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Abstract

The data model CityGML supports domain-specific extensions via Application Domain Extensions (ADEs); users can add new
attributes, classes, and even new geometries for specific domains. A 2018 survey found only 10 of 44 ADEs had publicly available
schemas, and I show in this paper that a follow-up survey of 16 post-2018 ADEs shows similar problems, with only 7 providing
schemas and 5 providing example datasets (both very useful for reuse by others). During its development, the encoding CityJSON
addressed some of the limitations of ADEs through its Extensions mechanism: Extensions are simpler and more restricted, for
instance no new geometries. However, creating and hosting Extensions remains cumbersome, limiting adoption in practice. This
paper presents two contributions to lower that barrier. First, a web application (hosted on the CityJSON website) lets practitioners
build Extension files interactively, without needing to write JSON Schema by hand. Second, a public registry on GitHub collects,
hosts, and versions all known Extensions at stable, predictable URLs; 9 Extensions are currently included. The registry improves

discoverability, provides worked examples, and resolves hosting difficulties such as CORS restrictions.

1. Introduction

The CityGML standard was developed to store and exchange
3D semantic city models, and its core data model represents a
consensus set of classes and attributes suited to most practical
applications (Groger and Pliimer, 2012). For domain-specific
use cases, however, practitioners often need to extend this core
model. CityGML supports this through Application Domain
Extensions (ADEs): additional classes, geometric types, and
attributes specific to a given domain can be added in a structured
and documented way, and can inherit from the CityGML core
classes (Biljecki et al., 2018). An example is the Noise ADE,
where specific noise-related attributes are defined for buildings
(e.g. decibel levels during periods of the day) and where new
classes are defined (e.g. NoiseRoadSegment where a part of a
road can be modelled with specific noise characteristics).

Because of their conceptual appeal, several academic public-
ations describe and present ADEs for a wide range of applic-
ations: Biljecki et al. (2018) presented in 2018 a survey with
44 ADEs, and I present in Section 2.1 16 more that have been
either proposed or significantly improved since then. These
cover a wide range of applications, including food waste (Braun
et al., 2021), energy modelling (Agugiaro and Padsala, 2025),
spatial planning (Akahoshi et al., 2020), and cultural herit-
age (Yang et al., 2024).

As highlighted by Biljecki et al. (2018), ADEs are often de-
veloped as conceptual exercises (typically within a research
project) and rarely reach the stage of a maintained and publicly
accessible schema with example data. As further explained in
Section 2.1, only 10/44 ADEs before 2018 and 7/16 ADEs since
then have publicly released their XML schema definition file
(XSD), and even fewer have released demo datasets. The XSD
file documents the extensions to the core model and makes it
possible for others to create, use, understand, and validate a
CityGML dataset; they are essential to implement support for
the ADE in a given software package. The majority of public-
ations only contain UML diagrams and/or a description of the
extensions, and only some publish schema snippets embedded

as figures in PDF documents, rendering them effectively unus-
able by others.

The situation is exacerbated by the latest version of CityGML
(v3.0, released in 2021), which substantially changed both
the data model and the ADE mechanism (Kutzner et al.,
2020). This prevents existing ADEs from being easily ported
to CityGML v3.0, requiring a complete rewrite.

When developing CityJSON (Ledoux et al., 2019), its Exten-
sions mechanism (the equivalent of ADEs) was deliberately
simplified to avoid the complexity that, I believe, partly led to
the disappointing adoption of CityGML ADEs by practitioners.
As further explained in Section 2.3, Extensions are more re-
strictive and constrained: new geometric primitives are not per-
mitted, and only four cases are allowed: a new city object, a new
attribute, a new semantic surface, and a new root-level property.
These restrictions ensure that standard CityJSON software can
process extended files without modification (which is not the
case with CityGML ADEs). However, despite this simplicity
and the enthusiasm of the community for application-specific
classes/attributes, the adoption of Extensions in practice has
also not been widespread: creating Extension files is still per-
ceived as cumbersome, and only a limited number of Exten-
sions have been developed and used by cities and organisations.

I present in this paper two contributions that, I believe, will
lower the barrier to adopting CityJSON Extensions:

1. a web application that allows practitioners to build Ex-
tension files (*.ext. json) interactively, without writing
JSON schemas by hand (Section 3); and

2. apublic registry that collects, hosts, and exposes all known
Extensions, making them discoverable and immediately
reusable (Section 4).

It should be noted that the need for such a registry has been ex-
pressed by practitioners in the past. In their OGC Discussion
Paper, Japan’s PLATEAU project (Sogawa et al., 2025) states
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that “there is no system for broadly sharing ADEs and related
technologies” and calls for “a platform that aggregates know-
ledge and resources related to ADE development from various
countries and cities [to] enable the reuse of these resources in
next-generation development, and facilitate the spread of the
standard.”

2. Related work

2.1 ADE:s for CityGML v2.0 and earlier

ADEs were already possible with CityGML v1.0 (released in
2008) through GML substitution groups and generic application
properties, and a few early extensions were developed by re-
search groups and SIG3D members. However, the concept was
formalised and better documented with CityGML v2.0 (Groger
and Pliimer, 2012), and almost all named ADEs—including
the 44 reviewed by Biljecki et al. (2018)—are specified against
v2.0. When v2.0 was released, earlier v1.0-era ADEs were gen-
erally migrated and re-published as v2.0 extensions.

ADEs are defined as extensions to the CityGML data model, are
implemented as XML Schema Definition (XSD) schemas, and
define custom data types and constraints. Practitioners have to
define their own XSD schemas, and those should be made avail-
able for understanding and validating a dataset. Van den Brink
et al. (2013) illustrate how complex developing an ADE can be
in practice, requiring expertise in UML modelling, XSD design,
and the CityGML data model itself. It should be mentioned that
the CityGML data model prescribes a finite set of attributes for
its main classes, and that if extra attributes are required they
must be defined in an ADE.

In Table 1, I extend the survey of Biljecki et al. (2018) with
ADEs that have been substantially improved or newly released
since 2018. First, observe that of the 16 ADE:s listed, only 7
provide publicly available XSD schemas; in the original sur-
vey, only 10/44 did. Second, observe that a few ADEs from
the earlier survey have since been significantly improved (not-
ably the Energy ADE of Agugiaro and Padsala (2025) and the
Utility Network ADE), but most remain proposals or partial im-
plementations (i.e. without a publicly available XSD schema).

2.2 ADE:s for CityGML v3.0: at the UML level

CityGML v3.0 (OGC, 2021) substantially changed both the
data model and the ADE mechanism (Kutzner et al., 2020).
ADEs can no longer be defined simply as XSD hooks; classes
must first be modelled in UML with proper inheritance, and
then translated to XSD for a CityGML-XML encoding (OGC,
2023).

Bachert et al. (2024) mention that porting an ADE from
v2.0 to v3.0 requires a complete rewrite of UML classes and
schemas—an effort that has so far deterred adoption. Agu-
giaro and Padsala (2025) explain the details of this effort for
the Energy ADE, and Yao et al. (2025) describe the substantial
changes required to migrate the 3D City Database to support
CityGML v3.0. Uggla et al. (2023) describe how the Swedish
3CIM specification, a national extension of CityGML v2.0, re-
quired significant ETL processes even for the earlier version,
and the migration to v3.0 has not yet been attempted.

The difficulties of upgrading to CityGML v3.0 in practice are
reflected in Table 1: currently 9 ADEs target CityGML v3.0,
and only 4 have XSD schemas available.

[T S T

{
"type": "CityJSONExtension",
"name": "noise",
"description": "Extension to model the noise",

"url": "https://cityjson.github.io/extensions/
< noise/2.0.0/noise.ext.json",
"version": "2.0.0",
"versionCityJSON": "2.0",
"extraAttributes": {.. .},
"extraCityObjects": {
"+NoiseBuilding": {

"allOf": [
{ "$ref": "cityobjects.json#/_AbstractBu
< ilding" },
{

"properties": {
"type": { "enum": ["+NoiseBuilding"]
- 1},
"attributes": {
"properties": {
"buildinglDenMin": {"type":

< "number"}

}
¥
Po
"required": ["type"]
}
1
}

}’
"extraRootProperties": {},
"extraSemanticSurfaces": {}

}

Figure 1. Example of a CityJSON Extension file:
noise.ext.json

2.3 CityJSON Extensions

A CityJSON Extension is defined as a JSON file (*.ext. json)
that documents how the core data model may be extended and
is used during the validation of CityJSON files. As shown
in Figure 1, each Extension file must declare its name, URI,
version, and the JSON Schema snippets for the new objects
and attributes it introduces. These snippets can reuse and
refer to the definitions and geometric primitives defined in
the core CityJSON schemas. In this specific example (more
details are available at https://www.cityjson.org/specs/
#extensions), a new city object would be defined (called
+NoiseBuilding, reusing the Building geometries and prop-
erties) and a new attribute buildingLDenMin would be added.
New city objects must contain a "type" and a "geometry"
property (omitted here because _AbstractBuilding defines
it), and their names must begin with a + character to avoid
conflicts with core types (because JSON Schemas cannot have
namespaces, this prefix convention serves as a lightweight al-
ternative). This Extension file would be publicly available
and usable at https://cityjson.github.io/extensions/
noise/2.0.0/noise.ext.json.

It should be noted that CityJSON, being based on JSON, in-
herently allows arbitrary attributes to be attached to any city
object without requiring an Extension (unlike CityGML which
requires an Extension to define custom attributes, see above).
This “schema-less” flexibility means that practitioners can add
custom attributes and document them in prose (e.g. a report)
without creating a formal Extension file. In practice, many
users take this approach, which is sufficient for internal use but
does not enable machine-readable validation or interoperabil-
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Table 1. Overview of CityGML ADEs proposed or substantially developed after the review of Biljecki et al. (2018).

ADE Purpose CityGML  Reference(s) Schema/examples
version public?
1 Energy ADE Urban energy modelling 2.0 Agugiaro and Padsala  Yes (schema + data)
3.0 (in-  (2025)
progress)
2 EnvPlan ADE Integration of BIM and environ- 2.0 Wilhelm et al. (2021) Yes (schema + data)
mental planning
3 FWE ADE Food/Water/Energy modelling at 2.0 Padsala et al. (2021) Yes (schema)
building and land-use level URL-1
4 FEW ADE (Montréal) Food-Energy—Water nexus for a — Braun et al. (2021) No
Montréal case study
5 GRextADE Greek national extension for 3D city 2.0 Liamis and Mimis (2022) No
models and cadastre management
6 Grotto ADE Cultural heritage: semantic model- 3.0 Yang et al. (2024) No
ling of Buddhist niches and grotto
components
7 IfcADE Retaining IFC semantics when con- 3.0 Biljecki et al. (2021) No
verting BIM to CityGML
8 Pedestrian ADE 3D modeling of pedestrian mobility 3.0 Saeidian et al. (2026) Yes (schema + data)
space URL-3
9 Property Valuation 3D indoor/outdoor variables for prop- 3.0 El Yamani et al. (2024) No
ADE erty valuation
10 Public Safety Features Indoor public safety (firefighter pre- 2.0 OGC (2020) No
ADE planning) in OGC pilot
11 Strata ADE (SmartKA- 3D strata parcels and legal units in 2.0 Siew et al. (2021) No
DASTER) Malaysia
12 Sve-Test ADE National building standard for 3.0 Eriksson et al. (2020) No
Sweden, linking BIM and national
registers
13 Utility Network ADE Multi-utility networks 30 (in- URL-2 Yes (schema)
progress)
14 Urban Planning ADE  Urban planning in Japan (PLATEAU) 2.0 Akahoshi et al. (2020) Yes (schema + data)
(i-UR)
15  Vegetation ADE Detailed and harmonised vegetation 3.0 Petrova-Antonova et al. No
modelling (2024)
16  VicULA ADE Underground legal/physical spaces; 3.0 Saeidian et al. (2023) Yes (schema + data)

3D underground parcels and rights

URL-4

URL-1: https://transfer .hft-stuttgart.de/gitlab/in-source/fwe-ade

URL-2: https://github.com/tum-gis/citygml3-utility-network-ade

URL-3: https://github.com/Bahram-Saeidian/Pedestrian_ADE_CityGML3

URL-4: https://github.com/Bahram-Saeidian/VicULA_ADE_CityGML3
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ity with third-party software. Extensions provide documenta-
tion and validation that ad hoc attributes cannot, but this is less
compelling when the alternative—simply adding attributes in a
standard CityJSON file—requires no effort at all. This tension
between JSON’s permissive nature and the desire for structured,
validated extensions is, I believe, one of the reasons for the lim-
ited adoption of Extensions.

The CityJSON Extensions mechanism for extending the core
model is deliberately more constrained than that of CityGML
ADEs: new geometric primitives are not permitted, and exten-
sion points are limited to four cases (also seen in Figure 1):

1. adding new city objects;
2. adding new attributes to existing city objects;
3. adding new semantic surfaces; and

4. adding new root-level properties.

These restrictions ensure that standard CityJSON software can
read and process files containing Extensions without any modi-
fication to the parsing code.

Despite the enthusiasm expressed in the scientific literature, the
adoption of Extensions in practice has not been widespread.
Table 2 lists the known CityJSON Extensions, both those in
the public registry and those described in the literature. To the
best of my knowledge, many of the Extensions presented in
the scientific literature have their Extension files publicly hos-
ted (Lei et al., 2024; Nys et al., 2021; Tufan et al., 2022; Vitalis
et al., 2019). However, some Extensions described in papers
do not provide a usable schema file: Vaienti et al. (2022) de-
scribe a Historical CityJSON Extension but do not publish a
standalone Extension file, and their follow-up work (Vaienti et
al., 2023) uses the extension within a specific pipeline without
making it reusable. Similarly, Boumbhidi et al. (2024) and Jed-
doub (2026) both tackle the Dynamizer concept for integrating
dynamic data; the former is not structured as a standard Ex-
tension, while the latter has been formalised and added to the
registry (Table 2). Guler (2023) develops a CityJSON Exten-
sion for 3D spatial planning based on the Land Administration
Domain Model, and Guler et al. (2026) extend this work to two
countries, demonstrating the cross-national applicability of the
Extension mechanism. Lim et al. (2024) investigate the integ-
ration of movement data with 3D city models using the Dy-
namizer module, complementing the work of Boumhidi et al.
(2024).

3. An automatic builder of Extension files

Creating a CityJSON Extension currently requires writing a
JSON file by hand, which demands familiarity with both the
CityJSON data model and JSON Schema syntax', the latter be-
ing somewhat complex for non-developers. The official web-
site of CityJSON provides a tutorial for some aspects of the
Noise ADE of CityGML, see https://www.cityjson.org/
tutorials/extension/. Furthermore, since there are not
many Extension files developed and publicly available, it is dif-
ficult for practitioners to learn how to build an Extension JSON
file by browsing existing ones.

! https://json-schema.org/

® 0 ® @ CiysONExtension Bl X+

<« C %% https:/fwww.cityjson.orgjextensions/builder/ * O @ X O oA

{#1a}CityJSON Extension Builder

Create CityJSON Extension files for CityJSON 2.0, not all cases are supported but it's a good starting point.

Extension Metadata

Extension Name Version

jon will be hosted)

sion for Potatoes ve®
[T] Extra Root Properties
Extra Attributes for CityObjects (EZED
A extra st to sising CityObject types (Bucing, Road, ..
ect Type
Attributes (name must start with +)
+amount_potatoss sting - |

Figure 2. The web application to build Extension files.

To lower this barrier, I have developed a web application that
guides practitioners through the process interactively. It is
currently hosted on the official CityJSON website (https:
//www.cityjson.org/extensions/builder/) and shown in
Figure 2. The user selects one of the four extension cases (new
city objects, new attributes, new semantic surfaces, or new root-
level properties), inputs names and attribute details, and sees
the resulting JSON file update interactively at the bottom of the
page. When satisfied with the result, the user can download the
file.

Not all advanced cases are supported—deeply nested custom
types or complex cross-references may still require manual edit-
ing after download—but the application covers the most com-
mon scenarios and produces a valid working Extension file that
practitioners can immediately test and refine. The application
also serves as a learning tool: by observing the generated JSON,
users unfamiliar with JSON Schema can understand the struc-
ture required and progressively move towards manual editing
for more complex cases.

4. A public registry of CityJSON Extensions

A further barrier to adoption has been hosting. Practitioners re-
port difficulties obtaining a stable public URL for their Exten-
sion file, encountering cross-origin resource sharing (CORS)
restrictions?, and deciding where to publish and maintain it over
time. As shown in Figure 3, a CityJSON file references its Ex-
tension by a URL, and if that URL is not publicly accessible (or
is blocked by CORS policies), the Extension and the CityJSON
file itself cannot be validated by third-party software and the
user has no documentation for the new attributes and classes.

To address this, I have built a public registry, fully hosted on
GitHub, in which any Extension can be submitted and main-
tained within a single versioned repository. The registry can be
accessed at https://github.com/cityjson/extensions/.

2 nttps://en.wikipedia.org/wiki/Cross-origin_resource_
sharing
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Table 2. Known CityJSON Extensions, from the public registry and the scientific literature.

Extension Purpose Reference(s) Schema public? In registry?
1 Energy (space heating) Space heating demand calculation ~ Tufan et al. (2022) Yes Yes
2 LCC (topology) Linear cell complex topology Vitalis et al. (2019) Yes Yes
3 Perception Visual perception of buildings Lei et al. (2024) Yes Yes
4 Noise Noise emission simulation — Yes Yes
5 MultiRoofs EU roof modelling project — Yes Yes
6 Quality Data quality modelling — Yes Yes
7 Shed Template/example — Yes Yes
8 Point clouds Point cloud support Nys et al. (2021) Yes No
9 Historical cities Historical city models Vaienti et al. (2022) No No
10 Dynamizer Dynamic data integration Boumhidi et al.  Yes Yes
(2024), Jeddoub (2026)
11 Spatial planning 3D spatial plans (LADM) Guler (2023) Yes No
12 val3dity Geometry validation reports - Yes Yes

1 {

2 "type": "CityJSON",

3 "version": "2.0",

4 "extensions": {

5 "noise": {

6 "url" : "https://cityjson.github.io/extens
< 1ions/noise/2.0.0/noise.ext.json",

7 "version": "2.0.0"

8 Fs

9 "solar-potential": {

10 "url" : "https://someurl.org/solar-potenti
— al.ext.json",

1 "version": "0.8.1"

12 }

13 1,

14 "CityObjects": {[...J},

15 "vertices": {...}},

16 }

Figure 3. Example of a CityJSON file referencing two
Extensions by URL.

To kick-start the registry, I have contacted the owners of cur-
rently available Extensions and copied their latest version to the
registry. In cases where the files were for previous versions of
CityJSON (e.g. v1.1) or contained errors, I have modified and
fixed the files so that they are compatible with CityJSON v2.0.
For each Extension, I have either used the example files that
were provided or built one manually. An example file allows
users to quickly understand how the Extension can be used in
practice, and is important for adoption and reuse by others.

The registry contains at the moment 9 Extensions (Table 2).
Each Extension is a self-contained file in its own folder; ver-
sioning is kept with different folders following semantic ver-
sioning; and each version has metadata, one or more example
files, and a licence. The Extension file is hosted publicly
with a URL that will not be modified and is structured this
way: https://cityjson.github.io/extensions/{name}/
{version}/{name}.ext.json. The approach is inspired by
the STAC Extensions registry (STAC Extensions, 2024), which
follows the same model of community-maintained, openly hos-
ted extension files.

Extension files hosted on the registry can be used directly in
CityJSON files by referencing their URL. This means that
the official CityJSON validator (see https://validator.
cityjson.org) can automatically fetch and validate any Ex-
tension file hosted on the registry.

Participation is encouraged but not mandatory: a CityJSON

file may reference any reachable URL (see line 10 of Fig-
ure 3), and practitioners remain free to host their Extensions
elsewhere. However, the registry offers several advantages over
self-hosting: stable URLs that will not break, no CORS issues,
discoverability through a single point of reference, and the pres-
ence of example files that serve as worked examples for new-
comers.

A further benefit of the registry is that the submission process
itself acts as a lightweight quality check. Each submission must
include the Extension file, a metadata file, at least one example
CityJSON file, a README, and a licence. This ensures that
every Extension in the registry is documented, usable, and leg-
ally reusable by others.

Using an Extension hosted in the registry. To use an
Extension hosted in the registry, a user simply needs
to: (1) identify the Extension in the registry; (2) refer-
ence the Extension schema in the CityJSON file; (3) fol-
low the Extension’s documentation and examples. The
URL to use is https://cityjson.github.io/extensions/
{name}/{version}/{name}.ext. json, and line 6 of Figure 3
shows an example reference in a CityJSON file for the Noise
Extension.

Submitting a new Extension. Submitting a new Extension to
the registry follows a standard GitHub pull-request workflow:

1. Fork the registry repository.

2. Create a new versioned under

extensions/name/version.

directory

3. Add the five required artefacts: the Extension schema file
(name.ext. json), a metadata file (extension.toml), a
README documenting the Extension and its use cases,
at least one example CityJSON file, and a licence file.

4. Ensure the Extension name is unique, lowercase, and hy-
phenated (e.g. park-benches).

5. Commit and push the changes to the fork.

6. Open a pull request with a clear description of the Exten-
sion.

Once merged, the Extension file becomes publicly accessible
at a stable URL of the form https://cityjson.github.io/
extensions/{name}/{version}/{name}.ext.json, and
can be referenced by other applications using the extensions
field in the CityJSON header (see Figure 3 line 4).
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New versions are added as separate directories, following se-
mantic versioning®, so that existing datasets referencing older
versions remain valid.

5. Discussion and future work

The limited adoption of CityJSON Extensions is, I believe,
caused by several interrelated factors. First, there is a cascading
effect: few Extensions exist, so practitioners have few examples
to learn from, which discourages the creation of new ones. The
registry aims to break this cycle by collecting all known Exten-
sions in one place and providing worked examples. Second, the
“schema-less” nature of JSON means that practitioners can add
arbitrary attributes to CityJSON files without creating a formal
Extension, and many do. While this is a strength of CityJSON,
it undermines the incentive to invest effort in creating a doc-
umented Extension. Third, creating and maintaining an Ex-
tension is primarily a governance and documentation concern
rather than a technical necessity: the data can be used without
one. This means that the motivation to create an Extension of-
ten comes from organisations that need to exchange data with
external parties or comply with standards, rather than from in-
dividual practitioners.

The builder and the registry address the practical barriers—the
difficulty of writing JSON Schema by hand and the difficulty
of hosting and discovering Extension files—but they do not ad-
dress the fundamental question of whether formal Extensions
are always necessary. For many use cases, especially internal
ones, adding attributes directly and documenting them in a data
dictionary is sufficient. Extensions become valuable when data
must be exchanged between organisations, validated automat-
ically, or processed by third-party software that needs to under-
stand the schema.

I see several directions for future work. A curated collection
of real-world Extensions, such as the one in the registry, could
serve as training material for large language models (LLMs)
to assist practitioners in authoring new Extensions. Coetzee
et al. (2020) argue that accessibility and usability of geospa-
tial software and data should improve to engage broader com-
munities, and LLM-assisted authoring could further lower the
barrier. I also plan to enhance the Extension builder to add the
generation of synthetic data based on the schema, so that users
can test their Extensions without needing to create a real data-
set. This could be done by modifying or using the existing tool
cityj son-fake”.
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