing how performance varies both within and across complexity levels after averaging over the
same five selected models.

K.1 Circuit Generation Tasks

Logical Circuit Generation (Figure[8a): Level 1 shows the highest and most consistent performance
(median =~ 0.80), followed by a decline at Level 2 (median ~ 0.68). Levels 3 and 4 both center
around substantially lower medians (each ~ 0.44), and both levels exhibit broad dispersion rather
than a tight cluster of outcomes. This suggests that logical circuit generation becomes notably less
reliable once projects move beyond the simpler introductory levels.

Physical Circuit Generation (Figure [8b): This task exhibits the weakest overall performance and
the clearest degradation with complexity. The median drops from approximately 0.58 at Level 1 to
0.44 at Level 2, 0.38 at Level 3, and 0.28 at Level 4. Although there is still substantial variation within
each level, the entire distribution shifts downward as projects become more complex, indicating
persistent difficulty with physically valid circuit layout.

K.2 Code Generation Tasks

Code Generation from Logical Circuit (Figure[8c): The box plot shows a clear downward trend in
median performance from Level 1 (median =~ 0.84) to Level 2 (median ~ 0.74), Level 3 (median
~ 0.62), and Level 4 (median ~ 0.36). Levels 1 and 2 remain comparatively strong, but Levels 3
and 4 show much broader spreads, especially at Level 4 where the interquartile range extends from
complete failure to relatively strong outcomes. This indicates that code generation from logical
circuits remains feasible on simpler projects but becomes increasingly unstable on the most complex
tasks.

Code Generation from Physical Circuit (Figure 8d): This task follows a similar pattern, but with
a slightly different profile across the easier levels. The medians are approximately 0.64 at Level 1,
0.70 at Level 2, 0.60 at Level 3, and 0.32 at Level 4. Performance therefore remains relatively stable
through Levels 1 and 2 before dropping more substantially at Levels 3 and 4. At the same time, the
presence of failures even at lower levels indicates that interpreting physical circuits can still break
down on otherwise simple projects.
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Figure 7: Test procedure success rates across different tasks and complexity metrics, arranged
vertically. Subfigure (a) shows Logical Circuit Generation, (b) Physical Circuit Generation, (c) Code
Generation from Logical Circuit, and (d) Code Generation from Physical Circuit. Each subplot details
performance against the number of connections and lines of code relevant to the task.
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Figure 8: Project-level success-rate distributions across the four PCEVAL tasks by benchmark level.
Subfigure (a) shows Logical Circuit Generation, (b) Physical Circuit Generation, (c) Code Generation
from Logical Circuit, and (d) Code Generation from Physical Circuit. Each box plot summarizes the
distribution of project-level success rates within a level after averaging over the same five selected
models.
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<[> Code &3 Logical Circuit 4 Physical Circuit
e N e N
int pinlist[] = {2, 3, 4, 5, 6, 7, 8, 9, 10, 11}; —

44—

int threshold = 6;

void setup() {
for (int i=0; i<10; i+) {
pinMode (pinList[i], OUTPUT);
}

for (int i=0; i<10; i+) {
if (i < threshold) {
digitalWrite(pinList[i], HIGH);
} else {
digitalWrite(pinList[i], LOW);
}
}
}

void loop() {
+
N J AN J

Figure 9: Reference code, logical circuit, and physical circuit for the “Bar LED Basic” project.

L. Reference Code and Circuit Examples

This section provides reference examples for two PCEVAL projects. For each project, we show the
reference code together with the corresponding logical and physical circuit representations used in
the benchmark. These figures are intended to make the task artifacts concrete and to illustrate the
range of structures covered by the dataset.

L.1 Bar LED Basic (Level 1)
Figure [0]shows the reference implementation for the “Bar LED Basic” project, including the code,

logical circuit, and physical circuit. Although this project belongs to Level 1, it already involves a
multi-pin output device with repeated LED-resistor wiring patterns.

L.2 4 Digit 7 Segment Display (Level 3)
Figure |10|shows the reference implementation for the “4 Digit 7 Segment Display” project. This

example includes a denser wiring structure and a multi-digit display configuration, providing a
representative reference artifact from a more advanced benchmark level.
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<[> Code & Physical Circuit

const int segmentPins[8] = {2, 3, 4, 5, 6, 7, 8, 9};
const int digitPins[4] = {10, 11, 12, 13};

const byte digits[10][8] = {
{1,1,1,1,1,1,0,0},
{0,1,1,0,0,0,0,0},
{1,1,0,1,1,0,1,0},
{1,1,1,1,0,0,1,0},
{0,1,1,0,0,1,1,0},
{1,0,1,1,0,1,1,0},
{1,0,1,1,1,1,1,08},
{1,1,1,0,0,0,0,0}, I'
{1,1,1,1,1,1,1,08},
{1,1,1,1,0,1,1,0} 0 ’

b CX2) UNO

void setup() {
for (int i = 0; i < 8; i+) pinMode(segmentPins[i], OUTPUT);
for (int i = 0; i < 4; i+) {
pinMode(digitPins[i], OUTPUT);
digitalWrite(digitPins[i], LOW);

¥ - J

+
&3 Logical Circuit

void loop() {
int numsl4] = {1, 2, 3, 4};

for (int i = 0; i< 4; i+) {
for (int j = 0; j < 8; j++) digitalWrite(segmentPins[j],
digits[nums[i]]1[j] ? LOW : HIGH); )
digitalirite(digitPins[i], HIGH); 49,
delay(800); = =
digitalWrite(digitPins[i], LOW);
+

U J )

Figure 10: Reference code, logical circuit, and physical circuit for the “4 Digit 7 Segment Display”
project.
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M Prompt Details

This appendix provides the specific prompts used for each of the four tasks in the PCEVAL benchmark.
Each prompt was carefully designed to clearly articulate the task objectives to the LLMs and to
specify the required output format. For tasks involving physical circuit generation or code generation
from physical circuits, prompts included detailed explanations of breadboard mechanics and electrical
connectivity rules to ensure LLMs had the necessary contextual information. The prompt listings
below show the Arduino versions used as the base templates. For ESP32, we used closely matched
platform specific variants instead of identical prompt strings. These variants changed the initial
task request, replaced Arduino references in the project description and component names with
ESP32 specific ones, and added implementation guidance for the Arduino core such as including
Arduino.h in code generation settings.

Code Generation Task (Logical Hardware)

# Arduino Code Generation Task (Logical Hardware)

## Task

Please generate Arduino code (main.ino) that will work with this logical
hardware configuration and produce the expected behavior.

The code should fulfill all requirements and pass all test steps in the
scenario.

Note that this is a LOGICAL circuit diagram, meaning it shows the direct
connections between components at a conceptual level, NOT physical layout with
breadboard positions.

### Output Format
Please provide only the code without explanations or markdown formatting.

## Project Description
{Project Description Text}

## Hardware Configuration (Logical Circuit)

Below is the JSON diagram describing the logical hardware circuit:
‘Y Yison

{Standardized Logical Diagram JSON}

LRRTRY

Code Generation Task (Physical Hardware)

# Arduino Code Generation Task (Physical Hardware)

## Task

Please generate Arduino code (main.ino) that will work with this physical
hardware configuration and produce the expected behavior.

The code should fulfill all requirements and pass all test steps in the
scenario.

Note that this is a PHYSICAL circuit diagram, meaning it shows the actual
breadboard layout with specific component placements and wire connections

using breadboard positions.

### Output Format
Please provide only the code without explanations or markdown formatting.

## Project Description
{Project Description Text}
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824 ## Hardware Configuration (Physical Breadboard Layout)

825
826 ### Pin and Position Naming Conventions
827 - Component pins: "arduinol.pinl3", "ledl.anode", "resistorl.pinl", etc.
828 — Breadboard positions (main area): "breadboard.COLUMN_ROW"
829 — Column: A number from 1-60
830 - Row: A letter from a-j
831 - Rows a-e are on the top half, rows f-j are on the bottom half
832 - Example: "breadboard.l0a" refers to column 10, row a (top half)
833 - Breadboard power rail positions: "breadboard.RAIL_TYPE.COLUMN_NUMBER"
834 - RAIL_TYPE: tp (top positive), tn (top negative), bp (bottom positive),
835 bn (bottom negative)
836 — COLUMN_NUMBER: A number, typically referring to segments or positions
837 along the rail (e.g., 1 up to 50)
838 - Example: "breadboard.tp.l" refers to position 1 on the top positive (+)
839 rail
840 - Example: "breadboard.bn.1l2" refers to position 12 on the bottom negative
841 (=) rail
842
843 ### Breadboard Explanation
844 A breadboard is divided into two halves separated by a central gap:
845 - Top half: 5 rows of holes, commonly labeled a, b, ¢, d, e
846 (from top to bottom for each column segment) .
847 - Bottom half: 5 rows of holes, commonly labeled f, g, h, i, j
848 (from top to bottom for each column segment) .
849 — The columns are typically numbered 1-60 from left to right.
850 So, for each column number, there’s a set of "a-e’ holes and
851 a set of "f-j’ holes.
852
853 #### Electrical Connections:
854 — Terminal Strips (the main area with rows a-e and rows f-3j):
855 — Within each half (top or bottom), and for each column number, the 5
856 holes in that column segment are electrically connected vertically.
857 — Example: ‘breadboard.la‘, ‘breadboard.lb‘, ‘breadboard.lc‘, ‘
858 breadboard.1ld', and ‘breadboard.le' are all connected.
859 — Example: ‘breadboard.lf‘, ‘breadboard.lg‘, ‘breadboard.lh‘, *
860 breadboard.li', and ‘breadboard.lj‘ are all connected.
861 - Holes in different columns are NOT connected. (e.g., ‘breadboard.la‘ is
862 not connected to ‘breadboard.2a‘)
863 - The top half (holes a-e) and the bottom half (holes f-3j) are
864 electrically separated by the central gap. (e.g., ‘breadboard.le‘ is not
865 connected to ‘breadboard.lf?)
866 - Power Rails (tp, tn, bp, bn):
867 - All holes in a single power rail (e.g., the ’"tp’ rail) are electrically
868 connected horizontally along the length of that entire rail.
869 - Example: All positions along "breadboard.tp" (e.g., ‘breadboard.tp
870 .1, ‘breadboard.tp.2', ..., ‘breadboard.tp.50') are connected.
871 - Typically, the positive (+) and negative (-) rails are electrically
872 separate from each other.
873 — The top set of power rails (e.g., 'tp’ and ’"tn’) are electrically
874 separate from the bottom set of power rails (e.g., ’"bp’ and 'bn’), unless
875 explicitly connected by external wires.
876
877 Below is the JSON diagram describing the physical hardware circuit
878 with breadboard layout:
879 ‘YYjson
880 {Standardized Physical Diagram JSON}
881 Y
883
Circuit Generation Task (Logical)
g8
886 # Arduino Hardware Design Task
887
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## Task
Based on the Arduino code and project description, create a logical circuit
diagram that will work correctly with this code.

Focus on the direct connections between components at a conceptual level, NOT
physical layout with breadboard positions.

## Output Format

Provide your answer in JSON format with two main sections:

1. "components": A list of all hardware components needed

2. "connections": A list of all connections between components

### Components Format
Each component should have:
- "id": A unique, meaningful identifier with a number appended (e.g., "

arduinol", "led2", "resistorl"), that is consistently used in the connections
section

- "type": Component type ("Arduino Uno", "LED", "Resistor", "Button", etc.)

— "properties": Optional object with properties specific to the component type

### Connections Format

Each connection is simply an array with exactly two elements, each being a
connection point formatted as "componentId.pinName".

For example: ["arduinol.pinl3", "led2.anode"]

### Pin Naming Conventions

- Arduino pins: "pin2", "pinl3", "aoO", "al", "5v", "3.3v", "gndl", "gnd2", "
gnd3", etc.

- LED pins: "anode", "cathode"

- Resistor pins: "pinl", "pin2"

- Button pins: "pinl.l1", "pinl.r", "pin2.1", "pin2.r"

### Example

RURIRY

json
{

"components": [
{"id": "arduinol", "type": "Arduino Uno"},
{"id": "ntc_sensorl", "type": "NTC temperature sensor",
"properties": {"temperature": "24"}}

I

"connections": [

["arduinol.pinl3", "resistor2.pinl"],
["ntc_sensorl.VvCC", "arduinol.5v"],
["ntc_sensorl.GND", "arduinol.gnd2"],
["ntc_sensorl.OUT", "arduinol.AQ0"]

Based on the code, provide a complete JSON with all components and direct
logical connections to create a functional circuit.

## Project Description
{Project Description Text}

## Arduino Code

“\epp
{Sketch Code Text}

LRRTRY

Circuit Generation Task (Physical)

# Arduino Hardware Design Task
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## Task
Based on the Arduino code and project description, create a physical
breadboard layout that will work correctly with this code.

Include a breadboard and show how components would be physically placed and
connected on it.

## Output Format

Provide your answer in JSON format with two main sections:

1. "components": A list of all hardware components needed

2. "connections": A list of all connections between components

### Components Format
Each component should have:
- "id": A unique, meaningful identifier with a number appended (e.g., "

arduinol", "led2", "resistorl") that is consistently used in the connections
section

- "type": Component type ("Arduino Uno", "LED", "Resistor", "Button", "
Breadboard", etc.)

- "properties": Optional object with properties specific to the component type

### Connections Format

Each connection is simply an array with exactly two elements, which can be
component pins or breadboard positions.

For example: ["arduinol.pinl3", "breadboardl.l0a"]

### Pin and Position Naming Conventions

- Component pins: "arduinol.pinl3", "ledl.anode", "resistorl.pinl", etc.

- Arduino pins: "pin2", "pinl3", "aO", "al", "5v", "3.3v", "gndl", "gnd2", "
gnd3", etc.

— LED pins: "anode", "cathode"

- Resistor pins: "pinl", "pin2"

- Button pins: "pinl.1l", "pinl.r", "pin2.1", "pin2.r"

- Breadboard positions (main area): "breadboard.COLUMN_ROW"

— Column: A number from 1-60
- Row: A letter from a-j
- Rows a-e are on the top half, rows f-j are on the bottom half
- Example: "breadboard.l0a" refers to column 10, row a (top half)
- Breadboard power rail positions: "breadboard.RAIL_TYPE.COLUMN_NUMBER"
- RAIL_TYPE: tp (top positive), tn (top negative), bp (bottom positive),
bn (bottom negative)
— COLUMN_NUMBER: A number, typically referring to segments or positions
along the rail (e.g., 1 up to 50)
- Example: "breadboard.tp.l" refers to position 1 on the top positive (+)
rail
- Example: "breadboard.bn.1l2" refers to position 12 on the bottom negative
(=) rail

### Breadboard Explanation
A breadboard is divided into two halves separated by a central gap:
- Top half: 5 rows of holes, commonly labeled a, b, ¢, d, e
(from top to bottom for each column segment) .
- Bottom half: 5 rows of holes, commonly labeled f, g, h, i, j
(from top to bottom for each column segment) .
— The columns are typically numbered 1-60 from left to right.
So, for each column number, there’s a set of "a-e’ holes and a set of ’"f-3j’
holes.

#### Electrical Connections:
— Terminal Strips (the main area with rows a-e and rows f-7j):
— Within each half (top or bottom), and for each column number, the 5
holes in that column segment are electrically connected vertically.
- Example: ‘breadboard.la‘, ‘breadboard.lb‘', ‘breadboard.lc‘, ‘
breadboard.1ld', and ‘breadboard.le' are all connected.
— Example: ‘breadboard.lf‘, ‘breadboard.lg‘', ‘breadboard.lh‘, *
breadboard.li‘, and ‘breadboard.lj‘ are all connected.
- Holes in different columns are NOT connected.
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(e.g., ‘breadboard.la‘ is not connected to ‘breadboard.2a‘)
- The top half (holes a-e) and the bottom half (holes f-3j) are
electrically separated by the central gap.
(e.g., ‘breadboard.le' is not connected to ‘breadboard.lf?‘)
- Power Rails (tp, tn, bp, bn):
- All holes in a single power rail (e.g., the ’"tp’ rail) are electrically
connected horizontally along the length of that entire rail.

- Example: All positions along "breadboard.tp" (e.g., ‘breadboard.tp
.1, ‘breadboard.tp.2', ..., ‘breadboard.tp.50') are connected.
- Typically, the positive (+) and negative (-) rails are electrically
separate from each other.
— The top set of power rails (e.g., 'tp’ and ’"tn’) are electrically
separate from the bottom set of power rails (e.g., ’'bp’ and ’'bn’), unless

explicitly connected by external wires.

### Example

RS

json
{
"components": [
{"id": "arduinol", "type": "Arduino Uno"},
{"id": "breadboardl", "type": "Breadboard"},
{"id": "ntc_sensorl", "type": "NTC temperature sensor",
"properties": {"temperature": "24"}}
1,
"connections": [

["breadboardl.29g", "arduinol.gnd3"],
["ntc_sensorl.VCC", "breadboardl.28f"],
["ntc_sensorl.GND", "breadboardl.29f"],
["ntc_sensorl.OUT", "breadboardl.27f"],
["breadboardl.28g", "arduinol.5v"],
["breadboardl.27g", "arduinol.AO0"]

### Important Constraints

- Each Arduino pin can only have ONE connection assigned to it.

— Each breadboard hole can only have ONE connection assigned to it.

— Direct pin-to-pin connections between components without using a breadboard
are not permitted for circuit construction involving a breadboard. All such
connections must be routed via breadboard positions.

Pay attention to the internal connections of the breadboard.
Based on the code, provide a complete JSON with all components and connections
to create a functional physical circuit with breadboard layout.

## Project Description
{Project Description Text}

## Arduino Code

“Nepp
{Sketch Code Text}

AURYRY

M.1 Prompt Variants for Exploratory Mitigation

In addition to the four base prompts above, the exploratory mitigation experiments in Section [4.3]
used two prompt variants in the Arduino Uno setting. Self-improvement reused the base task prompt
on the first turn and, from the second turn onward, supplied the model’s previous output together
with structured compilation and test feedback. Chain-of-thought (CoT) prompting was applied only
to tasks involving physical circuits and decomposed them into two sequential steps: first derive an
intermediate logical circuit, then generate the final code or breadboard layout conditioned on that
intermediate representation.
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Self-Improvement Follow-Up Prompt Template

# {Artifact Type} Self-Improvement Task (Iteration {Iteration Number})

## Original Task
{Original Prompt}

## Your Previous {Artifact Type}
{Previous Generation}

## Previous Results

— Compilation: {Compilation Result}
- Testing: {Test Result}

{Error Details}

## Self-Improvement Instructions

Please analyze your previous {Artifact Type} and the test results,
then create an improved version.

Focus on fixing the issues mentioned in the test results and error
messages.

Make sure your {Artifact Type} works correctly with the hardware
specification and fulfills all requirements.

Ensure your improved {Artifact Type} follows all formatting
requirements from the original prompt.
{Output Format Reminder}

CoT Prompt for Code Generation from Physical Hardware

# Arduino Code Generation Task (Physical Hardware)

## Step 1: Derive a Logical Circuit

The goal is to generate Arduino code that matches the given physical
circuit, step by step.

This process first defines a logical circuit diagram to outline
component connections, and then generates Arduino code that interfaces
correctly with that circuit.

Based on the physical circuit diagram, create a logical circuit
diagram that specifies the logical connections between components.
Focus on the direct conceptual connections between components, NOT
physical layout with breadboard positions.

### Output Format for Step 1

Provide your answer in JSON format with two main sections:

1. "components": A list of all hardware components needed

2. "connections": A list of all connections between components

Use the same component naming conventions, example JSON structure,
and breadboard interpretation rules as in the base physical-hardware
code—-generation prompt above.

## Hardware Configuration (Physical Breadboard Layout)

json
{Standardized Physical Diagram JSON}

ARRTRY

## Step 2: Generate Code

Now, based on the project description and the logical hardware
configuration you generated, please generate Arduino code (main.ino)
that will work with the circuit and produce the expected behavior.
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## Project Description
{Project Description Text}

### Output Format for Step 2
Please provide only the code without explanations or markdown
formatting.

CoT Prompt for Physical Circuit Generation

# Arduino Hardware Design Task

## Step 1: Derive a Logical Circuit

The goal is to create a physical breadboard layout that will work
correctly with this code, step by step.

This process first defines a logical circuit diagram to outline
component connections, and then creates a physical breadboard layout
that reflects these connections in hardware.

Create a LOGICAL circuit diagram that specifies connections between
components.

Focus on the direct connections between components at a conceptual
level, NOT physical layout with breadboard positions.

### Output Format for Step 1

Provide your answer in JSON format with two main sections:

1. "components": A list of all hardware components needed

2. "connections": A list of all connections between components

Use the same component naming conventions, logical-circuit JSON
format, and pin naming rules as in the base logical circuit-generation
prompt above.

## Project Description
{Project Description Text}

## Arduino Code

“\epp
{Sketch Code Text}

LRRTRY

## Step 2: Generate a Physical Breadboard Layout

Now, create a PHYSICAL breadboard layout that corresponds to the
logical circuit you generated.

Ensure that the pin assignments on the Arduino board remain exactly as
specified in the logical circuit configuration, and that the generated
breadboard layout correctly interfaces with the given code.

### Output Format for Step 2

Provide your answer in JSON format with two main sections:

1. "components": A list of all hardware components needed

2. "connections": A list of all connections between components

Use the same breadboard naming conventions, electrical-connection
rules, and single-connection constraints as in the base physical
circuit-generation prompt above.

120 N Use of AI Assistants in Writing

1205
1206

In accordance with NeurIPS policy, we disclose the use of Large Language Models in preparing this
manuscript. We used LLMs to assist with grammar checking, sentence restructuring, and language
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1207
1208
1209
1210
1211

polishing during the revision process. The LLM was primarily used to improve clarity and conciseness
of technical descriptions, particularly in the methodology and results sections. All scientific content,
experimental design, analysis, and interpretations are the original work of the authors. The LLM
served solely as a writing aid and did not contribute to the research conception, or core intellectual
contributions of this work.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction state the benchmark scope, four evaluation
dimensions, automatic evaluation setting, evaluated models, and main empirical findings.
The claims are supported by the task definitions, dataset description, and experimental
results in Sections 3—4.

Guidelines:

e The answer [N/A| means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A or
[IN/A] answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

. Limitations

Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: The paper includes a dedicated Limitations section discussing the educational
scope, introductory-project focus, and platform coverage limitations across Arduino Uno
and ESP32.

Guidelines:

* The answer [N/A] means that the paper has no limitation while the answer means
that the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate “Limitations” section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms

and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to

address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

44



1265
1266

1267

1268
1269

1270

1271

1272
1273
1274
1275
1276
1277
1278
1279

1280

1281

1282
1283
1284

1285

1286
1287
1288

1289

1290

1291
1292
1293

1294
1295

1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [N/A]

Justification: The paper does not present theoretical results, theorems, or formal proofs; it is
an empirical benchmark and evaluation study.

Guidelines:

* The answer [N/A] means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: The paper specifies the benchmark structure, task definitions, evaluation
protocol, simulator-based validation, model set, prompt templates, and platform-specific
breakdowns needed to reproduce the main experimental methodology

Guidelines:

* The answer [N/A] means that the paper does not include experiments.

* If the paper includes experiments, a answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
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some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]

Justification: We provide anonymized benchmark data, reference artifacts, evaluation scripts,
prompt templates, and reproduction instructions.

Guidelines:

* The answer [N/A] means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://neurips,
cc/public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not

be possible, so is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//neurips.cc/public/guides/CodeSubmissionPolicy) for more de-
tails.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyperpa-
rameters, how they were chosen, type of optimizer) necessary to understand the results?

Answer: [Yes]

Justification: The paper reports the evaluated model set, benchmark composition, task defi-
nitions, prompts, evaluation metrics, simulator choice, number of trials, and hyperparameter
details including token limit and temperature settings.

Guidelines:

» The answer [N/A] means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: We report mean success rates with confidence intervals/standard errors com-
puted over independent trials, and state how uncertainty estimates are calculated.

Guidelines:

* The answer [N/A] means that the paper does not include experiments.
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8.

10.

* The authors should answer [Yes] if the results are accompanied by error bars, confidence
intervals, or statistical significance tests, at least for the experiments that support the
main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

¢ It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

* It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g., negative
error rates).

e If error bars are reported in tables or plots, the authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]

Justification: The paper reports the local CPU, GPU, GPU memory, CUDA version, RAM,
and OS used for API querying and analysis.

Guidelines:

* The answer [N/A] means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

 The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]

Justification: The research was conducted on educational benchmark tasks and anonymized
educator feedback, and the paper describes voluntary participation, anonymized reporting,
and consent procedures for the human-subject components.

Guidelines:

e The answer [N/A| means that the authors have not reviewed the NeurIPS Code of
Ethics.

o If the authors answer , they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?
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Answer: [Yes]

Justification: Section 5 discusses positive educational impacts, such as reducing instruc-
tor workload and supporting less-experienced teachers, as well as risks such as students
bypassing reasoning through ready-made LLM-generated answers.

Guidelines:

» The answer [N/A] means that there is no societal impact of the work performed.

* If the authors answer [N/A] or , they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate Deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pre-trained language models,
image generators, or scraped datasets)?

Answer: [N/A]

Justification: The paper does not release a high-risk pretrained model, image generator,
scraped dataset, or similarly misuse-prone asset; the introduced benchmark consists of
educational physical-computing tasks and evaluation artifacts.

Guidelines:

* The answer [N/A] means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]

Justification: We cite all existing assets and provide their versions, licenses, and terms-of-use
considerations in the supplemental material.
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Guidelines:

* The answer [N/A] means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the package
should be provided. For popular datasets, paperswithcode.com/datasets has
curated licenses for some datasets. Their licensing guide can help determine the license
of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]

Justification: The released PCEVAL assets include documentation covering task structure,
file formats, reference artifacts, evaluation scripts, limitations, and license information.

Guidelines:

* The answer [N/A] means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

 The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [Yes]

Justification: Appendices A and B provide participant details, interview/survey procedures,
question prompts/instructions, consent information, anonymization, and compensation
details.

Guidelines:
» The answer [N/A] means that the paper does not involve crowdsourcing nor research
with human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects
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Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [Yes]
Justification: We conducted interviews with IRB approval.
Guidelines:

* The answer [N/A]| means that the paper does not involve crowdsourcing nor research
with human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

Declaration of LLLM usage
Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used

only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigor, or originality of the research, declaration is not required.

Answer: [Yes]

Justification: The paper describes LLMs as the evaluated systems in the core benchmark
methodology and includes prompt details; Appendix N also discloses the use of LLMs for
grammar checking, sentence restructuring, and language polishing.

Guidelines:

* The answer [N/A] means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

* Please refer to our LLM policy in the NeurIPS handbook for what should or should not
be described.
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