International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XL-5/W1, 2013
3D-ARCH 2013 - 3D Virtual Reconstruction and Visualization of Complex Architectures, 25 — 26 February 2013, Trento, ltaly

VALIDATION OF A PARAMETRIC APPROACH FOR 3D FORTIFICATION
MODELLING: APPLICATION TO SCALE MODELS

K. Jacquot, C. Chevrier, G. Halin

MAP-Crai (UMR 3495 CNRSMCC),

ENSA Nancy, 54000 Ngrierance

(jacquot, chevrier, halin)@crai.archi.fr

Commission V, WG V/4

KEY WORDS: architectural heritage, bastioned fortificationargmetric modelling, knowledge based, scale m@&ikurveys

ABSTRACT:

Parametric modelling approach applied to cultuslthge virtual representation is a field of reshagxplored for years since it can
address many limitations of digitising tools. Foample, essential historical sources for fortificatvirtual reconstructions like
plans-reliefs have several shortcomings when theyseanned. To overcome those problems, knowledgedsmodelling can be
used: knowledge models based on the analysis ofdtieal literature of a specific domain such astioaed fortification treatises
can be the cornerstone of the creation of a paramidirary of fortification components. Implemedtén Grasshopper, these
components are manually adjusted on the data alai(ae. 3D surveys of plans-reliefs or scannegshaMost of the fortification

area is now modelled and the question of accurasgssment is
parametric components. The results of the assespreress will

raised. A specific method is useddtuate the accuracy of the
allow us to validate the paramesjiproach. The automation of

the adjustment process can finally be planned. vittteal model of fortification is part of a largeroject aimed at valorising and
diffusing a very unique cultural heritage item: twlection of plans-reliefs. As such, knowledged®is are precious assets when

automation and semantic enhancements will be ceresid

1. INTRODUCTION

1.1 Context

In 2008, twelve fortified sites of Vauban were adide the
Unesco World Heritage List thanks to their “outstisug

universal value”. In addition to these preservesrgiholds,
hundreds of sites were also fortified by the Fremdrshal. A
testimony of these fortified places is the collectiof plans-
reliefs. These scale models are a perfect supparhderstand
the dimensional realities and the urban impactodfiffcation

throughout history. As a result, they are the primsource for
any 3D project of fortification sites modelling.

While these scale models were madenument Historiquen
the 1920s, the collection remains little known amdst be
better valorised. On rare occasions, exceptiondlib&ons
highlight some scale models but the means deplayeuut in
place these events are considerable. As a mattéactf the
characteristics of the collection are exceptional.

Built from the late 17th to the late 19th centutyincludes a
hundred models whose sizes and shapes are vesredgitf
Every plan-relief is made of pieces called tabtes(Figure 1).
The scale is 1:600 and their sizes may be quitgeldthe
average surface is around 20 m?2 but the biggesehisdnore
than 150 m?). Some models are in a bad state dtreetose of
fragile materials (silk, paper, lime-wood, etc.)dathe lack of
protection measures. What is common to all theake snodels
is that they show the state of bastioned fortifoag at their
peak.

Although some plans-reliefs are too damaged to@xpmsed,
the prestige of the scale model rests in part @ir thumber.
Besides, the present museum is too small to exgbeétaem:
only 28 models are restored and presented intooaiditioned
cases.
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Figure 1. The main table of the plan-relief of T¢al23m x
2.13m) and a detail showing the ten centimetres
height cathedral.

Virtual scale models may resolve this dilemma. WVAit
museums meet the growing expectation for enhancing,
preserving and diffusing these unique pieces oftucall
heritage. For example, a virtual model can be alstel on the
net thus allowing more visibility for the collectiolt can also

be linked to data bases and other digital collestivhich is
one major cultural asset. Last but not least, imisvay to
promote the collection and to make people come he t
museum.

1.2 Overview of the paper

In this the paper we present a parametric appréarcthe 3D
modelling of fortification sites and its validatigmocess. After
a brief overview of related works both in virtuartification
and/or scale model modelling, the project backgdoua
presented (section 2). The whole approach of tlugegrr is
introduced in section 3. In section 4, the foréfion parametric
library is described from analysis to implementatiéinally,
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the method as well as the validation is presentedection 5
and 6 before commenting the results.

2. RELATED WORKS

Our fortification modelling project depends in largart on

plans-reliefs and data derived from the fortifioas of scale
models sources. Plans-reliefs are among the masiplete

source of data available on fortifications, but Huale is a key
factor on the digitising process. On one side weeh@ deal

with the fortification modelling and, on the othside with

specific scaled data issues. Therefore we are ynaoricerned
with current research dealing with virtual modedsdéd on scale
models given that works in fortification 3D recanstion area
are still limited.

2.1 Virtual fortification and scale models

3D modelling of Vauban’s work remains largely a malntask
applied to single case project as reflected by soement
projects (i.e. the “Citadelle de Marsal” by AXYZ ®Briancon”
by AGP). In any event, these are projects basefuliscale
fortification.

Likewise, research on historical scale models rsitéd. The
most notable projects are the Langweil's model odgBe
(Sedlacek, 2009) and the Rome Reborn (Dylla, 2008jegt.
The first scale model can be fragmented into 52lispwats
which make handlings relatively easy. While thdescs bigger
(1:480) and the geometric level of detail lower,lyothe
digitising was automated. About 200 people werelved in
the making of the virtual model of the scale modePrague.
The Rome Reborn project is based on a 1:250 scalelmad
3D survey gives a basic geometrical layout of ladl elements
of the Ancient Rome. Apart from the manually modglle
famous buildings, most of the modelling was donengisa
procedural engine which allows the creation of wigban
environments satisfying architectural cannons of Bah the
time. Even if these last works are not intendediapict large
fortification sites, they demonstrate the need pkciic
approaches when it comes to use small-scale data.

2.2 Cultural Heritagereverse engineering

Reverse engineering approach in Cultural Heritagénbegith

the digitising of an existing object. The scannedladare then
used as a support to model the different paramesmeponents
which are part of the scanned object. The use ddrpetric

components allows the modelling process to berfaste size
of created objects or environment is no longer dasethe time
spent in modelling. Finally, it also makes the setica
enhancement easier such as in BIM practise.

By using specific domain knowledge (i.e architedtura
knowledge), it is possible to improve the recorddton
process. Theoretical literature like Renaissaneisies seeks to
give an exhaustive account of every aspects ofitaathre.
Hence, missing or hidden parts from 3D surveys aften
predictable since they are well documented. Thesefo
Murphy’s HBIM (2011) includes modelling onto poinkoad
surveys thanks to a parametric library based cereate texts.
However, the parametric objects adjustment remaimsanual
task. Other values of HBIM/BIM approach are interabdity
and semantic data support. This approach is aleal itbr
2D/3D documentation: technical drawings, orthogiaph
projection, sections, details and 3D models withious level of
detail according to visualisation requirements (B,
2011).
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Knowledge based reconstruction projects use thasesror
semantic nets (Cantzler and al., 2002). Knowledgelaiso
defines both the attributes of the features fraspexcific domain
and the hierarchical and semantic relations betleem. Once
the data from 3D surveys are semantically labelled
segmented (i.e. slope, hip, eave, valley, ridge, fet the study
of roofs), the automatic reconstruction is possifievrier,
2010). Finally, thesauruses can be used to ineegamantic
contents in the resulting geometrical model (Pu\asiselman,
2009).

2.3 Project Background

Some research has been under way for the modeailirtge

town and campaign parts of the plans-reliefs. Besigpical

problems in data acquisition process (self-occlusiprounded
edges), our early works showed that the digitisofgscale
models has specific issues. The size, scale andamcof the
models are indeed out of range of 3D scanners (Reimon
2011). For instance, the woodworks on the whole eh@de

around a quarter of a millimetre. Not only do wevdhdo deal
with small details, we also have to work on versgéascale
model. Moreover, the age (350 for the oldest) dradquantity
of plans-reliefs bring specific difficulties. In sumary, wear and
tear, high level of details on large surfaces ammraation are
the three most influential factors on plans-relifsitising.

3. APPROACH

Figure 2 illustrates the different steps of the lehapproach for
the 3D reconstruction of the bastioned fortificatid-irst, we
have to study the fortification science in its tretizal aspects
to define as thoroughly as possible all the faréifion elements.
This has been made easier by the existence of uhess
(Chatenet and al., 2000) and bastioned fortificaticratises
(Figure 2, a). Over its 250-year history, fortificen art has
rapidly evolved to meet progress of artillery. Thed to a wide
corpus of theoretical literature that had to belyseal and
refined (Jacquot, 2011). Once formulated into krealge
models, particularly geometrical knowledge modeg have
identified and defined every fortification compoteand their
relationships (Figure 2, b). A library of parametcomponents
is then implemented into a prototype (c). We usasSopper, a
visual dataflow programming language (VDPL) editdo,
implement and manually adjust the different commtaen a
relevant corpus of fortifications sites (d). Eagyuse, VDPL do
not require special programming skills whereas then
achieve the creation of complex 3D parametric sséneshort
time span. Thus, users specify a sequence ofaesitips and
operations — in the form of links and nodes — ttomate the
construction of geometry. As for the fortificatisites, we use
several digitised sources (e), from 3D surveys lahpreliefs
(acquired by photogrammetry and lasergrammetrydctnned
maps from the 17 and 18" centuries, but also scale models
construction plans (f). Finally, a validation methis defined
(9). Once validated, the parametric library will bsed in a
process aiming at the automation of the adjustments

@ (b) (© (d) (e) ®

Bastioned R Prototype:
fortification» %, parametrin Adjustment: « Digitising <« Sources
- models .
treatises library
v
(g) Validation

\/ a0
Figure 2. Main steps of our approach.
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4. THE PARAMETRIC LIBRARY
4.1 Study of bastioned fortification treatises

Empirical analysis of bastioned fortification relgeathe
importance of geometry for the construction of tmawd works.
The polygonal patterns of fortifications are desigro prevent

dead angles which could benefit the enemies. Sizd a

placement of every fortification work is relative armament
ranges as “fortifications consist of lines and asglWwhich have
various names according to their various officesluton,
1815).

Like architecture, fortification has been theorigedreatises in
order to gather and transmit specific knowledgendtad of
treatises were published until mid®i%entury but critical
reviews of this literature are still rare. Howeveecurrent
elements are present in the selected subset ofisega
geometry, fortification principles and history, sbmiction
methods for all works by top engineers, etc.

Classification schemes like thesaurus allow us talsalong
the project a controlled and structured vocabuilarywhich
concepts are clearly defined and their relatiorstdpe made

For now, these components are created and maragjligted
in Grasshopper to the different sources availabhe aim is to
test, complete and to improve the components ardar th
parameters.

4.3 Principle of use

Both ends of a city wall front line (A and B in FiguB) must be
manually placed to allow the first operation to ibedrigure 4
depicts the components used on Grasshopper tovackie

modelling of a bastioned front (Figure 3, rightheTcomponent
1 is the city wall front line operation which imked to our
sweep component (3). To create the 3D front, itaiso

necessary to specify a profile (2) which can chafngem one

work to the other.

The whole fortification system can be modelled lie same
way. The previous geometry is used as a parametendw
regulating line operations in order to identify @uttically their
location. This trajectory is in turn used as a pwmger of a
sweep component alongside a profile to create a 8Bw
fortification work.

Only some values of parameters have to be modifiezbrrect

explicit (Jacquot, 2012). For now, we use knowledge®gulating line operations. Thus, manual adjustsiene made

management of bastioned fortification domain to ersthnd
and synthesise the geometric nature of fortificetio

4.2 Grasshopper implementation

The knowledge models resulting from the analysis thoé
bastioned fortification treatises highlight the ion@ance of
regulating lines. Such lines are “used to controlpprtion and
placement of elements” (Ching, 2012) and other lines the
fortification system can relate to them. Most o fhrtifications
works are designed with these lines which are ds=trby
specific methods. For example, the basic fortifaratentities
such as the bastioned front of the city wall, teendlunes and
the counterscarp have their own methods to draw thain
line.

As described in Figure 3, these works (approxirgs@ébo) can
be modelled by using trajectories along which 2aisional
profiles are swept orthogonally. Moreover, it ihierarchical
process: once the city wall is modelled, all tHeeottrajectories
and works are created based on the trajectory fasetie city
wall. A library of components consisting of regitat lines,
profiles and specific sweep operations is only meglto model
a significant part of bastioned fortification.

Figure 3. Profiles and trajectories lines for atioas(left) and a
bastioned front (right).
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based on default parameters. Additional values asngre
defined to allow specific adjustments for each c&3eecial
attention is paid to keep the narrowest range hiegapossible.

Figure 4. Grasshopper clusters for the modelling pért of the
city wall. In the far left, several parameters (ang
and length values) of the city wall front line (igve
been adjusted before the resulting line is linked i
conjunction with a profile (2) as a parameter af th
sweeping component (3).

The different operations specified in Grasshopperoaganised
to match specific fortification entities such asyoiall front
line, front profile or sweep tool, as defined iretknowledge
models.

5. METHOD FOR THE VALIDATION OF THE
PARAMETRIC LIBRARY

To validate the parametric library, a specific msg has also
been defined and implemented. We choose to useadapt

Goodchild’s technique (1997) because the evaluatibrour

resulting data is close to geographical accuramyess like linear
features matching. Line abstractions are widely duge

represent linear aspect of many geographical estliike road,
rivers, coastlines, etc. and so research in gebgmalp
information science is abundant. Among the probléacing

them, measuring tools and features definitionsttaeeones that
we have to deal with. Popular evaluation methodsbaised on
points-correspondence or/and on buffers like Goibdish

By comparing our 2-dimensional trajectories to refiee lines,
we can assess the accuracy of our graphical repedgs and
thereby validate our method. Each trajectory mespért of a
buffer zone of specific width around the referedices as
illustrated in figure 5.
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N\\k\\ buffer zone

= reference line
Sitsnny Parametric line

Figure 5. To validate the parametric line, we asstwe
percentage of this line inside the buffer zone.

To determine the width, we use an exacting standérthe
IGN, the national institute of the geographic imfation in
France that defines the dimensional precision gbandaking
into account technical errors (such as parametioponents)
and human errors (such as manual picking of poirtts}
tolerance is fixed at 0.1 mm measured on the mgardéess of
its scale (i.e. 6 cm on the ground for a map ad@)6lt should
be noted that this value is among the more strindére
allowable error distance calculated by the USA dof:1000
map is around 0.85 metres).

In our case, it means that our linear features rhagpart of a
buffer zone of maximum of 0.1 mm around the refeeelines.
Thus, we can calculate the percentage of paraniieteis within
the buffer zone thanks to Grasshopper componenthadolve
intersection events for a surface (the buffer zareg) a curve
(the parametric line). The ratio is determined leglucing the
total length of the intersected parametric curvesnfthe total
length of the initial curve.

6. EXPERIMENTS
6.1 Corpusof fortification sites

The test group is composed of six strongholds fleenFrench
Northeast Border which present different degreesegtilarity
as demonstrated in the following figure.

Figure 6. Regulating lines of the fortified sites Ddul (A),

that reliefs, rivers or previous fortifications keahttle impact on
theoretical regulating lines. In contrast, for MéE), Verdun
(E) and, above all, Strasbourg (F) the surroundargscomplex
which lead to sprawling fortifications made of forand
outworks. Thus, we have a contrasting sample grofip
fortification systems for testing our approach.

As regards the experimented components, we maiysf on
the eight most common works, namely the city waldl ats
bastioned fronts (33% of the works), the demi-I({28%), the
counterscarp (30%), the tenaille (8%), the countam (2%)
(Figure 7) and some outworks.

Components are created thanks to theoretical pagasnedlues
which are used in specific order like a sequendasifuctions.
Parametric adjustments have to be operated inatine srder as
this sequence; otherwise components adjustmentsectitky.

Figure 7. One bastioned front of the city wall (1), an loril
(1b), a demi-lune (2), a tenaille (3), a countemsca
(4) and their main lines in red.

6.2 Results

The results for the first regulating line (i.e. ttigy wall front) in

most cases are very close to the reference limedmries (Table
1). The average percentage for the 71 parametritioned
fronts (column 1) of the selected corpus of plaiefs is

around 95.5% even for more complex walls wherdaoord (era-
shaped projection at the flank of bastions: 1bigufe 7) are
present like on the citadel of Verdun or HuningBeth the
parametric counterguards, demi-lunes and the teaditolumn
2, 3 and 4) show good results (~90%). On Toul cdse,
tenailles are far more irregular to be modelledhvat generic
component. Counterscarps (column 4) can vary greatltheir
shapes depend both of the bastioned front and

counterguard/demi-lune operations.

Given the fact that components are relative to rsthéhe
adjustment of component tends to be more diffibettause it is
based on previous parametric operations. The futtieeworks
are from the city, the more difficult their paramemmodelling
become. This is the main reason why the averageepeges
are decreasing.

Furthermore, we noticed that even on highly irragul
fortification systems (Metz, Verdun, and Strasbdurthe
parametric library is well adapted. Fortificationonks are
highly generic shapes: each bastioned front (see figure 7)

Huningue (B), Marsal (C), Metz (D), Verdun (E) is a support for one or several other works. Whensitlered
and Strasbourg (F). The scale bars show the distangndependably, these fronts and theirs works rentigely
of 200 toises (approximately 190 metres). The redegular. It is the combination of fronts that maivegthe

areas represent a front.

For the city of Toul (A) Marsal (C) and specially togue (B),
the fortifications are almost a regular polygonegivthe facts
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fortification system its apparent irregularity apetted in figure
6. These geometrical patterns are more or less leamp
according to their environment.

" Adapted from an illustration by Art Graphique ettfimoine.

the
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Toul 99.9 100 56.5 N/A 75
Marsal 98.9 N/A 98.8 N/A 58
Huningue 86.8 100 93.4 89.2 86.5
Metz 97.4 N/A 96.7 82.3 97.2
Verdun 97.7 N/A 91.7 N/A 93.6
Strasbourg 92 99.7 91.5 84.6 81.2
Average 95.5 99.9 89.1 85.4 81.9

Table 1. Accuracy of each parametric component @agested
on the sources in percentage of parametric line
within the buffer zone.

6.3 First corrective measures

The shortest value range and the ideal defaultevahe also
studied in order for the parametric library to be longer
theoretical but practical. This review is useful fiew manually
adjustments as it aims to reduce user intervertignalso for
the subsequent automatic adjustments as compooestraints
become more restrictive. To this end, we calculla¢equartiles
Qu @ and Q for each parameter. These three points divide the

data set into four equal groups. As the first patamof the city
wall front is already used 136 times in the sixtifiad sites

the median (g of the data set as a default value for future use placed on digitised maps and plans-reliefs: a
The interquartile range, (i.e. the difference bemvéhe upper bastioned front (1), a demi-lune (2) and a
and lower quartiles Qand Q) can be used to prioritise a couterscarp (3).

restricted value range for each parameter. ) ) ) o
Finally, in order to be fully automatic, the digitid sources

7. CONCLUSION such as 3D point clouds from photogrammetry or
lasergrammetry have to be also automatically setpdermhe
defined knowledge models can be used for this mapath a
long-term perspective.

Virtual models of architecture heritage such adiffoation
make inevitable the use of a wide variety of soswr@emong
these data, the plans-reliefs are the most preeissets because
they depict fortifications at the peak of their dipments. 8. REFERENCES
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