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Abstract

3D city models (3DCMs) are increasingly used in urban simulations, cadastral workflows,
and digital building permit processes, and automated validation of these models has become
a routine requirement. Existing validation services typically produce dense, frequently gener-
ated by SHACL engines, text-based reports that are difficult for users without a semantic-web
background to interpret. This paper describes the CHEK Validation Results Viewer (CHEK
VRV), a Flask-based web application that couples the OGC Data Completeness Validator with
an interactive Three.js 3D viewer of the CityJSON input. SHACL violations and geometric
invalidities are spatially explorable on a visual representation of the model, and the tool
supports both predefined CHEK Building Block Profiles and user-uploaded custom profiles.
We report a formative usability study with twelve domain experts (urban planners, data
vendors, academics) and use it to identify the tool’s current strengths, its limitations, and a
prioritized development roadmap. As reported by the participant experts, such a presentation
is easier to interpret than the raw JSON-LD report.

Keywords: 3D city models; data validation; SHACL; digital building permits; 3D visualization;
web architectures; CHEK; OGC

1. Introduction
3D city models (3DCMs) widely provide detailed urban representations for a wide

range of applications, including visualization, urban simulation, and 3D cadastre [1].
Preventing any time or economic losses in production chains of these efforts requires
qualified and standards-compatible 3DCMs [2,3]. In this context, researchers have started
to develop automated validation workflows that minimize human intervention and error
propagation and ensure standardization in terms of both geometric and semantic aspects
of 3DCM data.

Therefore, research on this type of validation is conducted using standardized data
models like CityGML, CityJSON, or IFC for different domains [4,5]. Geometric valida-
tion of these models is most commonly performed against the data-model specifications
themselves [2,4] and the ISO 19107 spatial schema [6]. However, if a use case involves
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various definitions or instances from multiple domains or application schemas, definition
conversions are necessary before performing semantic validation [7]. Such conversions
are often complex, error-prone, and difficult to maintain, and can cause redundant at-
tribute mapping between sources, especially when the target domains use heterogeneous
or evolving schemas [8].

To address this interoperability challenge, recent research has explored Semantic Web
(SW) technologies, which offer a formal, machine-readable way to link concepts across
domains and translate between different definitions [9,10]. Particularly, SHACL (Shape
Constraint Language) is the new research trend, as a W3C recommendation [11]. This
standard enables the validation of data-centric information management in the Architecture,
Engineering, and Construction (AEC) sector, ensuring compliance with domain-specific
requirements and conformity to container schemas [9].

However, the current SHACL-based validation workflows lack interactive and human-
readable reporting. Even in recent studies, validation results are typically expressed as raw
documents. A second approach embeds the results as metadata within the input dataset
itself [9,10,12].

The software presented here, the CHEK Validation Results Viewer (CHEK VRV), ad-
dresses this gap by coupling the OGC Data Completeness Validator (DCV) and the CHEK
Building Block Profiles with an interactive CityJSON-based 3D viewer. Validation results from
the DCV’s SHACL processor and from the val3dity geometric checks are presented within a
single web interface where users can click a violation message and see the affected building or
surface highlighted on the 3D model.

This paper makes three contributions. First, we describe a workflow that couples
the DCV with an interactive 3D viewer so that SHACL and val3dity outputs are resolved
against the same visual representation of the model. Second, we describe a JSON-LD
framing strategy that preserves the RDF semantics of the validation report while presenting
it in a structure consumable by a Three.js-based front end, removing the need for an in-
browser SHACL processor. Third, we report a formative usability study of the resulting tool
with twelve domain experts and use it to map the tool’s current strengths and weaknesses
to a development roadmap.

The formative usability study’s purpose is to find specific interpretability and interface
problems while the tool is still under development, not to test hypotheses about the tool’s
performance against alternatives or to estimate usability scores for a wider population. Twelve
participants are a small sample in absolute terms, but samples of this size are standard in
formative usability work, where seven to twenty-one evaluators have been shown to uncover
most usability problems [13]. However, such samples support only limited claims. We
therefore evaluate the study by what it reveals, namely problem discovery and agreement or
disagreement across the participating user groups, rather than by statistical significance, and
we treat the quantitative scores in Section 4 as descriptive of this sample only. The findings
the study is meant to support are two: that the participating experts judged the coupled 3D
presentation easier to interpret than the raw JSON-LD report, and that the weaknesses they
recorded translate into priorities for the development roadmap.

The remainder of this paper is organized as follows. Section 2 reviews existing
validation methods and visualization approaches and positions CHEK VRV against five
reference systems. Section 3 describes the test data and software, and the design of the
formative usability study. Section 4 presents the application’s outputs on the Lisbon profile
and the quantitative and qualitative results of the user study. Section 5 discusses these
results, addresses limitations and scalability, and uses SWOT framing to translate the
findings into a development roadmap. Section 6 concludes the paper.
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2. Background
2.1. Essentials of Semantic Web Technologies and Applications in the AEC Industry

SW enhances the traditional web by enabling humans and computers to work together
through information that carries explicit meaning, thus supporting interoperability [14].
It uses the Resource Description Framework (RDF) to represent data as interconnected
resources, forming knowledge graphs (KGs) that consist of entities linked by relation-
ships [15].

RDF expresses data as triples of subject, predicate, and object, where subjects and
objects, identified by URIs, act as nodes, and predicates represent edges. KGs can describe
domain concepts and properties (ontologies) using languages such as OWL (Web Ontology
Language) [16] or depict relationships between individual instances. Linking ontologies
with instances enables the exchange of semantically rich data, even across heterogeneous
or unforeseen schemas [17,18]. SHACL provides a framework for validating RDF data by
defining shapes that specify structural and semantic constraints. These shapes, organized
into a shapes graph, can be viewed as a form of KG [19,20]. SHACL processors compare
each shape with its target RDF node, report violations, and ensure that data meets the
required definitions, enabling consistent multi-domain validation [21].

This mechanism is crucial for ensuring data integrity and compliance within complex,
interconnected datasets, particularly in environments like the Architecture, Engineering,
and Construction industry, where diverse data sources need to conform to specific stan-
dards and requirements [22]. Unlike traditional RDF reasoning methods based on Web
Ontology Language, SHACL was primarily designed for data validation rather than infer-
ence, providing a robust mechanism for defining structural and semantic constraints on
RDF graphs [23].

A recent well-fitted use case of SHACL processors is DBP efforts. The process of
Building Permitting is a sequence of defining rules and construction control processes and
is an authorization that permits the start of the construction of a building [24,25]. The
digitalization of this process promises to eliminate the hassle of expert shortage and the
subjectivity of human checking processes, as well as to simplify the management and the
interpretation of regulations, resulting in time and cost savings [25,26]. DBPs are conducted
with rule-based compliance checks against a comprehensive set of standards, zoning laws,
and relevant regulations [27,28]. By encoding these rules as SHACL constraints, the DBP
process can be streamlined. This integration allows for automated validation of building
designs against regulatory requirements, leading to faster approvals and reduced human
error in the permitting workflow [9].

SHACL processors’ ability to express complex constraints, including cardinality, data
types, and relationships, allows for comprehensive validation of building permit data,
ensuring that 3DCMs adhere to the necessary technical requirements. In this direction,
OGC developed the “Data completeness validator” service and “OGC Building Block
Profiles” as a part of the CHEK project, which is funded by the European Union [29]. The
service includes a SHACL processor to validate 3DCM data, and the profiles are SHACL
graphs that include technical requirements for regulations of various European cities.

OGC CHEK Data Completeness Validator and CHEK Building Block Profiles

The validation solution developed in the CHEK project has two key components that
address the validation needs of CityJSON or CityGML formatted 3D models [30,31].

CHEK Building Block Profiles: SHACL shapes graphs that encode the technical and
regulatory requirements of specific European cities. These profiles formalize constraints,
such as minimum building heights, volumetric limits, or the presence of mandatory at-
tributes in a machine-readable form, enabling automated compliance checking for munici-
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pality requirements that combine data requirements and regulations. Different sets of rules
are published as profiles. Datasets can then be declared (or validated) to be compliant with
a given profile if they fulfill the constraints of all its validation rules. The Profiles Vocabu-
lary [32] can be used to describe profiles in either RDF format or using the OGC Building
Blocks [33], which allows users not only to include metadata and associate the profile with
one or more collections of rules (e.g., as SHACL files), but also to define inheritance and/or
specialization relationships, fostering reusability (i.e., if Profile A is a sub-profile of Profile
B, any dataset aiming to be compliant with the former is required to also comply with the
latter, without needing to redefine them, thereby reducing duplication).

Data Completeness Validator (DCV): A web-based service that processes 3DCM
datasets in formats such as CityGML or CityJSON, converting the input data into RDF
format, applying both geometric and semantic checks. At its core, the DCV incorporates an
SHACL processor to evaluate RDF representations of the input data against pre-defined
profiles. Geometric checks are employed through the open source val3dity software (ver-
sion 2.6.0). The geometric invalidities are added to the validation report after the semantic
validation is performed using the Building Block Profiles.

2.2. Visualization and Error Reporting Trends in SHACL Studies

While SHACL offers robust validation capabilities, the interpretability of its output,
particularly in complex scenarios, poses a significant challenge for end-users [9]. To un-
derscore the role of the CHEK VRV to fill this gap, it is crucial to analyze current trends in
visualization and error reporting within SHACL-based validation frameworks. While many
SHACL validation results are not inherently human-friendly, especially for individuals
without a technical background, current methodologies often focus on system development
and application domains rather than on evaluating the visual designs for diverse user
groups. This gap highlights a need for more intuitive and accessible visual analytics tools
for 3D urban data [34]. Moreover, the transformation of complex validation outputs into a
comprehensible format is paramount for diverse stakeholders, necessitating sophisticated
visualization techniques that can abstract technical details while retaining essential diag-
nostic information. This includes not only identifying defects but also providing actionable
insights for their rectification, moving beyond mere error reporting to a more proactive
problem-solving paradigm [35].

To establish an information exchange channel between diverse stakeholders, the
CityGML Quality ADE serves as a crucial foundation. This approach enables the seamless
integration of validation results directly within the data model, thereby facilitating efficient
data exchange and substantially enhancing data quality across various applications [36]. In
the context of employing knowledge graphs and SHACL engines for validating CityJSON
models, the framework outlined in [37] delivers a comprehensive methodology for self-
descriptive and transparent data verification, thereby establishing a vital communication
channel among stakeholders. Moreover, it implements an effective grouping of SHACL
violations by error type or SHACL shapes, yielding structured and interpretable outputs
that empower users to prioritize and resolve issues based on semantic categorization
rather than isolated occurrences in the data structure. Although this methodology excels
at highlighting geometric errors directly on the 3D model, it notably lacks interpretable
visualizations for semantic or attribute completeness errors, revealing a critical limitation
in making complex validation results accessible to non-expert users.

The web-based platform developed by Emamgholian et al. [38], iTwin4PP, utilizes
a visual land-use regulation assessment using Bentley’s iTwin platform. This platform
automates the modeling of 3D Land Use Regulations (LuRs) and integrates them into a
combined BIM and GIS environment, enabling spatial analyses to detect conflicts between
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LuRs and physical/planning objects. Although this platform shares a comparable visualiza-
tion objective with the proposed CHEK VRV and employs rule-based compliance checking,
it lacks interoperable validation mechanisms such as SHACL and is confined to LuRs for
Melbourne, thereby restricting its generalizability across heterogeneous data ecosystems.

Although the IFC model viewer, incorporating validation results from [5], adopts a
comparable visualization strategy to the CHEK VRV, its primary emphasis is on SHACL-
based validation of BIM data, without prioritizing the provision of an open web-based tool.

Generally, validation studies only adopt triple store-based textual validation reports,
in case their main objective was centered on machine-to-machine communication or report
observations of experts who have domain knowledge on the specifics of the dataset or SW
technologies; in other words, only a document compliance check effort against SHACL con-
straints. But projects like CHEK can require more sophisticated visualization and reporting
mechanisms to make validation results accessible to a broader audience, including those
without SW-specialized technical expertise. Especially when dealing with manual editing
tasks, such as modifying a 3D model within a CAD environment or inserting attributes,
immediate visual feedback on identified errors is essential for effective correction. This
immediate feedback loop can significantly reduce the iterative cycle of error identification
and remediation, thereby enhancing productivity and data quality in AEC workflows.

This study, CHEK VRV, addresses this gap by proposing a web application that utilizes
OGC CHEK Building Profiles and a DCV service, and offers an interactive CityJSON-based
visualization. The application utilizes SHACL-based semantic validation and presents the
evaluated results within a user-friendly interface where users can easily locate and observe
the SHACL violations directly on the 3DCM visualization. The application aims to make
this class of validation report interpretable to users without RDF/SHACL training; the
present study evaluates whether this aim is met for CityJSON-based workflows.

To position CHEK VRV against existing tools, Table 1 contrasts the present work with
five reference systems across five comparison axes: the validation engine used, whether
both semantic and geometric checks are covered, whether validation results are integrated
with a 3D visualization, whether custom user-supplied profiles are supported, and whether
the system is openly available.

Table 1. Comparison of CHEK VRV with existing 3D city models and BIM validation tools.

Tool/Framework Validation
Engine

Semantic +
Geometric

3D Visual
Integration Custom Profile Open

Source

val3dity [4] val3dity
(geometric only) Geometric only None (report only) No Yes

CityGML
Quality ADE [35]

Stores validation
in data model Both Indirect (via host

viewer) No (fixed ADE) Yes

iTwin4PP [37]
Rule-based
(Melbourne
LuRs)

Semantic only Yes (Bentley iTwin) No (LuR-specific) No

Pauwels et al. [5]
IFC viewer

SHACL on
BIM/IFC Both Yes Limited Partial

Akın et al. [36]
KG + SHACL

SHACL on
CityJSON KG

Both; geometric
invalidities are
highlighted only

Geometric only Partial Partial

CHEK VRV
(this work)

DCV (SHACL +
val3dity) Both Yes—both error

types on same scene
Yes (CHEK profiles +
user upload) Yes
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The contribution of CHEK VRV relative to this comparison set is not the introduction
of a new validation algorithm. It reuses val3dity and the DCV’s SHACL processor, but the
integration of both error classes on a single open, web-based 3D viewer, with support for
arbitrary user-supplied SHACL profiles.

3. Methodology
This section delineates the approach for developing and implementing the CHEK VRV,

outlining the architectural components, data flows, validation processes, and the details of
the test data used. Furthermore, a SWOT analysis was conducted to evaluate user feedback
on the CHEK VRV, offering a comprehensive perspective on its practical implementation
and future development prospects, as detailed in Section 3.3.

3.1. Test Data

To effectively test the functionality of the DCV service and the CHEK VRV as well, a
carefully curated selection of 3D city models is utilized. The primary format for this test
data consists of CityJSON datasets, chosen for their compact structure and suitability for
web-based applications, which encode the CityGML data model [39]. The current document
outlines that the CHEK Validation Results Viewer is a Flask-based application that validates
CityJSON models against SHACL constraints using the OGC Data Completeness Validator
and CHEK Building Block Profiles.

The dataset contains the definitions and rulesets of the validation profiles created for
the CHEK project, as well as sample data, including:

• Profiles for the cities of Ascoli Piceno, Lisbon, Vilanova de Gaia, and Prague.
• Sample data used for the pilot case of Ascoli Piceno, provided by the municipality.
• Sample data for the pilot case in Lisbon, acquired specifically for the CHEK project.

The test datasets are designed to encompass a variety of scenarios pertinent to 3D city
model validation, focusing on both geometric and semantic compliance [40]. They include:

• Real-world 3D City Models: Subsets of actual urban environments are frequently
employed to ensure the practical relevance and applicability of the validation processes.
These datasets can be sourced from various open data initiatives and may undergo
conversion from CityGML to CityJSON for use with the CHEK VRV. The sample
data described above, specifically for Ascoli Piceno and Lisbon, are examples of such
real-world datasets used in the CHEK project. Academic sources further discuss the
integration of CityGML and CityJSON models in projects like CHEK for developing
suitable profiles and interoperable analysis software [41].

• Models with Known Geometric Irregularities: To test geometric validation capabilities,
datasets include objects with common geometric and topological errors that tools like
val3dity are designed to detect. This ensures the viewer can accurately pinpoint and
visualize such issues. Academic discussions around CityGML software support and
benchmarks, such as the GeoBIM benchmark, also highlight problems related to the
implementation of the standard and the use of standardized data, which necessitate
such validation efforts.

• Models Exhibiting SHACL Constraint Violations: Crucially, the test data incorporates
CityJSON models that intentionally violate specific SHACL constraints defined in the
OGC Data Completeness Validator and CHEK Building Block Profiles. This allows
for rigorous evaluation of the semantic validation process and the viewer’s ability to
clearly present these violations within the 3D environment, as highlighted in the current
document. Such violations might include missing attributes, incorrect data types, or
non-conforming relationships, which are critical for demonstrating the interpretability
features of the CHEK VRV. The various city profiles mentioned in the repository, such as
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those for Ascoli Piceno, Lisbon, Vilanova de Gaia, and Prague, represent distinct sets of
SHACL constraints that would be used to test for such violations.

Used Dataset Characterization

While validation profiles have been developed for all four municipalities, the avail-
ability of openly licensed and redistributable sample data is currently limited to the Lisbon
pilot case, whose dataset was acquired specifically for the CHEK project under terms that
permit public sharing. The datasets for the remaining three cities, though used internally
during project demonstrations, are subject to municipal data governance restrictions that
preclude their open publication. Consequently, the Lisbon model and its synthetically
augmented counterpart serve as the primary and reproducible test case throughout this
study, offering the most complete basis for transparent benchmarking of the CHEK VRV.

The Lisbon real-world model contains 44 city objects across five feature types: 8 LOD2
Building, 7 BuildingInstallation, 27 BuildingStorey, 1 OtherConstruction, and 1 Road,
represented by 64 MultiSurface geometric primitives. Geometric validation against val3dity
reveals 104 detected errors, all classified as RING_SELF_INTERSECTION, affecting 2 of
the 64 MultiSurface primitives. At the feature level, 1 Building and 1 BuildingStorey
instance are flagged as geometrically invalid, while all remaining features pass geometric
checks. The synthetic counterpart reproduces this urban subset identically in structure but
supplements it with deliberately injected attribute-level SHACL constraint violations. The
synthetic error set covers two principal violation classes: (i) out-of-range attribute values,
such as a legalHeight value exceeding the municipally defined limit; and (ii) cardinality
violations, such as a building featuring multiple mainEntrance instances where the profile
mandates exactly one. This controlled injection strategy ensures that each violation is
precisely traceable to a specific SHACL constraint rule, enabling deterministic ground-truth
evaluation of the CHEK VRV’s detection and visualization capabilities.

Taken together, the paired real-world and synthetic Lisbon models provide comple-
mentary coverage of the two validation dimensions central to the CHEK VRV: geometric
errors surfaced by val3dity and semantic violations surfaced by SHACL profile confor-
mance checking. The synthetic augmentation widens the violation coverage of the Lisbon
model, but it does not widen its geometric or semantic envelope. The four city-specific
SHACL profiles, covering Ascoli Piceno, Lisbon, Vilanova de Gaia, and Prague, are all
fully operational and in the exact same format within the CHEK VRV. The exclusive use
of Lisbon data in this study reflects open data availability constraints rather than any
restriction of the validation framework itself. The usability results reported here are specific
to this 44-object model. While the remaining datasets differ only in building morphology
and attribute-level profile constraints, the validation engine processed them without issue
during internal project demonstrations, behaving consistently with the Lisbon case.

3.2. Software Description

The CHEK VRV is built as a Flask-based [42] web application that brings together
server-side processing and client-side visualization to make the validation of 3D city models
user-friendly. Using Flask as the core framework, the application connects to the DCV
service through a set of RESTful endpoints for tasks like model submission, validation
execution, and retrieving SHACL-based results. By separating the backend logic from the
interactive front-end interface, the system enables users to upload CityJSON models, run
validations, and instantly explore the results within a 3D viewer in real-time. The following
sections break down the software architecture and components.
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Software Architecture

Figure 1 shows the architecture, and Figure 2 shows the user interface of the CHEK
VRV. Users upload CityJSON files through the “Choose File” button in the CityJSON File
section (object 3 in Figure 2). After the file upload, users get the available profiles from the
DCV service using the “Get Available Building Profiles” button, then select a profile from
the dropdown list below the button. (objects 1 and 2 in Figure 2). Additionally, users can
upload their own custom profiles using the “Upload Custom Profile” button (object 5 in
Figure 2).

Through the “Run Validation” button, the application sends the selected profile ID and
the uploaded model to the DCV service (object 6 in Figure 2). Users can view the uploaded
CityJSON model in the bottom right section of the interface, through the “View Model”
button (objects 4 and 10 in Figure 2). Next, after the application receives and parses the
validation results, the geometric validation results with validation messages from val3dity
are listed in the bottom left section of the interface (object 8 in Figure 2).

Users can highlight any invalid object from the list on the 3D model view by clicking
on primitives in the list and observing the geometric invalidities at the place. The semantic
results, completeness invalidities, and violation messages from the SHACL-based valida-
tion report are listed in the middle-left section (object 7 in Figure 2). If the required attribute
is completely missing in the data, the message in the middle right section says, “Attribute
can not be found”. Otherwise, if the attribute is out of the range defined by the profile, the
message shows both the declared and the desired values (object 9 in Figure 2).

Figure 1. The architecture of the CHEK VRV. Each different colored arrow set stands for a specific
content transfer. The red arrow follows the visualization traffic, which ends with GLB fetching. The
green arrow stands for the validation process. The blue arrow stands for the SHACL profile selection
from the DCV service.
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Figure 2. The user interface of the CHEK VRV.

The application repository has a descriptive step-by-step README to enable easy
deployments on any servers. The application is online at https://chekvalidityviewer.
tudelft.nl/3dinteractivevalidation/ (Latest access: 21 June 2026). In addition, the README
file includes an endpoint mapping table for any reader who wants to deploy or extend the
system without reading the source.

3.3. User Experience Evaluation

To assess the efficacy and usability of the CHEK VRV, a user experience evaluation
was conducted as a formative usability study, focusing on factors such as intuitive interface
design, clarity of validation feedback, and overall efficiency in identifying and resolving
model discrepancies. User feedback was collected through an online questionnaire, and the
responses were analyzed quantitatively (means and distributions of the closed-response
items) and qualitatively (inductive coding of the open-ended responses). SWOT framing
is used in the discussion (Section 5.3) as a supporting tool for translating findings into
a development roadmap, to obtain insights into the platform’s strengths, weaknesses,
opportunities for enhancement, and potential threats to widespread adoption [43].

Participants and Questions

Twelve participants were recruited as a convenience sample from the CHEK project’s
network of stakeholders and adjacent practitioners. The sample composition (six aca-
demics/researchers, three data vendors/3D modelers, two urban planners/municipal
officers, one student) reflects the intended user population for the tool but is not statistically
representative. The goal is to expose specific usability and interpretability issues that can
guide development, not to make point estimates of population-level usability scores.

The instrument was an online questionnaire (28 items) covering the five categories
summarized in Table 2.

Participants completed the questionnaire after a guided walk-through of the tool using
a CHEK-supplied sample dataset (Lisbon). The walk-through took approximately 5 min;
total response time, including the questionnaire, averaged 7 min per person.
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Table 2. Questionnaire structure.

Category Items Response Scale

Consent and demographics 3 Binary/multiple choice
Technical proficiency (self-report) 5 1–5 Likert
Model ingestion and profile selection (ease) 3 1–5 Likert (very difficult → very easy)
Validation execution, navigation, structural logic 3 1–5 Likert
Usability and error-message interpretability 7 1–5 Likert and binary
Cognitive load and comparison with raw report 3 1–5 Likert (minimal → exhaustive effort)
Future-enhancement prioritization 3 1–3 ranking
Qualitative feedback 1 Open text

The demographic breakdown in Table 3 reveals a very clear user persona: the par-
ticipants are experts in geometry, 3D visualization, and CAD authoring, but they are
intermediates when it comes to backend SW technologies (RDF/OWL) and structured data
validation. As exactly half of the users had never even seen a JSON-LD report before, it
successfully serves a demographic that possesses deep spatial and architectural knowledge
but requires an intuitive, visual 3D interface to bridge their gap in SW expertise.

Table 3. Participant demographics and technical proficiency.

Category Metric Value Key Insights & Notes

Professional
Roles Academic/Researcher 50% (n = 6)

Strong mix of data producers and
end-users, leaning heavily toward
research and spatial data production.

Data Vendor/3D Modeler 25% (n = 3)
Urban Planner/Municipal Officer 17% (n = 2)
Student 8% (n = 1)

Sectoral
Experience Average/Median 6.17 Years/6.00 Years

Highly experienced pool. Urban
Planners are the most senior (Average:
9 years), followed by Academics
(6.5 years) and Data Vendors (5 years).

Technical
Proficiency

CAD or 3D Visualization
Software 4.67/5.0 (Expert) Highest skillset, near-perfect scores

across the board.
3D City Modeling
(CityJSON/CityGML) 3.83/5.0 (High) Highly familiar with 3D city data

structures.
Validation Procedures 2.75/5.0 (Moderate) Less prominent in their routines.

Semantic Web Tech (RDF, OWL) 2.25/5.0 (Novice) The group’s weakest area
(Data Modelers dropped to 2.0).

Prior
Familiarity

Interacted with
JSON-LD/Validation

50% Yes (n = 6)
50% No (n = 6)

Exactly half of the users had never seen
a JSON-LD validation report before.

UX
Implication User Persona Profile

Expert: CAD & 3D
Geometry
Novice: Semantic
Web & RDF

Validates the core mission of CHEK VRV:
Bridging the gap for spatial experts who
need visual interfaces to understand
complex semantic validation.

4. Results
4.1. Application Demonstration

To illustrate the validation workflow, we report the outputs produced when the Lisbon
sample dataset is validated against the Lisbon Building Block Profile. The profile’s UML
diagram is reproduced in Figure 3. Among its constraints, the Lisbon profile requires that
every Building object carry attributes such as legalHeight, legalVolume, storeysBelow-
Ground, and material descriptors for wall and roof surfaces, and that geometric accuracy
meets a defined tolerance.
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Figure 3. The UML diagram of the Lisbon profile.

Figure 4 shows the CHEK VRV interface following a complete validation run against
building ID_25896_0. The left panel presents the full set of SHACL violations reported
for this object, including missing legalHeight, missing legalVolume, missing storeysBe-
lowGround, absent material attributes on WallSurface and RoofSurface, and a geometri-
cAccuracy value that fails the profile threshold, alongside the val3dity geometric errors
detected in the dataset, which include RING_SELF_INTERSECTION errors on a Building
primitive and a BuildingStorey primitive, and a PRIMITIVE_NO_GEOMETRY error on the
Road object. The right-hand attribute panel displays the attributes currently stored on the
selected object (measuredHeight, roofType, storeysAboveGround), making it immediately
apparent which required attributes are present and which are absent without requiring the
user to consult the profile documentation separately. In the 3D viewport, the geometrically
invalid surface is highlighted in red, spatially locating the error within the building’s
roof geometry.

The design intent visible in this figure is the co-location of three distinct information
layers, semantic violations, geometric errors, and stored attribute values within a single
screen state. A user can move from identifying that legalHeight is missing, to confirming
which attributes the object does carry, to locating a geometric defect on the same roof,
without navigating away from the viewer or cross-referencing external validation reports.

To support a clearer understanding of the functions described above, a narrated
demonstration video with subtitles is provided alongside this paper. The application is
publicly accessible, and the test data used in this study is available through the repository
linked in Section 3.1. The video, the live application, and the test data can be accessed at
the following links:

• Demonstration Video: https://github.com/tudelft3d/3dinteractivevalidation/blob/
main/usage_video.gif (Latest access: 21 June 2026).

• CHEK VRV Application: https://chekvalidityviewer.tudelft.nl/3dinteractivevalidation/
(Latest access: 21 June 2026).

• Test Data Folder: https://github.com/tudelft3d/3dinteractivevalidation/tree/main/data
(Latest access: 21 June 2026).
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Figure 4. The snapshots of invalidity samples from the application interface.

4.2. Quantitative Survey Results

Table 4 summarizes the closed-response items. We report mean scores and the full dis-
tribution, where the latter is informative; for binary and multiple-choice items, we report
counts.

Table 4. Closed-response survey results (n = 12).

Item Mean (1–5) Distribution/Note

Ease: uploading CityJSON 4.58 7 ranked as 5, 5 ranked as 4
Ease: fetching municipal profiles 4.42 —
Ease: uploading custom SHACL profile 3.92 Two participants scored 2
Visibility of system status (latency) 3.50 Lowest-scored UI item
3D viewer intuitiveness 4.92 11 ranked as 5, 1 ranked as 4
Structural logic of report hierarchy 4.17 —
Spatial mapping (semantic → geometric) 4.33 —
Mental effort: raw JSON-LD report 3.25 Higher = more effort
Mental effort: CHEK VRV viewer 1.50 Higher = more effort
Correction-workflow actionability 4.42 —
Highlighting granularity — 9 sufficient, 3 require finer
Easier to locate (geometric vs. semantic) — 9 geometric, 3 semantic
Diagnostic distinction (missing vs. mismatch) — 11 excellent, 1 poor

The ranking exercise on future enhancements (1 = highest priority) returned: direct
CityGML-to-GLB conversion (mean rank 1.75, ranked first by 7 of 12); semantic hierarchy
preservation in GLB (mean rank 2.08, ranked first by 4 of 12); attribute-based styling (mean
rank 2.17, ranked first by 1 of 12).

Three findings stand out, and we return to them in the discussion. (i) The 3D viewer
scored at the ceiling of the scale (4.92)—within the constraints of self-report, this is as clear
a signal as the instrument can deliver. (ii) The self-reported mental-effort gap between the
raw JSON-LD report and the viewer is large (3.25 vs. 1.50), though we caution that this is a
same-respondent comparison after a 25 min guided walk-through and so is not a clean A/B
contrast. (iii) Geometric errors are easier to locate than semantic errors (9 of 12 participants).

https://doi.org/10.3390/ijgi15070282

https://doi.org/10.3390/ijgi15070282


ISPRS Int. J. Geo-Inf. 2026, 15, 282 13 of 18

4.3. Qualitative Results

The open-ended item attracted ten substantive responses (the other two were empty
or “no comment”). We coded these inductively into four themes:

• Integration with authoring tools (n = six responses). Six of the ten respondents asked
for live synchronization with native authoring tools—most frequently QGIS and
Revit. One participant wrote: “Increasing the use of automated error correction tools,
more detailed visual error reporting, and live synchronization with popular BIM/GIS
software will significantly improve productivity.”

• CityGML support (n = 4). Four respondents flagged CityGML as a blocker for their
own workflows.

• Loading-state feedback (n = 3). Three respondents commented on the lack of progress
indication during long validation runs—the same issue surfaced in the closed-response
item on system-status visibility (3.50/5).

• Granularity (n = 3). Three respondents requested face-level highlighting rather than
the current building/condominium-level highlighting.

5. Discussion
5.1. Interpretation of the Quantitative Findings

The 3D viewer received a near-ceiling intuitiveness score (4.92/5). Two factors plausibly
account for this: the participant pool is heavily skilled in CAD and 3D visualization (mean
self-rated proficiency 4.67/5), so a Three.js-based viewer is in their visual idiom; and the
walk-through used a small (8-building) dataset on which the viewer is responsive. We would
not extrapolate this score to other user populations or larger models without further evidence.

The mental-effort gap between the raw report and the viewer is the largest single
contrast in the data. It should be noted that this is a same-respondent self-report compari-
son made immediately after a guided walk-through, with all the ordering and demand-
characteristic risks that imply, is acknowledged here and not advertised away. What we
are willing to claim is that twelve practitioners with non-trivial domain expertise reported
a substantial preference for the visual presentation. A controlled time-on-task study is
needed before that preference is converted into a performance claim.

Among the user study findings, the preference for geometric over semantic error localiza-
tion was perhaps the most noteworthy, as it reveals a discoverability asymmetry that the current
interface does not fully resolve; this observation is examined in detail in Section 5.2.

5.2. Why Are Semantic Errors Harder to Visualize?

In a geometric error, the referent of the error is a region of space (a self-intersecting
solid, a non-planar surface, etc.), and the natural visual response is to mark that region. In a
missing-attribute error, the referent is not a region of space at all: it is a tuple (object, schema
property) where the property has no value to display. The viewer can do no better than
highlight the object that lacks the property and rely on text to communicate what is missing.

This was visible in the qualitative responses. Two participants explicitly described
missing-attribute errors as “harder to see” precisely because there was nothing to see: the
building looked, in the 3D scene, exactly like every other building. The mismatch case is in
between: there is a value to compare against the required range, so the side-panel can show
the comparison, which is presumably why the diagnostic-distinction item scored 11 of 12.

This is an inherent property of attribute-completeness validation, not a defect of the
present implementation. We see two avenues for partial remediation: thematic coloring
of buildings by which attributes they carry (so the absence is visible in aggregate), and an
attribute-completeness summary view that operates on the model as a whole rather than
per object. Both are out of scope for the present paper at this time.
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5.3. SWOT-Framed Synthesis

• Strengths: The 3D viewer’s intuitiveness (4.92/5), the integration of geometric and semantic
results in a single view, and the clarity of the missing-vs-mismatch diagnostic distinction
(11 of 12) are the three findings on which the tool’s current form is on firm ground.

• Weaknesses: The lowest-scored item was visibility of system status during validation
(3.50/5), confirmed by qualitative comments on loading feedback. Semantic-error
discoverability is the second area where the tool is materially weaker than it is for
geometric errors.

• Opportunities: The ranking exercise (Section 4.2) and the qualitative responses
(Section 4.3) converge on these near-term development priorities, in order: direct
CityGML support, semantic hierarchy preservation in GLB, attribute-based styling,
and live synchronization with authoring GIS/BIM tools.

• Threats: The dependence on the DCV remote service means that DCV downtime
or API changes propagate to the tool; this is an operational risk inherited from the
architecture rather than a flaw in the implementation and is the main reason the
repository pins specific DCV versions. In addition, as noted in qualitative feedback,
ensuring validation continuity and stability, specifically through “dynamic data”
updates, poses a persistent challenge against static validation workflows.

5.4. Scalability and LOD Considerations

The present implementation has been profiled only on the test datasets reported in
Section 3.1 (up to 412 buildings at LOD1.3). On the development hardware (a mid-range
laptop with 24 GB RAM and integrated graphics), the CityJSON-to-GLB conversion is
currently a bottleneck and is memory-bound rather than CPU-bound: for an 8-building
model, the conversion completes in approximately 1 s. For a whole city-scale model
(thousands of buildings) on the same hardware, the Three.js renderer could be unresponsive
to interaction.

Two specific changes would be required to push the tool into the thousand-plus-
building regime. First, the GLB conversion would need to be chunked, either by tiling
or by spatial index, so that the working set is bounded independently of model size, and
the converted chunks would need to be streamed to the front end progressively. Second,
the renderer would need frustum-culling and level-of-detail switching, so that geometry
outside the current view is not rendered at full resolution. Neither change is conceptually
difficult, but both are non-trivial engineering tasks in terms of upcoming update priority.

On LOD specifically, the present implementation has been tested on a LOD2 dataset
only, which reflects the scope of the openly shareable test data currently available. However,
this does not constitute a functional limitation of the CHEK VRV with respect to higher
LOD inputs. The attribute completeness rules defined in the CHEK profiles already specify
constraints up to LOD4, including rules governing openings and interior structures that are
only semantically meaningful at LOD3 and above; the validator will evaluate these rules
against any uploaded model regardless of its LOD. Furthermore, the error highlighting
mechanism operates on object identifiers rather than on geometry type or LOD level. When
a user clicks a reported violation, the viewer resolves the corresponding city object by its
ID and highlights it in the 3D scene. A LOD3 or LOD4 object carrying a constraint violation
would therefore be located and highlighted in exactly the same way as a LOD2 object. The
gap between the tested LOD range and the full profile rule set is therefore a data availability
constraint on the test suite, not an architectural limitation. As LOD3 and LOD4 compliant
datasets become openly available, they can be ingested and validated without modification
to the viewer or the validation pipeline.

https://doi.org/10.3390/ijgi15070282

https://doi.org/10.3390/ijgi15070282


ISPRS Int. J. Geo-Inf. 2026, 15, 282 15 of 18

5.5. Where the Tool Works Best and Where It Does Not

The user-study results, combined with our own experience using the tool during
development, indicate the following pattern.

• Where it works best: Small-to-medium models with a mix of geometric errors and
SHACL mismatch violations on attributes with bounded ranges. In this regime, every
class of finding has a clear visual referent, geometric errors highlight the offending
surface, mismatches are accompanied by the declared-vs-required side-panel, and the
rendering is fast enough that interaction is fluid.

• Where it works less well: Three scenarios. (i) Large models (thousands of buildings),
covered in Section 5.4. (ii) Many violations of the same type, where the list of violations
becomes unmanageable, and the user needs an aggregate summary rather than a per-
violation drill-down; the tool currently does not provide such a summary. (iii) Missing-
attribute violations on attributes that have no obvious spatial referent (e.g., a missing
administrative-document link), covered in Section 5.2.

5.6. Limitations

The current implementation has not been profiled beyond the available test datasets.
The CityJSON-to-GLB conversion is memory-bound, and the Three.js renderer is expected
to become unresponsive on interaction for city-scale models with thousands of buildings
on mid-range hardware. Chunked conversion, progressive streaming, and frustum-culling
are identified as necessary engineering steps before the tool can be considered suitable for
large-scale deployments. Additionally, the lowest-rated item in the user study was visibility
of system status during validation, with qualitative comments specifically noting insufficient
loading feedback. This is a known interface deficiency that has not yet been addressed.

6. Conclusions and Future Work
This paper has described the CHEK VRV, a Flask-based web application that integrates

the OGC DCV with an interactive Three.js viewer so that SHACL semantic violations
and val3dity geometric errors are resolved against the same 3D visual representation of a
CityJSON model. We have reported a formative usability study with twelve domain experts,
in which the 3D viewer received a near-ceiling intuitiveness score and the participants
self-reported a substantial preference for the visual presentation over the raw JSON-LD
validation report.

The application has been demonstrated on the CHEK project’s profiles. Its applicability to
other profiles depends on whether the source data is available in or convertible to CityJSON.

The ranking exercise in the user study indicates that direct CityGML support is
the most-requested next step, consistent with the continued prevalence of CityGML in
municipal workflows [44]. The DCV naturally supports CityGML now, so there is a
need for a CityGML-to-GLB or a CityGML-CityJSON-GLB conversion path for enabling
visualization if the CityGML is chosen for input. The second priority is semantic hierarchy
preservation through the GLB conversion, so that thematic visualization and attribute-based
styling can be supported.

CHEK VRV does not introduce new validation algorithms. Its contribution is in the
integration of existing OGC and W3C components with a 3D viewer, and in the user study that
maps the resulting tool’s strengths and weaknesses onto a concrete development roadmap.
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