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Abstract

Level of Detail 3 (LOD3) has been part of the CityGML standard for nearly two decades, yet it has never become a routine product
in operational 3D city model production. While LOD2 building models are now widely generated and maintained by mapping
agencies, LOD3 remains largely limited to research prototypes and pilot projects. This paper examines why this gap persists despite
sustained progress in photogrammetry, computer vision, and AI-assisted facade reconstruction. We examine LOD3 as a production
ecosystem problem involving application demand, industrial workflows, quality assurance, maintenance, and production effort, not
as another reconstruction algorithm. We argue that semantically enriched LOD2 remains sufficient for many urban applications,
whereas explicit facade geometry can add analytical value for applications such as material inventories, BIM–GIS integration,
entrance-aware navigation, flood analysis, and radio propagation simulation in the Next Generation City Networking (NGCN)
context. Building on this distinction, we present an industrial pilot in which AI-assisted window and door detection is integrated into
an existing photogrammetric LOD2 production workflow and validated by experienced operators. The final pilot dataset contains
505 LOD3 buildings, produced at approximately 50–75% lower operator effort than fully manual photogrammetric restitution
according to indicative production estimates rather than controlled benchmarks. We hypothesize that advances in reconstruction
technology alone are insufficient to explain or overcome the limited adoption of LOD3, and that ecosystem-level constraints have
become an important barrier alongside the reconstruction challenges that remain. The pilot demonstrates workflow integration and
operational feasibility rather than city-, regional-, or national-scale scalability.

1. Introduction

Semantic 3D city models have become a core component of
Urban Digital Twins, supporting applications from urban plan-
ning and infrastructure management to environmental simula-
tion, telecommunications, and disaster response. CityGML has
emerged as the de facto standard for semantic 3D city modeling,
providing a common representation of geometry, semantics,
topology, and appearance across application domains (Gröger
et al., 2008, Kolbe, 2009, Gröger and Plümer, 2012).

Advances in airborne photogrammetry, laser scanning, and
dense image matching have transformed Level of Detail 2
(LOD2) from a research topic into a routine geospatial prod-
uct. National and municipal mapping programs now maintain
LOD2 datasets at scale, supported by mature software ecosys-
tems optimized for roofscapes, building envelopes, and terrain
integration (Buyukdemircioglu and Kocaman, 2020, Wysocki
et al., 2024, Landesbetrieb Geoinformation und Vermessung
Hamburg, 2026). The situation is markedly different for Level
of Detail 3 (LOD3). Although part of the CityGML standard
since its initial release, operational LOD3 datasets remain rare.
Photogrammetric reconstruction from oblique imagery, terres-
trial laser scanning, procedural modeling (Müller et al., 2006),
and AI-based facade parsing have all produced usable results
for windows, doors, and balconies, yet these advances have
not translated into routine city-scale production (Harshit et al.,
2024, Ogawa et al., 2024, Hanke et al., 2025, Wysocki et al.,
2022). As illustrated in Figure 1, LOD3 extends the simplified
LOD2 building envelope with explicit facade and roof elements
such as windows, doors, balconies, and chimneys.

Demand for facade-level information is increasing, driven by

Figure 1. Comparison of LOD2 and LOD3 building
representation.

material stock estimation, building renovation planning, urban
energy modeling, radio propagation analysis in the Next Gener-
ation City Networking (NGCN) project, and high-fidelity urban
simulation (Tanikawa and Hashimoto, 2009, Heisel and Rau-
Oberhuber, 2020, Johari et al., 2022, Wang et al., 2025, Iye et
al., 2025). At the same time, not every application requires full
LOD3 geometry: prior work has shown that additional geomet-
ric detail does not always improve analytical results sufficiently
to justify the extra production effort (Biljecki et al., 2016b).
Identifying these boundaries is therefore as important as im-
proving reconstruction methods.

This suggests that the remaining challenges extend beyond ge-
ometry reconstruction to production workflows, quality assur-
ance, maintenance, specification ambiguity, benchmark avail-
ability, and economic sustainability (Biljecki et al., 2016a,
Harshit et al., 2024). The gap between technical feasibility and
operational production has received insufficient attention in the
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literature.

This paper addresses two related questions: why has LOD3 not
emerged as an operational standard despite nearly two decades
of research, and under what conditions does facade-level de-
tail provide sufficient additional value over LOD2 to justify its
higher production effort? Drawing on existing literature, in-
dustry collaboration, and practical experience gained during the
development of an AI-assisted production workflow, the paper
examines these questions from an operational and application-
oriented perspective.

This paper makes three contributions. First, it provides an
ecosystem-level synthesis of the factors limiting the operational
adoption of LOD3, formalized as the LOD3 Gap: a depen-
dency chain linking application demand, facade acquisition,
reconstruction, human validation, quality assurance, mainte-
nance, production effort, and demonstrated application value
(Section 3.3). Second, it introduces an application-oriented
distinction between cases where semantically enriched LOD2
is sufficient and those where explicit facade geometry creates
additional analytical value. Third, it documents a hybrid AI-
assisted production workflow that integrates facade-level ob-
jects into an existing photogrammetric CityGML pipeline. To-
gether, these contributions support the central perspective of the
paper: reconstruction capability has advanced considerably, but
the surrounding production ecosystem has not matured at the
same pace.

1.1 Research Approach

This conceptual and perspective paper is grounded in produc-
tion practice rather than a controlled empirical study. We
combine three complementary evidence streams: a synthesis
of literature on CityGML, LOD3 reconstruction, and facade-
dependent applications; exploratory interactions with industry
and practitioner communities; and an industrial LOD3 pilot
conducted in an operational production environment. We syn-
thesize these sources to identify recurring technical, organiza-
tional, workflow, and production constraints, which we orga-
nize along the production chain formalized in Section 3.3. Prac-
titioner interactions were not conducted as a structured survey,
and the study does not claim statistical generalizability. The
pilot demonstrates operational integration and feasibility rather
than a controlled benchmark of scalability.

2. State of the Art: The LOD3 Ecosystem

2.1 Evolution of CityGML Levels of Detail

The Level of Detail concept has been a defining component
of CityGML since the first OGC specification was published
in 2008, combining geometry, semantics, and intended appli-
cation into a unified multi-scale framework ranging from re-
gional footprints (LOD0) to architecturally detailed building
shells (LOD3) and interior representations (LOD4) (Gröger et
al., 2008, Kolbe, 2009). Practical adoption exposed concep-
tual limitations in this hierarchy, and a more flexible multi-
representation concept was later proposed (Löwner et al.,
2016). Biljecki et al. (2016a) showed that the original defi-
nitions mixed geometric and semantic complexity in ways that
produced ambiguity between neighboring levels, while a com-
plementary study showed that higher geometric detail does not
uniformly improve analytical outcomes: the benefit of moving
from LOD2 to LOD3 is application-dependent rather than uni-

versal (Biljecki et al., 2016b). CityGML 3.0 responded by re-
moving LOD4, treating interior modeling as an orthogonal di-
mension (Kutzner et al., 2020, Open Geospatial Consortium,
2021). However, while the conceptual model matured, the pro-
duction challenges specific to LOD3 remained largely unad-
dressed.

2.2 Existing LOD3 Production Approaches

Manual and operator-driven workflows represent the earli-
est operational route to LOD3 production. The resulting
datasets were produced through manual modeling in CAD and
SketchUp-based environments with CityGML export plugins,
using terrestrial photography and point clouds as geometric ref-
erence (Chair of Geoinformatics, TUM, 2023, Wysocki et al.,
2024). These projects confirm that geometrically and seman-
tically compliant LOD3 models can be generated manually.
Semi-automated alternatives still require substantial human in-
tervention for cross-registration, topology checks, and schema
conversion (Harshit et al., 2024). Their fundamental limitation
is throughput: production chains that depend on per-building
editing or validation remain economically difficult to extend to
routine city-scale maintenance.

Airborne photogrammetry and oblique imagery extend the ac-
quisition strategies used for conventional city-scale mapping.
Standard nadir airborne acquisition, which underpins LOD2
production at national scale, provides insufficient facade cov-
erage for LOD3. Oblique aerial imaging systems, which simul-
taneously acquire nadir and lateral views, substantially improve
facade visibility and have enabled semi-automated extraction of
windows and facade openings (Tuttas and Stilla, 2013, Haala
and Kada, 2010). However, mutual occlusion in dense ur-
ban environments, limited ground-floor coverage constrained
by flight altitude, and the absence of integrated pipelines from
oblique imagery to CityGML-compliant LOD3 remain unre-
solved. A key limitation is that most operational airborne ac-
quisition campaigns continue to be planned around LOD2 re-
quirements rather than facade reconstruction, limiting the fa-
cade completeness of the resulting datasets.

Street-level acquisition and terrestrial approaches address this
facade visibility problem more directly. Mobile laser scanning
(MLS) and terrestrial imagery provide substantially richer fa-
cade detail than airborne sensors and have become the domi-
nant acquisition strategy in research-oriented LOD3 reconstruc-
tion. Several research groups have demonstrated pipelines from
point clouds and street-level imagery that address facade seg-
mentation, opening detection, and CityGML export (Wysocki
et al., 2022, Pantoja-Rosero et al., 2022, Ogawa et al., 2024).
The TUM2TWIN initiative has produced one of the most
thoroughly documented openly accessible LOD3 benchmark
datasets available to the research community (Wysocki et al.,
2026). The operational limitations of terrestrial approaches are
well established: rear and courtyard facades remain inacces-
sible without supplementary acquisition; urban canyons create
persistent occlusion; and terrestrial campaigns require separate
mobilization from the airborne workflows used for LOD2, sub-
stantially increasing per-building cost.

Recent open-data reviews make this imbalance measurable.
Wysocki et al. (2024) inventoried 27 open semantic 3D city
model collections comprising an estimated 216.5 million build-
ing models. Yet only 98 LOD3 buildings were reported across
the surveyed European datasets, compared with 851 LOD3
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buildings in Japan. The result is not a general shortage of 3D
city models, but a shortage of facade-grade, ground-truth LOD3
examples suitable for training and benchmarking automated re-
construction.

AI-assisted reconstruction and hybrid workflows now form the
most active area of methodological development. Recent deep
learning methods have produced the most significant advances
in automated LOD3 reconstruction. Conflict-map methods
combine MLS point clouds with low-level 3D building pri-
ors to identify facade openings, while end-to-end image-based
frameworks match omnidirectional street imagery with build-
ing data to create high-detail 3D models (Hanke et al., 2025,
Ogawa et al., 2024). These methods show that automated fa-
cade enrichment is technically feasible, but they also depend on
controlled acquisition, accurate data alignment, and validation-
ready input models (Harshit et al., 2024, Hanke et al., 2025).
A broader trend toward hybrid production workflows has also
emerged, combining automated facade detection with opera-
tor validation rather than pursuing full automation. However,
AI-based methods have been evaluated primarily on small or
curated benchmark datasets; generalization to heterogeneous
building stock and variable production-scale data quality re-
mains an open challenge (Wysocki et al., 2022, Wysocki et al.,
2024). No hybrid workflow has yet been demonstrated in rou-
tine city-scale deployment.

Table 1 compares LOD3 approaches by their fit with produc-
tion environments that already maintain city-scale LOD2 mod-
els. The scale potential reported there expresses an expectation
derived from the reviewed literature rather than a demonstrated
result; city-scale deployment has not been demonstrated for any
of these pathways in the present study. Routine LOD3 produc-
tion may nevertheless be more likely to emerge from targeted
extensions of existing photogrammetric workflows than from
isolated reconstruction pipelines.

Approach Main operational characteristic Scale
potential

Single-building
manual modeling

Accurate geometry and full semantic
control, but per-building manual work
limits use to landmarks and small
pilot areas.

Low

Photogrammetric
restitution within
the LOD2
production line

Uses established orientation,
restitution, editing, quality assurance,
and CityGML export environments,
but manual facade restitution remains
operator-intensive.

Medium

AI-supported
photogrammetric
production
workflow

Adds AI suggestions for repetitive
facade elements to the existing
photogrammetric line. Operators
validate, correct, and handle complex
cases while preserving production
control and semantic quality
assurance.

Medium–
High

Table 1. Operational comparison of LOD3 production pathways.
Scale potential is indicative and based on the reviewed literature.

2.3 Critical Synthesis

The literature reviewed above shows that the individual techni-
cal components required for LOD3 reconstruction, including
point cloud processing, facade segmentation, opening detec-
tion, semantic classification, and CityGML encoding, have each
advanced substantially across multiple research groups. Acqui-
sition conditions, occlusion, and complex facade elements nev-

ertheless continue to constrain automated methods, while the
organizational and economic factors that determine whether a
feasible reconstruction method becomes an operational prod-
uct have received comparatively little attention (Harshit et al.,
2024, Ogawa et al., 2024, Hanke et al., 2025). The following
section therefore develops the hypothesis that ecosystem-level
constraints have become an important barrier alongside the re-
construction challenges that remain.

3. Why Did LOD3 Fail to Emerge?

Substantial technical foundations for LOD3 reconstruction are
in place, yet LOD3 has not evolved into an operational pro-
duction standard comparable to LOD2. Technical barriers
clearly persist, particularly for complex facade elements, ac-
quisition conditions, occlusion, and validation. Our synthesis
of practitioner interactions and pilot experience suggests that
ecosystem-level constraints are also an important part of the
adoption bottleneck. We state this as a hypothesis rather than
a demonstrated result: advances in reconstruction technology
alone appear insufficient to explain or overcome the limited
adoption of LOD3.

3.1 Demand and Business Incentives

The first barrier is economic: LOD3 production involves ma-
terially more operator effort than established LOD2 work-
flows (indicative operator-effort estimates are reported in Ta-
ble 2). Existing LOD3 datasets have mostly been de-
veloped within research projects, pilot implementations, or
application-specific proof-of-concepts. Projects such as In-
golstadt (SAVe/SAVeNoW) and the TUM campus in Munich
(TUM2TWIN) show that LOD3 production is technically fea-
sible (Chair of Geoinformatics, TUM, 2023, Wysocki et al.,
2026). However, few have evolved into continuously main-
tained workflows covering entire cities or regions.

During exploratory discussions with software vendors, map-
ping agencies, and industrial partners in 2024–2025, one re-
mark came up again and again:

“Nobody has asked us for LOD3 before.”

Consistent with the research approach described in Section 1.1,
we treat this remark as a practitioner signal rather than as sur-
vey evidence. It nevertheless points to a market condition that
the published record confirms. Unlike LOD2, which became
a standard deliverable for municipalities and national mapping
agencies, LOD3 has rarely appeared as an explicit contractual
requirement. Software vendors therefore had little incentive to
optimize production pipelines beyond research-oriented imple-
mentations.

Published examples show the same pattern: open LOD3 bench-
marks and recent production studies remain concentrated in
campus- or neighborhood-scale test areas rather than in con-
tinuously maintained national datasets, whereas LOD2 pro-
duction is embedded in municipal and national mapping prac-
tice (Wysocki et al., 2022, Harshit et al., 2024, Ogawa et al.,
2024, Hanke et al., 2025). This asymmetry reflects where pro-
curement has historically been concentrated. As long as LOD2
remained sufficient for mapping, planning, visualization, and
asset management, municipalities had little reason to procure
more detailed production workflows (Biljecki et al., 2016b),
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and LOD3 did not enter the reinforcing cycle of demand, invest-
ment, and declining production effort formalized in Section 3.3.

Emerging applications in material stock estimation, renovation
planning, NGCN applications, and urban simulation may cre-
ate the economic incentives needed for long-term investment in
operational LOD3 production.

3.2 Labor-Intensive Production Workflows

Beyond weak demand, a second constraint is that LOD3
production remains labor-intensive even where reconstruction
methods are technically available. Artificial intelligence has
significantly improved facade interpretation, but production re-
mains fundamentally human-in-the-loop (Harshit et al., 2024,
Hanke et al., 2025); Section 7 reports indicative operator-effort
estimates for this division of labor.

A representative workflow begins with conventional pho-
togrammetric reconstruction, producing a geometrically consis-
tent LOD2 building model from aerial imagery and dense point
clouds. AI-based object detection is subsequently applied to
identify facade openings, primarily windows and doors, which
are then integrated into the reconstruction workflow (Ogawa et
al., 2024, Hanke et al., 2025). Experienced operators review
and correct these detections before export to CityGML; more
complex architectural elements are handled through hybrid pro-
duction steps, as detailed in Section 6. AI therefore assists op-
erators rather than replacing them.

Data acquisition further reinforces this challenge. Most air-
borne mapping campaigns have historically been designed for
LOD2 production, where nadir imagery provides sufficient roof
coverage. LOD3 reconstruction, however, depends on sub-
stantially improved facade visibility obtained through carefully
planned oblique imagery (Tuttas and Stilla, 2013, Haala and
Kada, 2010). Existing oblique acquisition campaigns may al-
ready provide useful facade information, but flight planning
is still rarely optimized specifically for facade reconstruction.
Acquisition strategy therefore deserves stronger consideration
where LOD3 is an explicit objective, instead of treating fa-
cade modeling only as a downstream enhancement of LOD2-
oriented data collection.

3.3 Formalizing the LOD3 Gap

Significant progress has been achieved in many individual com-
ponents, but they have largely evolved independently rather
than as parts of an integrated production system. We formal-
ize the LOD3 Gap as a dependency chain:

Application Demand → Facade Acquisition → Facade
Reconstruction → Human Validation → Quality Assurance
(QA) → Maintenance → Production Effort → Application

Value.

Constraints at any of these stages can limit operational produc-
tion regardless of progress elsewhere in the chain. The relation-
ship is also recursive: demonstrated application value can stim-
ulate future demand and investment, while weak demand limits
investment, keeps production effort high, restricts LOD3 avail-
ability, and leaves fewer opportunities to demonstrate applica-
tion value. Research has concentrated heavily on reconstruc-
tion, whereas the surrounding acquisition, validation, mainte-
nance, and production conditions have received less systematic

attention. In this framing, the LOD3 Gap describes the discon-
nect across the production and adoption chain rather than the
absence of a single technology.

4. When Is LOD3 Really Necessary?

The preceding sections established that LOD3 production has
remained technically feasible but economically marginal. The
question that follows is more precise: for which applications
does facade-level geometry create measurable analytical value
that enriched LOD2 cannot provide? A useful organizing prin-
ciple emerges from the application evidence: applications that
treat buildings as statistical objects generally work well with
enriched LOD2, whereas applications that interact directly with
the building envelope may benefit from explicit facade geome-
try (Biljecki et al., 2016b). The distinction is not categorical.
Required detail depends on analytical scale, accuracy require-
ments, and modeling approach. We therefore use a narrower
criterion: LOD3 is warranted where explicit facade geometry
adds analytical value that enriched LOD2 cannot provide, rather
than whenever facade-related information is required.

4.1 Applications Where Enriched LOD2 Is Sufficient

For the majority of established urban modeling workflows,
standard or semantically enriched LOD2 provides sufficient ge-
ometric fidelity at substantially lower production effort. Large-
scale solar potential assessment, planning visualization, popula-
tion density estimation, noise propagation modeling, and broad-
scale energy demand aggregation operate at a spatial resolu-
tion where prismatic volumes with attributed properties are ad-
equate (Biljecki et al., 2015, Biljecki et al., 2016b). In many
energy simulation workflows, attaching window-to-wall ratios
and construction-year classes as thematic properties to LOD2
surfaces captures the dominant sources of thermal variation
without altering the underlying geometry (Johari et al., 2022,
Xu et al., 2023).

4.2 Applications Requiring Explicit Facade Geometry

The common characteristic of the applications examined here
is that they interact directly with the building envelope rather
than with the building as a single volumetric object. For such
applications, the question is not simply whether opening infor-
mation is present, but whether geometric representation confers
analytical advantages over attribute-based approximations.

This distinction first became apparent within the CircBoost
project, where CityGML-derived material stock estimates were
validated against BIM-derived reference models. For regional
material cadastres, LOD2 volumes and archetype-based mate-
rial intensities are often sufficient because most building mass
is held in foundations, floors, and structural walls (Tanikawa
and Hashimoto, 2009). The required level of detail changes
once individual building components become the unit of anal-
ysis. LOD3 becomes relevant when the task shifts from aggre-
gate mass estimation to object-level circular-economy tracking,
where windows, doors, and facade components must remain
distinct assets across BIM–GIS exchange (Heisel and Rau-
Oberhuber, 2020, Honic et al., 2019). In the project that mo-
tivated this work, LOD3 was selected for this reason: explicit
facade geometry provides a city-model representation substan-
tially closer to the BIM-derived building-envelope information
against which material stock calculations are compared. High-
resolution thermal simulation faces a related constraint: per-
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opening geometry drives solar gain and fabric heat loss calcula-
tions at the individual facade zone level in ways that attributed
approximations cannot replicate (Johari et al., 2022, Xu et al.,
2023).

A comparable dependency arises in flood inundation mod-
eling and building-level damage assessment. Buildings are
treated not as sealed volumes but as objects whose vulnerabil-
ity depends on the relation between water levels and building-
specific geometry. BIM–GIS flood assessment therefore ben-
efits from detailed building geometry and 3D visualisation
at the individual-building scale (Amirebrahimi et al., 2016).
Entrance-aware routing illustrates the boundary of this crite-
rion. Entrance locations can be stored as point attributes on
an LOD2 model, which may be sufficient for many routing
tasks. Explicit facade geometry adds value where the geomet-
ric relation between the opening, the building envelope, and
the surrounding model must itself be evaluated, for example
in building-level flood exposure. The analytical object is then
no longer the building shell in general but the access interface.
This is evident in last-mile logistics, where the operational des-
tination is no longer a building centroid but a specific door-
way connected to the street network. Commercial geocoding
and navigation platforms now expose entrance coordinates as
routable destinations, illustrating a shift from building-level to
entrance-level location services (Mapbox, 2026).

A further potential dependency is being investigated in urban
communication-network research within the NGCN project. At
millimeter-wave frequencies used in 5G and emerging 6G sys-
tems, the physical scale of facade features, including window
positions, structural reveals, and cladding material transitions,
approaches the signal wavelength, suggesting an increasing ge-
ometric sensitivity in ray-tracing propagation models (Wang et
al., 2025). Recent 5G mobility emulation work based on Project
PLATEAU, OpenAirInterface, and Sionna RT illustrates the
conversion bottleneck: CityGML is used as geometric input,
but the propagation pipeline operates on exported mesh geom-
etry with separately assigned electromagnetic materials rather
than on the original semantic city model (Iye et al., 2025). We
do not claim this as an established necessity; we identify it as a
research direction whose practical value is still being quantified.

Beyond simulation and analysis, LOD3 also occupies a struc-
turally distinct role in BIM–GIS integration. The exterior shell
of a BIM model maps most naturally onto a CityGML LOD3
representation, and as building permit workflows digitize and
public authorities increasingly receive BIM deliverables, LOD3
supports data exchange and improves the fidelity with which
project-level information can be ingested into operational city
models (Donkers et al., 2016, Noardo et al., 2020). This does
not imply perfect interoperability, but it positions LOD3 as the
most coherent transition layer between the two domains.

4.3 Implications for LOD3 Production

Because the applications that genuinely require explicit facade
geometry form an identifiable subset rather than the majority
of urban modeling tasks, a blanket commitment to LOD3 at
municipal or national scale is difficult to justify on analyti-
cal grounds alone. LOD3 should instead be deployed selec-
tively where facade geometry produces demonstrable analyti-
cal value, and such application-driven deployments provide a
realistic pathway for expanding the production ecosystem.

5. From Research Demand to Operational Production

The pathway examined in this study did not begin with a new
reconstruction algorithm. It began with a concrete application
that exposed the limitations of existing LOD2 data. A material
cadastre study comparing CityGML with BIM required close
semantic and geometric correspondence between the two rep-
resentations. Among the available CityGML representations,
LOD3 provided the most suitable approximation of the BIM
building envelope (Donkers et al., 2016, Noardo et al., 2020).
Producing complete LOD3 models manually, however, was not
viable for city-scale applications (Buyukdemircioglu and Koca-
man, 2020, Harshit et al., 2024).

This requirement brought researchers, public authorities, and
industrial software developers into close collaboration, shifting
the discussion from isolated geometric reconstruction toward
the extension of existing production workflows. LOD3 was thus
treated not as a general-purpose upgrade of city models but as a
specific production capability supporting emerging application
domains.

Hamburg provided an important operational reference through
its long-running municipal CityGML production environment,
maintained by the State Office for Geoinformation and Survey-
ing (LGV) together with industrial software providers (Lan-
desbetrieb Geoinformation und Vermessung Hamburg, 2026).
This existing production context provided the basis for collab-
oration with UVM Systems, whose software already supports
photogrammetric CityGML production. Building on this expe-
rience, the LOD3 extension was subsequently developed and
tested for the Belgrade pilot area. Our role was to formulate the
application requirements and the required facade-level informa-
tion, while UVM Systems implemented the software extensions
and carried out the production.

The Belgrade pilot therefore examined whether facade-level
LOD3 capabilities could be added to an established pho-
togrammetric production chain covering image orientation,
photogrammetric restitution, quality assurance, interactive edit-
ing, and CityGML export.

Development therefore focused on missing facade components
rather than complete reconstruction. Roof superstructures were
already reconstructed operationally, while AI-assisted methods
targeted repetitive windows and doors (Ogawa et al., 2024,
Hanke et al., 2025).

The resulting workflow combines AI with established pho-
togrammetric practice instead of replacing it; the division of
labor is described in Section 6. These observations come from
a single production environment and are not statistically gen-
eralizable, but the pathway may be relevant to other cities that
already maintain photogrammetric LOD2 workflows.

6. Hybrid LOD3 Production Pipeline

The hybrid workflow extends an existing operational LOD2
pipeline without replacing it: we defined the production re-
quirements, and UVM Systems integrated the required facade-
level capabilities into its established photogrammetric pipeline
(Figure 2).
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Figure 2. Hybrid LOD3 production workflow used in this study.
AI proposes window and door candidates, operators validate

them, complex facade structures remain operator-led, and
validated facade data supports iterative AI refinement.

The unchanged LOD2 pipeline covers aerial image processing,
orientation, stereo restitution, semantic reconstruction, quality
assurance, and CityGML export. The extension adds facade-
level semantic objects to this production environment. Mature
CityGML delivery chains exist for LOD2, while facade-level
enrichment remains a separate production challenge (Landesbe-
trieb Geoinformation und Vermessung Hamburg, 2026, Harshit
et al., 2024).

The workflow employs AI-assisted methods to detect repetitive
facade elements, primarily windows and doors, from aerial im-
agery. These detections do not generate the final LOD3 model
directly; they enter the existing editing environment as candi-
date semantic objects associated with the corresponding build-
ing surfaces. Experienced operators subsequently validate the
proposed detections, correct ambiguous cases, and ensure se-
mantic and geometric consistency with the underlying building
model (Ogawa et al., 2024, Hanke et al., 2025). Operators still
reconstruct architectural structures with greater geometric vari-
ability, particularly balconies, using conventional photogram-
metric restitution, while roof superstructures such as chimneys
remain part of the established production workflow.

The result is a human-in-the-loop workflow: automation sup-
ports repetitive patterns, while expert interpretation handles
complex elements and final quality assurance.

The strategy is designed to evolve rather than to eliminate
manual work immediately. Operational production continu-
ously generates validated facade geometries through routine
quality control, creating reference data for later model refine-
ment (Wysocki et al., 2022). This instantiates the feedback re-
lation introduced in Section 3.3: application demand justifies
investment, production generates validated data, and improved
detectors reduce operator effort in later projects, while the pho-
togrammetric backbone remains in place.

7. Operational Pilot Demonstration

We piloted the workflow, in cooperation with UVM Systems,
in an operational production environment in Belgrade, Serbia,
as part of the EU Horizon CircBoost project. The pilot area
covers approximately 3 km2 and includes around 600 predom-
inantly residential buildings with different heights and facade
typologies (Figure 3). Of these, 505 buildings were delivered as

CityGML LOD3 in the final pilot dataset. UVM Systems first
reconstructed the area through its established LOD2 production
chain using combined aerial and mobile point-cloud acquisi-
tion. The pilot tested integration into an industrial CityGML
production workflow, not the accuracy of a standalone AI
method.

Figure 3. Belgrade pilot area in Palilula municipality. The red
boundary indicates the project area and the green boundary

indicates the test area used for the operational demonstration.

UVM Systems implemented the LOD3 extension within its
CityGRID production environment, following the facade-level
requirements defined in the project. AI-assisted methods gen-
erated candidate window and door objects on building facades,
which experienced operators reviewed and corrected. Opera-
tors integrated accepted facade objects into the semantic build-
ing model and exported them as CityGML LOD3.

The pilot did not require replacement of the existing production
chain. AI reduced repetitive editing for regular facade elements,
while operators retained responsibility for correction, quality
control, and complex objects. This division of labor matters
because current automated LOD3 methods still struggle when
acquisition, registration, and validation must be handled at city
scale (Ogawa et al., 2024, Harshit et al., 2024).

The pilot also confirmed the limits of the approach. Occluded
openings, irregular facade details, and locally specific archi-
tectural forms still require manual interpretation. Its practical
value lies in adding facade-level semantics where they can be
produced efficiently, without disrupting the existing LOD2 pro-
duction chain.

Table 2 summarizes indicative operator-effort estimates pro-
vided by the industry partner from its production experience.
Relative to fully manual photogrammetric LOD3 restitution, the
hybrid AI-assisted workflow corresponds to approximately 50–
75% lower operator effort.

These estimates were not obtained through a controlled time-
and-motion study and should be interpreted as indicative pro-
duction estimates rather than benchmark measurements. They
vary with building complexity, input data quality, and opera-
tor experience and reflect predominantly residential buildings
in the pilot area. In this human-in-the-loop workflow, through-
put depends on the combined time for AI proposal, operator
verification, and correction; standalone detector metrics (preci-
sion, recall, acceptance rate, and false-negative rate) were not
recorded as controlled experimental measurements. The pi-
lot therefore demonstrates workflow integration and operational
feasibility, but not city-, regional-, or national-scale scalability.
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Workflow Estimated operator effort
Established LOD2 production 2–4 min/building
Earlier manual SketchUp-style
LOD3

3–5 h/building

Manual photogrammetric LOD3
restitution

∼60 min/building

Hybrid AI-assisted LOD3
workflow

15–30 min/building

Table 2. Indicative operator-effort estimates provided by the
industry partner based on production experience. LOD2

production and earlier manual SketchUp-style LOD3 modeling
are included as reference baselines only.

8. Conclusions

This paper examines the conditions required for opera-
tional LOD3 production rather than another reconstruction
method (Biljecki et al., 2016a, Harshit et al., 2024, Ogawa et
al., 2024, Hanke et al., 2025).

We draw three conclusions. First, we hypothesize that recon-
struction capability alone is insufficient to explain the limited
adoption of LOD3: ecosystem-level constraints have become
an important barrier alongside the reconstruction challenges
that remain, as captured by the LOD3 Gap framework of Sec-
tion 3.3. Second, LOD3 should be produced selectively where
explicit facade geometry creates demonstrable analytical value,
rather than treated as the default representation for all city mod-
els (Biljecki et al., 2016b). Third, AI can be introduced into
existing municipal production environments through a hybrid
workflow that combines automated facade detection with pho-
togrammetric expertise and established quality-control proce-
dures (Harshit et al., 2024, Ogawa et al., 2024, Hanke et al.,
2025).

The Belgrade pilot illustrates this perspective (Figure 4): 505
LOD3 buildings were delivered through an existing industrial
workflow at approximately 50–75% lower operator effort than
fully manual photogrammetric restitution, demonstrating work-
flow integration and operational feasibility rather than scalabil-
ity.

Figure 4. From measured point-cloud data to an operational
LOD3 city model with explicit semantic facade and roof objects.
The resulting model retains facade and roof objects as semantic

components.

The evidence suggests that bottlenecks extend beyond geome-
try reconstruction to the production and adoption chain, while
substantial reconstruction challenges remain. Future work

should test larger production campaigns, quantify detector per-
formance under controlled conditions, and evaluate whether
operator-effort reductions persist across building typologies and
acquisition conditions.
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Gröger, G., Kolbe, T. H., Czerwinski, A., and Nagel, C. (Eds.),
2008. OpenGIS City Geography Markup Language (CityGML)
Encoding Standard, Version 1.0.0. Open Geospatial Consor-
tium, OGC Doc No. 08-007r1.
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