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Abstract

While frontier multimodal foundation models achieve
strong performance on two-dimensional web DOM nav-
igation and static visual question answering, their capa-
bilities degrade sharply inside three-dimensional para-
metric Computer-Aided Design (CAD) environments.
We introduce spacetime-ml/cad-cua, an open-access
(CC BY 4.0, 5.53GB, 401 verified files) multimodal
Computer-Use Agent (CUA) and Reinforcement Learn-
ing with Verifiable Rewards (RLVR) dataset and bench-
mark. The public release pairs 62 long-horizon hu-
man desktop CAD episodes across six commercial and
open-source software suites (Solid Works, PTC Creo, Au-
toCAD, FreeCAD, Autodesk Fusion, and Autodesk In-
ventor; 11,792 privacy-audited lossless PNG observa-
tions and 237,579 timestamped OS GUI events) with
48 standardized ISO-128 Third-Angle orthographic and
isometric engineering blueprints, 215 native paramet-
ric and ISO-10303-21 (.STEP) Boundary-Representation
(B-Rep) deliverables, and verify_step.py—a zero-
dependency deterministic geometric verifier. Evaluating
leading frontier models across a deduplicated 20-task
2D-blueprint-to-3D-B-Rep reconstruction benchmark
(data/benchmark. jsonl), we find that Claude 4.5,
GPT-5.2, and Gemini 3 exhibit an 85.0% to 90.0%
failure rate (achieving Pass@l rates of 15.0%, 10.0%,
and 10.0%, with mean B-Rep rewards of 0.463, 0.391,
and 0.371, respectively, compared to 100.0% and R =
1.000 for human mechanical engineers). We catego-
rize five systematic failure modes in 3D spatial ground-
ing and show how pairing multi-engineer trajectories
(part_family_id) with deterministic B-Rep rewards en-
ables Direct Preference Optimization (DPO) and Group
Relative Policy Optimization (GRPO).

1 Introduction
Autonomous Computer-Use Agents (CUAs) and code-

generating reasoning models have advanced rapidly
in domains where state transitions occur over one-

dimensional text streams or two-dimensional document
object models (DOMs) [1]. In contrast, mechanical engi-
neering, industrial tooling, and robotics hardware design
take place inside continuous, three-dimensional paramet-
ric Boundary-Representation (B-Rep) kernels such as
Parasolid, ACIS, Granite, and OpenCASCADE |2, 3].

Reconstructing a watertight 3D mechanical part from
a standardized two-dimensional engineering drawing
(ISO 128 / ASME Y14.5) requires three core spatial ca-
pabilities:

1. Multi-View Orthographic Mental Rotation:
Integrating Third-Angle orthographic projections
(Front X—Z, Top X-Y, and Right Y—-Z planes) into
a consistent 3D FEuclidean coordinate frame without
axis permutation.

2. Topological Manifold Closure: Ensuring that
sequential 2D sketch profiles, boolean extrusions,
revolutions, fillets, and counterbores resolve to a wa-
tertight solid (CLOSED_SHELL > 1, OPEN_SHELL = 0)
satisfying the Euler—Poincaré invariant xy =V — E+
F=2(5-g).

3. 6-DoF GUI Viewport Control: Orbiting, pan-
ning, and zooming a 3D viewport via middle-mouse
and scroll telemetry to select occluded faces and sub-
pixel geometric constraint snaps.

To support reproducible research on 3D engineer-
ing agents, we release spacetime-ml/cad-cua alongside
verify_step.py, an out-of-band ISO-10303-21 (.STEP)
geometric verifier that grades candidate 3D solids in un-
der 10ms without relying on Vision-Language Model
(VLM) judges.

2 Dataset Architecture & Prove-

nance
Table 1 summarizes the inventory of
spacetime-ml/cad-cua, and Figure 1 displays
representative desktop CAD observations across
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(a) SolidWorks 3D B-Rep solid (b) PTC Creo 10.0 clevis boss (¢) Autodesk Fusion housing (d) SolidWorks constrained 2D

(cad-000020, 78 faces). (cad-000038, 69 faces).

(cad-000030, 70 faces).

sketch (cad-000021).

Figure 1: Representative 3D CAD viewport keyframes from spacetime-ml/cad-cua across commercial desktop CAD kernels,
showing parametric feature trees, geometric constraint relations, and shaded B-Rep solids.

Table 1: Summary statistics of the public
spacetime-ml/cad-cua release and held-out enterprise
vault.

Dataset Dimension / Modality Verified Value

Public Repository Footprint (SHA256SUMS)

Retained Public CAD Episodes (default)
SolidWorks /| PTC Creo / Other 4 Suites

Retained Lossless Viewport Keyframes

Raw Frames Audited via 9-Pass CPU OCR

Timestamped Desktop GUI Telemetry Events

Paired CAD Model Archives (models)

401 files (5.563GB)
62 episodes
51/9/4

11,792 PNGs
72,070 frames
237,579 events

48 archives

Total Mechanical CAD Deliverables 215 files
Native Parametric (.sldprt, .prt, etc.) 115 files
1SO-10303-21 B-Rep Solids (.step/.stp) 98 solids
Surface Mesh / Exchange Files 2 files

ISO-128 2D Reference Blueprints (PNG+PDF) 48 pairs

Deduplicated Frontier Benchmark Tasks 20 tasks

Total Verified Pool (Incl. Holdout)

Total Recorded Engineering Duration

Total Upstream Frames / GUI Events
Multi-Engineer Part Families (part_family_id)
Duplicate Deliverable SHA-256 Hashes

105 sessions
72.12 hours
102,821 / 502,556
29 families

0 (100% unique)

SolidWorks, PTC Creo, and Autodesk Fusion. Each
episode is distributed as a self-contained archive
(episodes/cad-XXXXXX.zip) paired with a lossless

viewport  keyframe  (previews/cad-XXXXXX.png),
a cursor-annotated H.264 trajectory video
(previews/cad-XXXXXX.mp4), and a storyboard

PDF (pdfs/cad-XXXXXX.pdf).

2.1 Tri-Modal Desktop Telemetry & 9-
Pass OCR Audit

Unlike synthetic command-sequence corpora lim-
ited to basic sketch-and-extrude primitives [2],
spacetime-ml/cad-cua records human mechanical en-
gineers operating commercial CAD kernels. Our capture
daemon polls the window manager to verify foreground
application context (app_context_updated_at) while
recording normalized cursor coordinates (z,y) € [0, 1]?,
mouse button states, keyboard shortcuts, and 3D
viewport orbit/scroll vectors.

All 72,070 raw captured frames pass through a 9-pass

CPU Vision Optical Character Recognition (OCR) and
byte-level inspection pipeline (finalize_release.py).
Any frame or archive member containing personally
identifiable information (PII), OS usernames, email ad-
dresses, or secret tokens is masked or excluded, yielding
zero privacy violations across all 13,276 archive mem-
bers.

2.2 Separation of Reference Blueprints
& Deliverables

To prevent target leakage, 2D reference engineer-
ing drawings (blueprints/cad-XXXXXX.png and .pdf)
are separated from ground-truth 3D deliverables
(models/cad-XXXXXX.zip). Each blueprint renders four
views under ISO 128 Third-Angle projection (Top X-Y,
Isometric 3D B-Rep, Front X—Z, and Right Y-Z), anno-
tated with bounding envelope dimensions (AX x AY x
AZ in millimeters) and bore callouts under ISO 2768-
mK tolerances.

3 Deterministic B-Rep RLVR

Verification

Let M. denote a candidate ISO-10303-21 .STEP file gen-
erated by a policy my, and let My denote the human
ground-truth .STEP solid.

3.1 Topological Manifold Closure Gate

An ISO-10303-21 entity graph defines topological en-
tities MANIFOLD_SOLID_BREP (S), CLOSED_SHELL (C.),
OPEN_SHELL (C,p), ADVANCED_FACE (F), EDGE_CURVE
(E), and VERTEX_POINT (V). A valid watertight solid
must satisfy the manifold gate:
gmanifold(Mc) - I[[(S + Ccl Z 1) N (Cop - 0) A (F 2 4)] .
(1)
If Gmanifold(M:) = 0, the candidate contains un-
healed surface gaps or non-manifold sheets, and
verify_step.py returns R(M,, Mg) = 0.0.



3.2 Four-Term Composite Reward

For watertight solids satisfying Eq. (1), let o(a,b) =
min(a,b)/ max(a,b) € (0,1] denote the symmetric ratio
similarity for a,b > 0. We compute four invariant sub-
scores:

1. Principal-Axis Bounding Box & PCA Spread
(Sbbox, weight 0.35): Using sorted principal ex-
tents d(l) > d(2) > d(g) and singular values )\(1) >
A2) = Ay of the centered vertex covariance ma-
trix:

3
1 1
_ c gt c gt
Sbbox = ZC’@(@’ d(k)) t3 ZU(A(k)’ A<k>) :
k=1 k=1
(2)
2. Closed-Shell Volume & Surface Area (syol,

weight 0.25): Comparing solid volume V; and sur-
face area Ag:

svol = 0.600 (VS VE') 4+ 0.40 0 (AS, A5%) . (3)

3. B-Rep Topological Graph (siop, weight 0.20):
Matching topological entity counts (F,E,V) and
Euler characteristic xy =V — E+ I

Stop = 0.45 0 (F¢, Fgt)+0.35 0(Eq, Egy)+0.20 0(Ve, Vgt ).

(4)

4. Analytical Surface & Bore Spectrum (ssurf,
weight 0.20): Matching counts of planar, cylindri-
cal, conical, and toroidal surfaces along with sorted
cylindrical bore radii {r; <--- <}

The composite reward R € [0,1] is defined as:

R(M¢, Mgt) = 0.35 Sppox+0.25 8y01+0.20 5465 +0.20 Sgunt.

()
A candidate solid passes (passed = True) if and only
if Gmanifold(Mc) = 1, Sbbox > 0.90, and R(M, Mg;) >
0.85.

4 Empirical Evaluation & Failure
Taxonomy

We evaluate Claude 4.5, GPT-5.2, and Gemini 3
across all 20 deduplicated benchmark tasks in
data/benchmark. jsonl. Table 2 and Figure 2 summa-
rize aggregate performance, while Table 3 reports the
complete per-task ledger.

Frontier models fail on 85.0% to 90.0% of the bench-
mark tasks. Figure 2(b) quantifies the five recurring fail-
ure modes observed across failed candidate . STEP solids:

1. Non-Manifold Shell & Open-Loop Collapse
(64.0%): On high-genus parts such as cad-000039

(AX-103C, 128 faces, 34 cylindrical bores), in-
tersecting fillets and unclosed 2D sketches yield
OPEN_SHELL > 0, failing Eq. (1) (R = 0.000).

2. Orthographic Projection & 3D Axis Per-
mutation (58.3%): Models conflate Third-Angle
Front (X—Z) and Right (Y—-Z) depth callouts, swap-
ping principal extents or extruding inclined bosses
normal to the base plane (cad-000044).

3. Internal Counterbore & Hole Array Omis-
sion (78.0%): Models approximate the outer
bounding envelope (Sphox € [0.45,0.54]) but omit
coaxial internal counterbores and bolt-circle pat-
terns (Squrr € [0.29,0.37]).

4. 6-DoF Viewport Starvation in GUI CUA
(81.5%): When operating SolidWorks or PTC Creo
directly via screen-space mouse actions, policies fail
to orbit the camera to select occluded back-faces.

5. Parametric Rebuild Fragility (88.0%): Mod-
els hardcode absolute Cartesian coordinates rather
than geometric constraints (concentric, tangent,
symmetric), causing feature trees to fail under di-
mension edits.

4.1 Qualitative Analysis across Commer-
cial CAD Suites

Examining individual benchmark tasks in Table 3 high-
lights a sharp complexity threshold around F =~ 80 B-
Rep faces. On lower-genus parts with orthogonal da-
tum planes—such as cad-bench-01 (cad-000006, 27
faces), cad-bench-06 (cad-000020, 78 faces, shown
in Figure la), and cad-bench-13 (cad-000038, PTC
Creo Model Mania clevis with 69 faces, shown in Fig-
ure 1b)—Claude 4.5 and GPT-5.2/Gemini 3 construct
closed solids that pass Eq. (1) with R = 0.975. How-
ever, as soon as the blueprint requires compound-angle
datum planes (cad-000044, 102 faces), swept variable-
radius fillets (cad-000043, 130 faces), or multi-bore hy-
draulic manifolds (cad-000018, 169 faces; cad-000039,
128 faces), all three frontier models fail to maintain man-
ifold closure or omit internal counterbore arrays.

5 Multi-Engineer DPO & Proce-
dural RLVR Scaling

Beyond the 62 public episodes in
spacetime-ml/cad-cua, SpacetimeML  maintains
an air-gapped enterprise holdout totaling 105 verified
human CAD sessions (72.12 hours, 102,821 frames,
502,556 OS events, 0 duplicate deliverable SHA-256
hashes). This pool includes 29 multi-engineer part
families (part_family_id), where 2 to 4 mechanical



Table 2: Official 20-Task Frontier Model RLVR Evaluation Standings on spacetime-ml/cad-cua (data/benchmark.jsonl).
All 20 tasks correspond to 20 distinct ground-truth .STEP archives.

Rank Model / Agent Policy Pass@1

Fail Rate

Mean R 5pbox Stop Primary Observed Failure Mode
1 Human CAD Engineer (GT) 100.0% (20/20) 0.0% 1.000 1.000 1.000 Watertight ISO-10303-21 B-Rep solid (x = 2)
2 Claude 4.5 (CUA + CAD Code) 15.0% (3/20) 85.0% (17/20)  0.463  0.543 0.415 Omitted counterbores, fillet self-intersection
3 GPT-5.2 (Thinking CAD Code) 10.0% (2/20) 90.0% (18/20)  0.391 0.476 0.335 3D principal axis swap, non-manifold shells
4 Gemini 3 (Multimodal Spatial) 10.0% (2/20)  90.0% (18/20) 0.371  0.449 0.324 Unclosed 2D sketches, missing hole arrays

(a) B-Rep Invariant Sub-Score Decomposition (N = 20)

B Human Engineer (1.000) [l Claude 4.5 Sonnet (0.463)
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(b) Failure Mode Incidence Across Failed Rollouts

Parametric Rebuild Fragility 88.0%
6-DoF Viewport Starvation 81.5%
Internal Bore Array Omission 78.0%
Non-Manifold Shell (x # 2)
3D Axis Permutation 58.3%
0% 25% 50% 75% 100%

Incidence Across Failed Rollouts (%)

Figure 2: Empirical evaluation on the 20-task spacetime-ml/cad-cua benchmark. (a) Mean composite RLVR reward R and
sub-score breakdown (Sbbox, Svol, Stop, Ssurf) across human ground truth and frontier models. (b) Incidence of the five primary

3D CAD failure modes across failed frontier model rollouts.

Multi-Engineer Horizon Spread per Shared Blueprint
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Figure 3: Modeling duration spread between fastest expert
(Tw) and exploratory (1) human trajectories across repre-
sentative multi-engineer part families (part_family_id), all
converging to verified R = 1.000 .STEP solids.

engineers independently model the same ISO-128
blueprint across SolidWorks and PTC Creo (Figure 3).

5.1 Horizon-Weighted Preference Learn-
ing & GRPO

Pairing a concise expert trajectory 7, (e.g., 10.4 min on
pf_model_mania_2011) with a longer exploratory tra-
jectory 7; (46.0 min) that solves the identical blueprint
enables Horizon-Weighted Direct Preference Optimiza-

tion (£CAD-DPO) [4]

max(0, |7| — |T;§|)

|71

)

U(r;By) = R(M(7), Mg) exp| —a

(6)
where |77| denotes the minimum verified human trajec-
tory length for part family f. Furthermore, because
verify_step.py executes in 3.8 ms per solid with zero
GPU overhead, it serves directly as a dense environment
reward for Group Relative Policy Optimization (GRPO)
[5]. Finally, verify_step.py --synthesize-step pro-
vides a procedural parametric B-Rep generator capa-
ble of synthesizing 50,000+ zero-contamination training
tasks across randomized bounding envelopes and bore
spectra.

6 Conclusion

spacetime-ml/cad-cua and verify_step.py provide
a reproducible foundation for evaluating and training
3D Computer-Use and Spatial Reasoning Agents. All
public data, SHA-256 manifests, and verification scripts
are available at https://huggingface.co/datasets/
spacetime-ml/cad-cua.
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