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Motivation - From City Model to Chaos

CityGML

represented
by

I “l gt -
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Real City City Model
“digital twin”



Motivation - From City Model to Chaos

Urban energy planning requires evaluating multiple “what if’ futures of the city model (refurbishment, PV
adoption, climate change)
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Motivation - From City Model to Chaos

Urban energy planning requires evaluating multiple “what if’ futures of the city model (refurbishment, PV
adoption, climate change)

PROBLEM 1:

\

Without a standard entire
city models often must
be duplicated per
scenario!

— vt}

\ City Model
City model C J] )

_____________________________

Extraction of
city model entities
(and their characteristics)

City Model 6



Motivation - From City Model to Chaos

hPROBLEM 2:

Which set of results is
"better” ?

Storing "just" the results
__ may not be enough!
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Motivation - From City Model to Chaos

uuuuuuuuuuu

Storing "just" the results
may not be enough!

o There is no way to trace

(e

mﬂ .o . . o
V] : which simulation settings
City Model I | o produced which results
Renovation
and how they relate to ;

(ot (] one another! __A

Urban Green .1 ugreen

Test Model 1est Model + PV

City Model 2025

City Model 2035 City Model 2050 8



Motivation - From need to objective

4 .Q: N\ [ r%\l N\ [ ’j’,
-0 NP S

~N

Track how city models Let parallel “what if” Tie every result back
change and relate to alternatives live in to the configuration
one another one dataset, without that produced it and
duplication the city the city entities it is

K j K model for each j K related to j

Objective: Test and enhance the Scenario ADE for CityGML 2.0 so it can hold several alternative futures

of one neighborhood in a single dataset and link each future to the simulation that produced it.




Motivation - current tools can't do this yet

CityGML 2.0 + the ADE mechanism

« ADEs extend the schema for new domain data, but only describe the state — not why or under what
assumptions

What today's tools track

« CityGML 3.0 Versioning: bitemporal model to track object lifecycles (Chaturverdi et al., 2017)
« CityGML 3.0 Dynamizer: Animates a single attribute over time

« CityJSON: Offers a git-based versioning file-level deltas (Ledoux et al., 2019)

« Provenance Standards (1ISO19115, PROV): how data was created, but no binding to changes,
settings and assumptions

The Limitation

- Currently none of the existing tools support 3D city models that captures not only what changed but
also why and under which assumptions.
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Research Questions

MAIN RESEARCH QUESTION

How can a Scenario ADE for CityGML
2.0 be developed and implemented to
support the structured management,
analysis, and comparison of multi-
temporal scenarios in urban
applications, using urban energy
simulations as the case study?

SUB-QUESTIONS

What entities, properties, and relations
must a Scenario ADE represent to model
an urban scenario?

How can an existing Scenario ADE
schema be iteratively refined and
evaluated against design principles
derived from scenario theory and empirical
evidence?

To what extent can the operationalized
Scenario ADE, in its physical encodings,
support the management, analysis and
comparison of urban energy scenarios?

12
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Methodology — Sequential Phases

/ Exploratory \

Analysis

Empirical

Requirement
Evaluation

Theoretical
Requirement
Derivation

Environment

'
| Phase 1 Empirical Findings
i in Rotterd

g in
Simstadt simulation runs
Concrete data requirements

/ Conceptual Schema Development

Design Science Research

______________________________

Beta 4,5

i
Grounding !
Design Principles |

Knowledge Base

ria
based on Spaniol, XSP,
Versioning, MDA (van den
Brink)

@
DSR iterative design cycle applied to the Scenario ADE (Hevner et al., 2004)

/ Interacting \
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Model-Driven Approach
van den Brink et al., 2013




Methodology - Generatlng Final Encodings
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Schema Development - What “counts” as a
Scenario?

The Definitional Chaos

"Scenario" is used loosely; futures science has
decades of “methodological chaos” (Bradfield
et al. 2005)

Spaniol & Rowland (2019) synthesized
consensus from hundreds of definitions

— a scenario is about the external future
context, not the actions you take.

But urban planners also need to test
interventions (strategies)

— decouple the external context from the
strategy / intervention (XSP, Abou Jaoude
et al. 2022)

Is the described phenomena...

If NO, then it may be, but is not limited to...

~

NO
Future oriented? Counterfactual; Nowcast
" J
= = ~
NO i t : Pre- I >
About the external context? Opiioa MR Pres ‘“C‘.““; Mgnqqemem
e dilemma; Leadership “vision
— =
i S NO Trend extrapolation; Forecast; Model simulation;
A narrative description? :
e 4 Sensitivity analysis; Consensus forecast
= =
) NO : .
Plausibly possible? Science fiction; Future fantasy; Dystopia; Utopia
& i
B rriatzed sot? NO Prediction; What-if? ?ontinger\cy, Baseline
] scenario; Backcast
E . \
) : NO Sharing the same cluster or island on heat maps
Comparatively different? 9 > : P
I built by morphological boxes
-
SCENARIO
- — S
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Schema Development - Pillars of a Scenario

Context

What past, present or future
conditions are we in?

. Climate projections
(KNMI 2050)

. Socio-economic factors

. Grid constraints

e.g. KNMI 2050Hn weather file

/v

Strategy

What intervention are
we applying?

. Envelope modifications
(U-values)

. PV panel deployment

. Building demolition
/greening

e.g. Advanced TABULA retrofit

2

Configuration

How were the results
computed?

. Simulation engine &
version

. Calculation standards
(ISO)

. Temporal resolution

e.g. SimStadt + ISO 13790

18



Schema Development — The underlying
operations a Scenario ADE needs to support

Every scenario is built from the same nine
operations

Three actions at three levels

Covers the “what changed”

E.qg., simulation result is inserted like any other
change, but bound to the configuration that
produced it

W‘

Add a new building

[ i
Add PV panels to roof
-y,

Property Attribute
Add U-Value of Wall

Demolish a building
.
Remove a solar panel

e A

Property Attribute

Remove U-Value of Wall

D

Root Feature
New building design

ﬁ,

Child Feature

New roof / green roof

L ER
Property Attribute

Replace Wall to Window
Ratio: 7%->20%
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Schema Development - What the simulation
runs demanded

‘ Members
c : )
n
Store inputs Missing Traceability Link o | e e Missing Traceability Link
. . . (Must link where they belong Scenario simulation (Parallel Scenario Versions
SImUIatlon InpUtS must be stored and without duplicating geometry) must be tied to the scenario
\_ linked ) i : parameters)
C Native Resolution ) Simulation Outputs Parallel scenario versions must be tied | version changes
. . ¢ them Scenario City Model
Results must be stored at their native per-Building per-Surface 2 Lieage an
i . anges
\__level of resolution ) ** 7
Results must be stored at their s Supports alternative
native level or resolution concurrent scenarios and
= Bind every result h .
. | Parameters
Each results must be linked to what | '
d dit Missing Provenance Link Missing Provenance Link
\_ pro uced | J (Must bind engine parameters Scenario Simulation (Parallel Scenario Versions
- ~ to specific results) Pafa"jeteﬂ Parameters must be tied to the scenario
» Trace enrichment —— parameters)
and stored at
. appropriate leve!
Data must be traceable to specific
. features )
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Schema Development - The intentions and
the conceptual requirements

F1

F2

F3

Intentions

Foundational Intentions

Domain agnostic
layer over any
CityGML module

Scenario set

coherence

Forward compatible
with CityGML 3.0

Context

External Boundary

C1

C2

C3

Condition

Boundaries remain
independently
retrievable

Horizons & narratives
travel with
parameters

Parameters carry
role metadata (input
vs. result)

Strategy

Intervention

ST1 Interventions without
duplicating base
geometry

ST2 Attribute changes
point unambiguously
to target

Configuration

Simulation + Reproducibility

CF1

CF2

CF3

Simulation settings
separable & reusable

Results traceable to
object + run

Multiple result types
structurally
distinguishable
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Schema Development - [terative progression

Beta 3
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Beta 5

Scenario module

_cityosject enumarations
“eatiaTyper
Core-Abat aaded
medified
remaed
[
repiaced
sleatureTypes
Sidationtibrary
froo

ssimulation

Beta 6

AbstractADEFeature|
«reatureTypes
bstractFeatureWithLifespan

«featureTypes

«featureTypes

I I

«codeListy
TransitionTypeValue

+ reason: Characterstring[0. 11

- ]

+ planned

+ realzed

+ historcalSuccession
+ fork

merge

Ko ———————f+ tpe:Code .1

1
@[+ temporalkesolutice: code [.1]
+_serericParameter: MostraclemericParametes |
byseference

oy eeeence o

+ aperation: MemberDperationValue:
+ genencParameter: AbstractGenericParameter [0, ¥ oy

soldObjuciviambar

w1

sensramarest [ pesretyges ]

[ shasaeriees Fm....mm.,..

Y

oldFeature steatureTransaction \/0.+

o1 FeaureTrmsaction acodelists
TransactionTypeValue

+ ope:

“newFeature ———
- ceee

01 + repiace

sparentFeature

01

«teatureTypes
Cores: CityObject

e AbstractGenericAttribute [0..%]

o

<attributeTransaction

type: TransactionTypeValue

value: AttributeValue 0..1]

AttributeTransaction

isGenericztribute:Boolean=False
atiributeName: CharacterString 0..1]




Schema Development - The Scenario ADE
Beta 6 modules

Core Module

* Anchors the extension to
CityGML and provides the
shared abstract types for
feature and cityobject
versioning

Simulation Module

» Captures how the results
were produced.
Representing the
configuration pillar.

Versioning Module

* Manages the logic for all
the nine underlying
operations.

Scenario Module
* Binds the Scenario to its

context, strategy and sets
of unique simulation runs

23



Schema Development — Scenario Module

_CityObject

«featureType»
Core::AbstractScenario <t

«featureType»
Scenario

«codeList»
ScenarioTypeValue

+version

+ type:ScenarioTypeValue [0..1]
+ projectName: CharacterString[0..1]

7
AN
byReference

+versionTransition

- AN
byReference

0.1

+scenarioResults\|/0..*

AbstractVersion

«featureType»
Versioning::Version

AbstractVersionTransition

«featureType»
Versioning::VersionTransition

AbstractFeatureWithLifeSpan

«featureType»
ScenarioResults

_CityObject

«featureType»

+newFeatureTransaction

+simulationEngine

AbstractFeatureWithLifeSpan

«featureType»

Ver atur

Ny
.4 AN
inLine

_CityObject

«featureType»
Versioning::AttributeTransaction

+ | inLine

©

0.1

T
AN
byReference

+settings

0..1

'
'
+newAttributeTransaction AN
byReference

AbstractFeatureWithLifeSpan

«featureType»
Simulation::Settings

The Scenario Module reflects all the scenario components:

. Context

Different contextual elements are stored amongst different

classes.

’ Strategy

Represented by the VersionTransition holding all strategy

changes required to arrive at the Version of the Scenario

a Configuration

Represented by the ScenarioResults which holds a unique
combination of a SimulationEngine, Settings and

Transactions to insert results tied to scenariomembers
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Schema Development - Versioning Module

AbstractADEFeature

afeatureTypes
Core::AbstractFeatureWithL ifeSpan

i

[

l

CorezAbstractVersion

«featureTypes ’

«featureTypen
Core:AbstractVersionTransition

+from

afeatureTypes
VersionTransition

«codelists
TransitionTyneValue

reason: Characterstring[0..1]
clonePredecassor: Boolean

+

0.1

[N
byReference

efeatureTypes na .
Version AN
byReference
+ tag CharacterString[0..*] +10

type: TransitionTypeValue [0..1]

(]

inLine T

+

[,
byReference

planned
realized
historicalSuccession
fork

merge

. —— e o e o o e = -
wersionMember 4| /0..* e e +featureTransaction 0.*
nbsrmcrﬁl\&‘ S efeatureTypes
«FeatureTypes 0.1 I, FeatureTransaction «codelists
- TransactionTypeValue
featurez:AbstractFeature] byReference = type TransactionTypeValue
+newFeature —
| + delete
1 0.1 N 1|+ repace
byReference
] | sperentfesture
I 0.1 I
=parentfeature
wfeatureTypes
Core:_CityObject
|+ genericAttribute: AbstractGenericAttribute 0. -]|
0.+ +attributeTransaction

efeatureTypes
Attribute Transaction

type: TransactionTypeValue
isGenericAttribute: Boolean=False
attributeName: CharacterString [0..1]
value: AttributeValue [0..1]

b

Backported from CityGML 3.0 Versioning Module

e Version, VersionTransition and Transaction

Beta 6 added functionality

e  AttributeTransaction

e  Supports Attribute Modifications for root and
child features.
e  FeatureTransaction

e Additionally allows storing features inside

Scenario Container
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Schema Development - Simulation Module

_ CityObject

afeatureTypen
Core::AbstractLibrary

afeatureType»
Simulati ji

+sim

afeatureTypen
SimulationLibrary

ulationEngine tsettings

+ wersion:CharacterString [0..1]
+ license:CharacterString[0..1]

«enumeration»
ScopeValue

input
output
other

0.*

: ; 0.*

inLine | inLine

AbstractADEFeature

afeatureTypes
Core::
AbstractFeatureWithLifeSpan

ufeatureTypen
Settings

-

+parameter’y|/1..*

«dataType»
Parameter

SR

scope:ScopeValue [0..1]
description: CharacterString [0..1]
name: CharacterString

value: AttributeValue

Allows for the storing of scenario configurations

SimulationLibrary

e Holds all SimulationEngine and Settings

e  Settings is composed of Parameters that can

be:

e |nput, outputs or other



Schema Development - Generating the XML
and SQL Encoding

 The 4 case scenarios were encoded for (rwemesus e
Feyenoord using the following:

«  XML: First test on foundational operations, then
neighborhood scale

« SQL: First for 10 buildings in Feyenoord, then
neighborhood scale

+ Full member enumeration

The 4 scenarios are: ‘ Ty

4 o

—

. / \ ‘ Scenario Multiverse Or Individual Scenarios
Baseline (2025) L ) L
Status quo 5 |
i” ~===-==---- Dutput File Validation - - - - - - ,,”,J,”
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Results — Operation encoding example in XML

-

Add a new building

1ﬁ
Add PV panels to roof
[ l

Property Attribute
Add U-Value of Wall

Demolish a building

Remove a solar panel

Property Attribute

Remove U-Value of Wall

Root
New building design

Child

New roof / green roof

-

Property Attribute

Replace Wall to Window
Ratio: 7%-20%

3 ¢sen:Scenario gnl:id="1d_scenario_cases">
9 <gml:description>U-value attribute removed after facade replacement</gml:description»
10 <scn:identifier>id_scenario_case8¢/scn:identifiers
11 <sen:validFron>2026-06-01T00:00:@8</scn:validFrom>
12 <scn:validTo>2038-12-31T23:59:59¢/scn:validTos
13 <scn:type codeSpace="http://.../1.8/codelists/ScenarioType.xml">explorative</scn:type>
14 <sen:projectianes>ScenarioADE Betab - Test Suite</scn:projectiames
15 <scnzversion xlink:href="#id_version_case8_v2"/>
16 <senzversionTransition xlink:href="#id_vt_cases"/s Scenario
17 </scn:Scenario>
18  <¢/cityobjectMember>
19 <gnl:featureMember>
20 <scn:VersionTransition gml: i d_vt_cases">
21 <gnl:description>Stale wall U-value attribute deletedc/gnl:description>
» <scn:reason>Facade replaced - pre-renovation U-value no longer valid, pending new
measurement</scn:reason>
23 <scn:clonePredecesser>true</scn: clonePredecessor>
24 <sen:type codeSpace="http://.../codelists/VersionTransitionType.xml"splanned</scn:types
25 <sen:from xlink:href"#id_version_case8_v1"/>
26 <scn:to xlink:href="#id_version_case8 v2"/>
2 <scn:attributetransaction» . .
2 <sensateributeTransaction gnlsida"id at_cases dereres AttributeTransaction
5 <gnl:description>Delete stale walluvalue W_m2K generic attribute after facade
replacement</gnl:descriptions
3 <scnitype codeSpace="http://.../codelists/AttributeTransactionType.xml">delete</
scn:types
3 <scn:parentFeature xlink:href="#BAG_8599166000654922"/>
3 <scniattributeTypescityGMLGenericAttribute</scn:attributeTypes
3; <scn:attributeNane>wallUValue W_m2K</scn:attributeName>
3 </scn:AttributeTransactiony
35 </scn:attributeTransaction> . g
3 </scnsversionTransitions VersionTransition
IMTTTETOTETEmDET
38 <gml:featureMember>
39 <scn:Version gml:id="id_version_case8 v1">
48 <gnl:description>Building with pre-renovation wallUValue_W_m2K attribute</gnl:description>
41 <scn:validFrom»>2026-01-01T00:00:88</scn:validFroms
42 <scn:tagrbaseline</scn:tag>
43 <scn rsionMember x1ink:href="#BAG_0599100000654922" /> . .
@ sensversion Version 1 (baseline)
7 T7gml TeatureMember
46 <gnl:featureMembers
47 ¢scn:Version gml:id="id_version_case8_wv2">
8 <gnl:description»Building with stale wall U-value attribute deleted after facade
replacement¢/gnl:description>
49 <sen:validFron>2026-06-01T@0:00:80</scn:val idFron>
58 <scn:tagsscenariod/scn:tags
51 <scniversionMember x1ink:href="#BAG_0599100000654922" /> Version 2 (scenario)
52 </scn:Version>
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Results - Neighbourhood Scale Encoding in

XML

Category File Lines Bytes Smaller vs. sum (%)
Individual Future Climate (S1) 120,626 6,380,915
Individual PV Adoption (S2) 86,391 4,310,510
Individual Refurbishment (S3) 133,776 7,462,885
Individual Urban Greening (S4) 169,699 9,178,187 —
Sum of individual (4 files combined) 510,491 27,332,497
Multiverse Scenario Multiverse 332,836 19,490,515
Savings (multiverse vs. sum) 177,655 7,841,982 28.7%
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Results - Tracking Scenario Lineage in SQL

# depth
1 ]
2 1
3 2
4 | 2
5 2

version_gmlid

v_baseline

ver_scn_future_climate

ver_scn_pv_adoption

ver_scn_refurbishment

ver_scn_urban_greening

via_transition_gmlid

vi_scn_future_climate

vi_scn_pv_adoption

vt _scn_refurbishment

vt _scn_urban_greening

scenario_gmlid

scn_future_climate

scn_pv_adoption

scn_refurbishment

scn_urban_greening

scenario_project

Feijenoord Future Climate
DIN18599 H+C demand under
projected climate

Feijenocord PV Adoption per-
surface PV yield + 1irra-
diance

Feijenoord Tabula  Ad-
vancedRefurbishment  sur-
face U-values + post-re-
furb H/C demand

Feijenoord Urban Greesning
trees + post-greening H/C
and PV results
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Results - Comparing Scenario Results

target_class

Building

Building

Building

Building

Building

target_gmlid

BAG_0599100
000618980

BAG_0599100
000618982

BAG_0599100
000618983

BAG_0599100
000618984

BAG_0599100
000654922

attr_name
yearlyCoolin
gDemand

yearlyCoolin
gDemand

yearlyCoolin
gDemand

yearlyCoolin
gDemand

yearlyCoolin
gDemand

uom

kWh/a

kWh/a

kwh/a

kWh/a

kwh/a

Refurbishment_

Scenario_2050

4026

9623

2792

21220

23625

Future Climate
Scenario_ 2050

5314

10042

3607

25322

34791

delta

1288

419

815

4102

11166

pct_change

32
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19

47

32



Results — did the schema meet its intentions?

Trajectory

From mostly unmet in Beta
3 to 8 out of 11 met in Beta
6

Three remain partial:

C1 context stored by
naming, not structure

C2 narrative on inherited
description

ST2 generic-attribute
targeting

F1 Domain agnosticism

F2 Scenario set coherence

F3 Forward compatibility

C1 Context independently retrievable
C2 Horizons & narratives travel

C3 Parameter role (input vs result)
ST1 No base-geometry duplication
ST2 Attribute change targets feature
CF1 Reusable simulation settings
CF2 Results traceable to object & run

CF3 Result types distinguishable

unmet
partial
unmet
unmet
partial
partial
partial
met
unmet
unmet

unmet

unmet
met
partial
partial
partial
deferred
deferred
partial
unmet

unmet

met
met
partial
partial
met
met
partial
met
met

met
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Discussion

&)

Implications

versioning

* Introduces new
functionality to
CityGML 2.0

\_

* A new standard to store
and deal with scenarios

» Build on established

J

Interpretation

* From scenario theory to
scenario data
components

« Conflation of context
and configuration

« Domain agnosticism
versus semantic rigidity

kGeometric changes /

Limitations

+ Validation in one
domain (energy,
SimStadt)

* Residual schema gaps

+ Simulation derived
configuration class

. /
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Conclusion - Main research question

How can a Scenario ADE for CityGML 2.0 be developed and implemented to support the
structured management, analysis, and comparison of multi-temporal scenarios in urban
applications, using urban energy simulations as the case study?

Current Beta 6: a working Scenario ADE for CityGML 2.0

Holds several alternative futures of one neighbourhood in a single dataset

Binds each result back to the run that produced it

Contribution: A way to store a scenario as structured, comparable data, where every change and every
result is bound to the decision, the run, and the assumptions behind it.

Validated in energy simulations; some principles C1, C2, ST2 still partial




Future Work

Direct Schema recommendations
« Addressing requirement gaps through:

« Context scope, Narrative slot, Codelists, attributes carry their namespaces

Future Work

Apply and test the schema on a non-energy domain (flood / mobility / policy)

« Is the schema really domain agnostic?

« Test generalizing configuration pillars to a generalized provenance standard (ISO19115
/[ W3C PROV)

« Migrate to next city model standard (CityGML 3.0), possible additional CityJSON
encoding

« Build an application layer / GUI for end users to interact with the schema
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Thank youl!

Link to thesis repository: https://repository.tudelft.nl/record/uuid:42e6250f-7dfb-49e2-bfc1-3277b915bdcb
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