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1 ABSTRACT

In the last decade 3D city models received an asing amount of attention from both, the scientific
community and the professional field. One of thquieements for city models is that they should be
maintainable, i.e., the system should be kept geind not be created for a specific decision and the
abolished. What is the effect of such a require&reating a model that represents the currenisstita
city is only problematic due to the vast amountafa to be collected and processed. Keeping thstires
model up-to-date, however, is more complex. Thiguires, for example, the introduction of ‘time’ as
concept in the model because then it can compnsédistory and current status of the city as weliudure
development scenarios. The processes that lealdateges in the city must thus be represented irTithie
model to allow the changes. In the paper we disthesse problems and show necessary propertiestyor ¢
models and systems maintaining them to reach ameag level of maintainability.

2 INTRODUCTION

Digital city models are an important topic in cunreesearch. Topics include automatic building cite
(Brenner 2000; Frih and Zakhor 2003) or sub-suriiaitastructure (Forkert 2006). Applications of 8y
models include noise modelling (Kurakula and Kuf008). Cities like Berlin (www.3d-stadtmodell-
berlin.de/3d/seite0.jsp) or Vienna

(www.wien.gv.at/stadtentwicklung/stadtvermessungdgten/stadt-modell/produkt.html)  invest  large
amounts of money to create such models. Applicatimist then create enough revenue to justify these
expenses. However, cities change constantly arglttieimodels will be outdated one day. There ame tw
different scenarios to counter this problem:

« 1.The revenue from the applications is large endaogieach the break-even point before the model
is outdated. Then again money can be investecetiea new model.

« 2.The model is constantly updated and can thusskd over an extended period. Revenues from
applications will then pay for the updates and arofit provides down-payments for the investment.

The remainder of the paper is structured as folloWée start with some definitions to avoid
misunderstandings. Then we briefly discuss theedbfit quality levels that have been defined foy cit
models and observation processes suited to callget for these levels. We then show typical aptitioa
where city models are used. These applications derspecific levels of quality from the city modelhe
next section discusses changes in a city that ttebé captured to keep the model up-to-date. Finalé
discuss possible update processes for each glalidy and relate it to the applications. Some aasiohs
finish the paper.

3 DEFINITIONS

Several definitions are necessary as a startingt.pdfe discuss maintainability of city models. Thue
have to explain what we mean by maintainability aitgd models. A term frequently used when discugsin
spatial decisions and city models is sustainabilit4e show how this concept is typically used anguar
why this should not be used for the questions adeakin this paper.

3.1 Modéels of Cities

Models of cities can mean different things. It nieya model of the interactions within a city or adal of
topographic relations between objects in cities.\sfe the second type of city models. Many objectsties

can only be reasonably well described in three dsmmms and thus city models are often 3D models. A
standard frequently used for structuring the da@ityGML (Kolbe and Bacharach 2006).
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3.2 Sugtainability

The definitions of sustainability are manifold.idtsaid, for example, that it “relates to the mamance or
improvement of the integrated natural systems ¢béctively comprise life on our planet” (EggerQ®) p.
1236) or that it “is related to the life and mopesifically to the survival of all beings and huraan the
environment” (Mitoula and Economou 2007). Sustdi@ainban development can then be seen in the dontex
of “environmental stewardship, inter-generatiorgigy, social justice, and geographical equity” (ighton
1997, p. 189). The goal is typically ecologicaltaugability (Bandyopadhyay, Bandyopadhyay et aD20
Cerreta and Salzano 2009; Mahmoudi and Fanaei 20@9%lso economical and social sustainability are
discussed (Ostermann and Timpf 2007; Meir 2009e@snn 2009). These three kinds of sustainability
have been defined in the Agenda 21 (United Nati®@®?). These definitions extend the meaning ofdhm
sustainability to cover different kinds of impactdis is crucial when discussing city developméntthis
paper we discuss digital city models that servedasm basis for decision making. Above definitions
complicate the discussion for the kind of applicataddressed in this paper and impede the contientomn

the core technical problems for digital city modelscompletely different definition can be found time
Brundtland report, which defines sustainable dgwalent as “development that meets the needs of the
present without compromising the ability of futgenerations to meet their own needs” (Brundtlarhlid

et al. 1987, p. 24) but this is even more diffidaltranslate to technical issues of 3D city models

3.3 Maintainability

“To uphold as valid, just, or correct” is anothefidition of sustainabiliy (Nichols 2001). This ésperfect
definition for the purpose of this paper. It is,\wever, not a typical definition in spatial planninbhus
talking of sustainable models could lead readersrtmg conclusions about the content. We thus @elcid
use the term maintainability for the fact that thedel should be used during an extended perioohidtiple
decisions and applications. The model must theadapted whenever the city itself is significanthaoged.
The significance of a change depends on the apiplica

4 QUALITY CLASSESOF 3D CITY MODELSAND HOW TO OBTAIN THE DATA
CityGML defines five different quality levels foitg models (Kolbe, Grdger et al. 2005):

» Level of detail 0 (LoDO0): digital terrain model (IM) + aerial image

« Level of detail 1 (LoD1): Block models of buildings

» Level of detail 2 (LoD2): Roof structures, textures

« Level of detail 3 (LoD3): Detailed roof and waltsttures including balconies and vegetation
« Level of detail 4 (LoD4): Interior structures likeoms, doors, stairs, and furniture

These levels of detail require different types afadcollection. Models with LoDO to LoD2 can be gwoed
automatically from aerial images whereas interiouctures, for example, depend on the availability
either detailed surveys or architectural documenighle 1 shows the level of detail needed for déffie
applications.

Aerial photogrammetry can provide information on §bmetry (height of terrain and buildings, foatpsi

of buildings, and roof structure) and ground testut is difficult to get texture for vertical walfrom aerial
photogrammetry because of the wall's distortiortha image. Aerial images have been used to provide
texture because it is cheaper and sometimes no stiueces are available (see, for example, Steaiidr
Beck 2005). However, aerial images do not leadigh hesolution textures. When creating views from a
pedestrian perspective then the texture must béiedpm resolutions which can be provided only by
terrestrial photography (Goébel and Freiwald 2008jus many projects use terrestrial images for texgu
the objects (Holzer and Forkert 2004; Poesch, &afithter et al. 2004).

Airborne laser scanning (ALS) can provide more aatugeometrical data. ALS data have been sucdlgssfu
used for automatic detection and modelling of bngd (Rottensteiner 2003). ALS data contain no
information about the texture. However, they mayubed to detect vegetation since the differenecéfhn
characteristics allow a classification (compare gikample, Maier and Hollaus 2008).
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Terrestrial surveys can provide all necessary batahe costs are higher than those of airborndaoist
Thus methods like car-mounted fisheye cameras bege adopted to reduce the costs (e.g., Forkeritydia
et al. 2005). Still, these methods are expensivecam only provide data for LoD2 (textures) and BoD
(facade details). Interior structures still requatassical surveys using, for example, laser saani®wever,
available architectural maps can provide some im&bion as shown in the case of the Vienna undengrou
modelling (Forkert 2006).

5 USAGEOF3DCITY MODELS

3D city models have usage in various domains, eupan planning and management, noise and air
pollution, disaster management, tourism, facilitgmagement and environmental management simulations,
homeland security, real estate management, veltideedestrian navigation, and training simulagbcs A
rough categorization of tasks in spatial plannimgudes (Navratil 2006)

- planning for future development,

- planning for dealing with a specific situation wheslanners propose solutions and a discussion
leads to a decision, and

- planning for dealing with a specific situation wiehe affected agents (lay people) develop a
solution.

The three kinds of tasks have different demandgherquality of 3D city models. The planning of Ut
development requires a complete inventory of relewdbjects. Precise information on colour, patteors
shape is not necessary. The presentation of afispgaiution to a wide audience, however, is typicdone
with virtual reality. Then not only the completesesf the inventory is important, but also the dethi
graphical representation. In the following parapsape give a brief account of the usage of 3D rwibdels
for urban planning, disaster management, and rmdeir pollution.

Virtual 3D city models enable urban planers to alme the existing city state, and take decisiamdtiture
developments accordingly. The development plans lmansimulated before execution, thus enabling
intelligent decision making. The possible data sesifor a 3D city model are cadastral data, diggakin
models, building models, street-space models aadngspace models (Ddliner, Kolbe et al. 2006). bWrba
planning is a complex task involving the interplagtween multiple aspects of a city, e.g., transport
pollution, and crime. Hamilton, Wang et al. (200%yoduced the concept of nD urban model that presia
holistic view of the city by integrating diversetdasources like 2D maps, 3D urban models, thematic
information, historical data, national statistilmsal survey, and various policy and regulations.

3D city models are tools for rescue operationsrmiudisasters, e.g., flooding, earthquake, and éite, The
disaster situations can even be simulated so &mitorescue operators and even preplan the sigatég
tackle emergency situations, e.g., location of dgedasite, indoor and outdoor navigation for helparsl
determining escape route for affected people frifected site or building (Kolbe, Groger et al. 2D05

With the growing population in urban areas, thera dire need to address the issue of noise pwilutihe
major source of noise is the traffic noise and @#fehe inhabitants along road sides mostly. Ireotd
mitigate the effects of noise pollution, 3D nois@p®s in combination with 3D city models are used
(Kurakula and Kuffer 2008). Since noise propagatiepends on topography, building structures androth
structures (trees etc), 3D city models help thesitmt makers to envisage the intensity, propaggtatterns

of the noise in cities and take appropriate actidrtse data required for noise modeling include road
networks, noise sources (traffic information, camstion sites, industries etc.), buildings (resit#n
schools, offices, hospitals etc.), population (bitents) and green areas (parks), etc.

3D city models are important tools to visualize anuulate air pollution levels. The pollutants azadrby

the wind may be trapped in the high building stuues and street canyons thus causing high pollution
such areas. One of the dominant sources of atpmil is the traffic pollution. Information abouttffic air
pollution and distribution of pollutants is therefoimportant for taking effective decisions for girality
improvement and future urban designs (Wang, van Besch et al. 2008). The data sources include
pollution sources (vehicles, industry etc), windad@peed, direction etc.), surface temperaturegistanyon
geometry (Métral, Falquet et al. 2009), and thesla buildings etc.
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Application Area Model LOD
Urban Planning LODO-LOD3
Noise Pollution LOD1-LOD3

Disaster Management LOD3, LOD4
Traffic Management LOD1
Air pollution LODO-LOD3

Table 1: Model LoD for different applications

6 CHANGESINCITIES
Cities are changing constantly. There are two caieg of changes:

- Constant changes, e.g., replacement of a buildmgstruction of a new road, etc.
- Temporal changes, e.g., snow on the streets, tesralbng streets to install supply lines, etc.

Typically, only the first kind of change is impontafor 3D city models. Temporal changes are only
necessary for analysis of situations that are efteby the change. Traffic guidance, for examplay rne
influenced by road construction work because r@adsblocked. Such tasks are usually not solvedby 3
city models but they may become relevant, e.gdisaster management. However, such informationdcoul
be integrated in the application from outside sesirand need not be stored in the city model it3éléy
would not be relevant for the city model itself.

Constant changes may influence different aspecs3di city model:

- Creation, change, or destruction of a single objegamples are the creation of a new building or
road, the change of a building facade, the replac¢éwf an old bridge, or the clearance of an okl ga
station.

« Changing objects in a specific area: The conswoctif a new road is an example for a situation
where above actions are performed on a numberffereit objects: fences are relocated, traffic
signs placed, and trees cut down.

The first type of change has been modelled forlidest@ objects (Medak 2001). It not only appliesatgé
changes like the reconstruction of parts of a lngidsince applications may also be sensitive tollsma
changes like repainting a facade. The second tymange comprises a set of changes of the fipst.ty
Thus the mechanisms shown by Medak also applyisaése.

All of above examples occur at a specific pointhime. Thus they have a date attached to them. ddtis
may be fuzzy like in ‘the building was createdlie tyears 2007 to 2009’ but it exists. This is het¢ase for
natural changes like deterioration either by emumental influences on the object or use of the atbje
Roads with high traffic loads, for example, willoshhwear and colours on facades change over timesel'h
changes do not fit in Medak’s system. However, timay be important for some decisions. Visualizing t
existing city state must include the deterioratimtause otherwise the city planners will come tongr
conclusions. Although inspection of the city anealiscussion will clearly show the difference, gesbatic
areas might be missed when only using the digideh In order to eliminate this problem other sowiill
have to be used. This somewhat lessens the beakfit® model itself for city planning becausesitonly
one of a few tools.

7 UPDATEOF 3D CITY MODELS

What does the above mean for 3D city models? Qbjectthe model must be changed if the original
changes. The challenge is finding all changesercity.

7.1 Level of Detail O

The DTM will only change either due to natural digas like earthquakes, land slides, or volcaniwities

or due to massive earth movement on constructies.dNatural disasters typically cause a large ol
destruction and thus imply dramatic changes. Threcanstruction of the affected area will be neasss
Constructions are more difficult to be detectedndty be, however, that constructions with suffitigmange
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of the terrain must be announced. Then the infaomatbout the existence of changes is availableoshd
the effects have to be determined.

7.2 Level of Detail 1
For block models most of the changes discusseéditios 6 are irrelevant. The only important charges

« the creation of new buildings,
« the destruction of buildings, and
« amassive change of a building shape.

Again, if these kinds of changes must be announdeel,information about the change is available.
Otherwise the detection is tricky. Current appr@schse the creation of new models and the compaoiso
the old set of blocks with the new set of blockithdugh the interpretation of the survey data (e3PS
tracks or ALS data sets) can be done automatitally large degree, there is still some effort neagsto
classify the deviations. In addition, the survelgeniselves are costly and thus performing them witho
reasonable suspicion that there are changes iSanuase.

7.3 Leve of Detail 2

LoD2 requires roof modelling in addition to the lbling outlines. Roofs can be modelled, e.g., byaher
photogrammetry (e.g., Frere, Hendrickx et al. 1989I)S (e.g., Haala and Brenner 1997), or a comhinat
of both (e.g., Rottensteiner and Briese 2003, JaavGheng 2008). LoD2 only contains the general studp
the roof. The roof of a simple, rectangular buitdithen typically consists of two planes. These ban
detected with a high degree of automatizationhis tase the main costs for the roof detection genom
the ALS-flight itself. The situation may be mordfidult in old city centres with different and vespecific
roof structures but results for Vienna (Rottenstesind Briese 2003) suggest that a combinationL& and
aerial photogrammetry may solve the quality probl#ns questionable, however, if these processesbe
fully automated and work without human supervision.

Single roofs can also be determined from other da&ts like construction drawings, terrestrial laser
scanning, terrestrial photogrammetry, or classitairestrial survey at lower costs than by ALS.islt
necessary, however, to know which roofs have béwmged to adapt these methods. This is simple if
changes have to be announced but if this is noé dleen ALS or aerial photogrammetry seems to be the
only method to update the city model. The problsitihén reduced to finding significant differencesieen

the roof models.

Textures are also available in LoD2 models. Asudised in section 4 these are difficult to collestduse
airborne methods currently do not produce textwidls the required quality. The texture of the fagaday

be relevant for different kinds of application. Madization of urban planning projects may depenaviie

on the state of the surrounding fagades. Thus murneages of facades may be relevant for decisions.
Announced changes of facades can be easily tratkeghhnounced changes, however, provide the same
problem as the roof structures: Complete resurvayldvbe necessary to detect all changes and thisvey

is expensive.

7.4 Level of Detail 3

What has been said about the roofs in LoD2 is tuls® for the detailed root structures in LoD3. Tdmdy
difference is the detail of the survey and the de@f interpretation. A more detailed survey withSAmay
require lower flight height and thus a straighthpabtvers a smaller strip of land. More flight tinsethen
necessary to cover the area of a city. This ine®#se cost of data collection. Since more datgrrduced
(the amount of data produced by ALS depend on the frequency and the scan duration), more effort i
necessary to interpret the data. Detailed roof tsodensist of more parts than the simple ones used
LoD2. Thus both, the interpretation of the ALS datal the change detection are more difficult: Dibes
difference between the models reflect an actuahghar is it based on the specifications of thapgent
and interpretation algorithms used? If the diffeeeis based on the equipment, which of the two fisdde
the ‘correct’ one? These questions may be diffiutletermine and may require on-site inspection.
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Wall structures present another challenge. Somestates may not be visible from above, e.g., a kmal
balcony below a large one. Thus methods like teratphotogrammetry or terrestrial laser scanndmg
necessary to capture the data. Both methods aensixe and periodic application is not feasible.

The collection of vegetation can be done by a@hatogrammetry or ALS. Vegetation is influencedviga

by both types of changes discussed in section 6wthr models for vegetation and different kinds of
rendering algorithms may help determine the natchahges like seasons or growth. This is morecditfi

for changes by human intervention. The human ietgien may aim at keeping vegetation in a specific
shape like it is, for example, the case in the giamaf castle Schénbrunn. In this case the hedgelsegt in a
specific shape. City models can ignore these kafdsterventions because they keep the city mogetiod
date. The same cannot be said about interventioais are necessary for other reasons like surrogate
plantation for trees that had to be cut during troicsion works. Again missing documentation leaa&igh
costs.

7.5 Levd of Detail 4

Adding interior structures like rooms, doors, saand furniture is extremely expensive. Airbornettmods
cannot provide these data. The only methods artuai@n of existing construction documentation or
specific surveys. The use of existing documentaiiorheaper, especially if the documentation islabke

in digital form. However, old buildings typicallynty have such documentation if they are of pubiterest
(town halls, airports, school, etc.) and theseary a minority within a city. Thus comprehensivigyc
models with LoD4 are not realistic. The data igexiely expensive and the only application for &me to
be disaster management. In detail this is only seary for crowded buildings. As soon as the peapded
out of the buildings then the interior structurdriglevant. Thus LoD4 is only necessary for thstfstep
during disaster management and this is typicallly alone in a structured and organized way for ubli
buildings.

8 CONCLUSIONS

We showed that higher levels of detail affect thecpss of keeping the city model up-to-date. Manitg a
model with LoDO can be done almost automaticallgereas in theory a model with LoD4 would require an
update whenever an apartment is refurnished. Shistifeasible. The challenges are

« receiving information about the change and
« assessing the significance of a change.

The main problem is thus the data collection andim® data modelling. Efficient strategies are geaey to
acquire all data necessary to keep the model wata- These data can be acquired either for théevdity
at once in regular intervals or continuously as rémgity changes. In both cases the process musbste
effective. This typically calls for a high degreé automatization or automatic communication frore th
initiator of the change. There are three possibleations:

« Keep the 3D city models simple: Models with onlpdis for buildings or even with detailed roof
models can be automatically updated as long addteecan be generated automatically from sources
like aerial photographs, satellite images, and ALS.

- Allow different levels of detail for different partof the city: Important historic buildings coulé b
modelled with higher level of detail than othertpaof the city. It is then necessary to assess the
benefits added to the model by these additiondei@ifit levels of detail may be problematic for
some tasks that shall be supported by the city mdddging architectural design, for example, calls
for a model with detailed facade textures and \ag®t, which is level of detail 3. If parts of thity
model only have level of detail 2 or lower thersthrocess cannot be supported throughout the city.
How to communicate the level of detail is thus@mpartant question in the design phase.

« Install processes that force citizens to provide&adar significant changes: Compulsory building
permits, for example, show where new buildings plemned and may also provide detailed 3D
geometric data on the building. This would elimeahe need for surveys detecting changes.
However, such changes of processes should not fderimented too frequently because they change
the way public administration works and public adistration should be stable.
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Recent developments in data capture include cromarcsg or volunteered geographic information
(Goodchild 2008). It is not yet clear how this natltan be used to collect large data sets. Fipsréences,
e.g., with OpenStreetMap, look promising and mayabtlapted to detect changes in cities that neeato b
included in city models.
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