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1 Executive Summary  

This deliverable, D8.4, presents the work conducted within Work Package 8 (WP8) by the different 

partners during the fourth year of the 3D-COFORM project. This work mainly consisted of finalizing the 

different software tools included in this work package, namely: CityEngine, the Footprint Extractor, the 

GML Compositor, the Shape Sketching tool and the Fragment Re-assembler.  

Overall, this document shows that WP8 has achieved its milestones. The highlights of Year 4 are: 

 The CityEngine provides now an innovative way of visualizing uncertainty, namely by sampling 

from a random distribution of buildings with user-defined constraints. 

 The Footprint Extractor provides a greatly improved footprint simplification procedure and is 

fully integrated with the RI and with CityEngine. 

 The Regency Brighton style reconstruction experiments have been successfully concluded, and 

results were shown at the 3D-COFORM Reshaping History Exhibition in Brighton. 

 The GMLCompositor was integrated with the RI and the VSL from WP9, resulting in a new type 

of SceneAssembler application that extends generative object to scene graph modelling. 

 The SketchingTool is used in various deployment experiments and delivers high-quality results. 

 And the Fragment Re-assembler tool was finalized and tested on two major case studies.  

After a brief introduction of objectives, this document presents the work performed within Year 4 per 

Task (T8.1, T8.2 and T8.3). Each task reviews the work planned for Year 4, the work actually achieved 

and the deviations. 
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2 WP8 – Synthesis of 3D Artefacts –  

Introduction and objectives 

The 3D-COFORM framework and its components have been divided into four strands:   

1. Acquiring and Processing (A&P), encompassing the developments in WP4/WP5  

2. Integrated Viewer/Browser (IVB), encompassing the developments in WP6/WP7  

3. Modelling and Presenting (M&P), encompassing the developments in WP8/WP9  

4. Repository Infrastructure (RI), encompassing the developments in WP3  

The main objective of WP8 is to create 3D-COFORM components enabling the synthesis of 3D artefacts 

(objects and scenes). Two sub-goals are identified: (1) the modelling of the 3D artefacts using procedural 

methods; and (2) the assembly of fragmented artefacts. 

2.1 Task organization and planned work 

Within the first sub-goal, the partners distinguish two types of 3D artefacts: individual objects and large 

scenes.  

With respect to large scenes (T8.1), the objective is to develop tools (Footprint Extractor, and extensions 

to CityEngine) to assist Cultural Heritage (CH) experts in rapidly building detailed hypotheses about 

large-scale sites (e.g. the past of landscapes, villages and cities) for which little or no structure is still 

standing. These synthesized scenes will be reconstructed by taking as much as possible of the existing 

evidence into account, i.e. GIS data, maps, contours, sketches and drawings. Since some of this 

information, in particular maps, is often hand-drawn, an important part of this task is the development 

of tools for their digitization (with the difficult challenge of maintaining the semantic information they 

contain). In addition, T8.1 aims at testing and demonstrating, through a couple of examples, the 

capacities of CityEngine and Footprint Extractor to aid the CH professional in creating realistic 

hypotheses and/or reconstructions of heritage sites based on limited evidence.  

For individual objects (T8.2), the objective is to develop two 3D modelling components (the GML 

Compositor and Shape Sketching components) that enable CH professionals interested in a particular 

shape class to produce parametric shape templates for that class. The main goal of the components is to 

provide a means of creating procedural models without programming or scripting. In the case of the 

GML Compositor component, the template it produces is specifically planned to be used for matching to 

digitized artefacts, as covered in WP5 - 3D Artefact Processing and Analysis - T5.3 - Fitting procedural 

models to classify acquired 3D artefacts, so that a synthesized, but semantically-rich, representation of 

that artefact can be obtained. 
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The second sub-goal, the assembly of fragmented artefacts (T8.3), aims to develop intuitive 

components and exploring automated approaches to re-assemble artefacts (which can be either 

dismantled complex artefacts or fragmented items), of which the individual elements are digitized in 3D 

and available in the 3D-COFORM Repository Infrastructure (RI). The goal is to have a process driven by 

expert users (an art historian or a restorer) with semi-automatic procedures to help the user in the 

fitting and reassembling task. 
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3 Task T8.1 – Site modelling tools for CH experts 

3.1 Work planned 

The following text is a slightly rephrased and compacted version of Section 3.1.4, “Plans for the next 

period” (related to T8.1), of deliverable D8.3, the Third Year Report of WP8. 

CityEngine    (ETHZ) 

Until the end of the project, we now expect to focus further on the issue of integration, testing and 

modelling uncertainty. This is critical, as the current approach may not be sufficiently flexible for CH 

users. In parallel, the analysis of the feasibility of using CityEngine, and more generally procedural 

modelling, for CH applications will be continued. Focus will first remain on the Brighton Regency test 

case, but it is also foreseen that work on a second example can be reported at the end of Year 4. 

Footprint Extractor  (UEA) 

Future plans for the tool include the investigation of automatic detection of map type that, if possible, 

will allow the best parameters (or presets if applicable) to be selected automatically. The optional shape 

simplification will be improved in order to optimise the results for outputs where simplified shapes 

would be preferable e.g. CityEngine. The ability for the user to apply geo-referencing to the Shapefile 

output will also be added. 

Regency Buildings   (UoB) 

The final year will see the finalization of the procedural model of Regency Brighton using the sample 

photographs collected in Year 3 to create a stochastic style definition. This will be based on an expert 

elicitation session with experts on Regency style that was proposed to be carried out in Year 3. All of this 

will need to be integrated with the output from Footprint Extractor, filling in the gaps between the 

current output of Footprint Extractor and the input required for CityEngine. 

Integration    (all) 

Due to the recent changes to the RI API, the previous integration status is being maintained by migrating 

from the old API to the new one. Future work for the Footprint Extractor will be to ensure that this 

migration is finalised and fully functional as before. 
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3.2 Work performed 

CityEngine - uncertainty modelling  (ETHZ) 

The goal for Year 4 was to design a new approach to indicate uncertainty in reconstructed models. 

Rather than showing uncertainty by transparency or de-coloration, the idea is to sample the family of 

possible models given by a procedural grammar and to offer people the possibility to inspect several 

such sampled 3D models. The differences between the models then indicate the level of uncertainty as 

well as the alternative interpretations that co-exist.  We planned to work on three sub-tasks: 

1. Build up a user interface to visually incorporate certain knowledge of the building models  

2. Devise a method to sample the family of possible models from the space given by procedural 

rules to reflect both certain and uncertain knowledge 

3. Integrate with CityEngine 3D-COFORM edition 

User interface for known knowledge incorporation 

Procedural modelling provides the possibility of efficiently creating extensive 3D models. However, it is 

text-based and notoriously difficult for intended users, e.g. archaeologists, to incorporate newly 

discovered knowledge, both certain and uncertain. We devised an intuitive, easy-to-use user interface 

to visually incorporate certain knowledge while leaving uncertain parts blank. A wide range of certain 

knowledge can be incorporated, including footprint of the building, height of the building, number of 

floors, structure of façades, position and size of building assets. The incorporation process is quite easy 

as only mouse clicking and drawing are required. See Figure 3.2.1 for an example. The left panel is a 3D 

operation space, where the footprint can be drawn, the envelope of the building can be extruded, and 

the orientation of the building can be indicated.  The right panel is the façade wizard, where the 

structure of the façade can be parsed and building assets can be added.  In this example, a building 

envelope is extruded, the front façade is selected and parsed, and some assets (one door, one window 

and one gallery) are added as certain knowledge, leaving the rest of this building uncertain.    

An efficient sampling method for uncertainty modeling  

The goal is to efficiently sample multiple possible models from the style grammar, such that the certain 

parts are the same across all of the models and the uncertain parts have large difference. We formulate 

the grammar rules as an and-or tree, where “and” nodes indicate the composition rules and “or” nodes 

the alternatives [R 8.1.1].  Corresponding to procedural rules, an “and” node represents one single 

procedural rule like { floor --> window | door | window; }, saying that the parent node “floor” is 

composited by three child nodes: “window”, “door” and “window”.  An “or” node is used to represent 

the case when multiple alternative rules are available to apply. For instance, if a floor can alternatively 

be replaced by two rules { floor --> window | door | window; } and { floor --> door | gallery; }, then we 

need an “or” node, with two child “and” nodes, to represent the floor. By the equivalence, the 

procedural rule sets for building generation can naturally be embedded into an and-or tree.  
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Figure 3.2.1 An example of certain knowledge incorporation by our user interface. 

By using a tree structure, we have speeded up the sampling step substantially by using a bottom-up and 

top-down searching algorithm, which is in spirit similar to the method of [R 8.1.2]. The procedural 

grammar provides strong top-down prior information and the user input supplies precise bottom-up 

information, so combining them together leads to an efficient sampling method. The method consists of 

three phases. In phase 1, we create some partial grammar rules to represent the user inputs. For 

instance, we have [ ground floor ->  window | door | *; ] for the ground floor drawn in Figure 3.2.1, that 

is the ground floor can be parsed into window, door and * from left to right, where * means zero or 

more building assets. In phase 2, we match nodes (procedural rules) of the and-or tree and the rules 

created in phase 1, and fire corresponding nodes. In phase 3, we traverse, bottom-up and top-down, the 

and-or tree and sample out a number of single tree instances (building models) from the “constrained” 

and-or tree graph. The constraints are from the matching of phase 2, that is the sampled models have to 

conform to the user inputs. In our Pompeii examples (the grammar rules have 5 layers), the method can 

sample out 16 different models, all conforming to the user input, in 5 seconds with a common PC.  

Figure 3.2.2 demonstrates an example of our uncertainty modeling for Pompeii building reconstruction. 

The certain knowledge is indicated in Figure 3.2.1, everything else being uncertain. The figure shows 

that our method keeps the wholeness of building models and conveys the uncertain information 

gracefully. The main contributions of our work over existing methods for building uncertainty modeling 

[R 8.1.3] are twofold: (a) we treated the procedural grammar rule sets as an and-or tree and sample it by 

a principled tree-searching method; (b) we designed an interactive interface, which significantly 

simplifies the task of incorporating newly discovered knowledge.  Please refer to the companion video 

for more results. 
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 Integration to CityEngine  

We have already tested our method on different tasks and specialized our tool to the interface of 

CityEngine 3D-COFORM edition.  

 

 

Figure 3.2.2 An illustration of the uncertainty modeling by our method. The certain knowledge 

incorporated is the same across all models, while the uncertain parts have huge differences. 

 

Figure 3.2.3 The user interface of certain knowledge input for building modeling. 
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Tools for uncertainty modeling 

The goal of this work is to provide a tool for adding constraints (discovered knowledge) into procedural 

building generation for uncertainty modeling. What we draw is what we are sure about, the rest unsure. 

The inputs of the system are style grammar rules and a set of interactively added constraints (see Figure 

3.2.3); the outputs are multiple buildings generated by the “constrained” grammar rules with CityEngine 

(see Figure 3.2.4). In order to add the drawn constraints to the style grammar rules, we have an 

underlying computing component for grammar rule matching and “valid” grammar instance sampling. 

Below, we will elaborate on them.       

1. The user interface in Figure 3.2.3 is for adding the constraints, which have two main parts: 

Building Wizard and Facade Wizard. In Building Wizard, building footprints can be drawn and 

building envelopes can be extruded. The basic 3D operations such as moving, scaling, rotation 

are also available. Once the envelope is done, we choose the facades for which we have some 

constraints to add. The choosing is just a simple mouse click.  The operations in the toolbar from 

left to right are: File Opening, File Closing, Selection, Moving, Rotating, Scaling, Footprint 

Drawing, Envelope Extruding, Facade Selection and Scene Cleaning respectively.   

2. The Facade Wizard is used to incorporate constraints for individual facades, such as knowledge 

about their structure and about the building assets they contain. The two main functionalities 

are facade parsing and asset drawing. Splitting lines can be added one at a time to indicate the 

structure of the facades. Assets can be added by a color brush. See Figure 3.2.3 for an example. 

For splitting line, only horizontal and vertical ones are allowed. For assets, the type, the size and 

the position can all be added and recorded. Once all of these are finished, the tool transfers the 

incorporated constraints into a series of partial procedural rules for the final grammar instance 

sampling. Table 1 shows these for the constraints added in Figure 3.2.3. 

3. The sampled grammar instances can be loaded into CityEngine for building generation. See 

Figure 3.2.4 for an example, where the left panel is the loaded grammar instances and the right 

panel shows 9 generated building models.   

 

Facade_2 -->  split(y) { 3.06 : Facade_21 | 4.92 : Facade_22 }  

Facade_22 -->  split(y) { 2.54 : * | 2.36 : * } 

Facade_21 -->  split(x) { 5.64 : * | 9.2 : Facade_212 }  

Facade_212 -->  split(x) { 3.92 : Door | 5.26 : * } 

Table 1 Partial grammar rules for the incorporated certain knowledge 

 



3D-COFORM D.8.4 (PUBLIC) 

12 

 

 

Footprint Extractor  (UEA) 

One area of planned development was to work with a large variety of maps and test the robustness of 

the tool. The creation of processing presets for various styles of maps was to be investigated, as was the 

possibility of automatic detection of map type that would allow the best parameters or presets to be 

selected automatically.  

A large variety of images were tested in order to test the tool with a number of different styles of maps, 

and the methods needed to obtain results from these were documented. As a result of this work, 

several image processing presets were developed for different styles of maps. This means users are now 

able to select a preset and then tweak a small number of settings - typically two thresholds - rather than 

having to process an image from scratch using a wide variety of settings (although this option is still 

available for expert users, or instances where the presets do not deliver desired results). Figure 3.2.5 

shows two maps with building shapes vectorised using the same preset with manual tweaking of the 

two thresholds. 

 

Figure 3.2.4 Interface of CityEngine for building generation from our sampled grammar instances. 
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Figure 3.2.5 Two maps, one of Paris in 1879 (left) and the other of London in 1720 (right), both 

extracted using the same preset. The results shown here are before any manual editing of shapes. 

The automatic detection of map type was investigated. The intent was that the map type would be 

detected and an appropriate processing preset could be selected. However the development of the 

presets indicated that even for maps of a single type, there was a wide variety and as such some manual 

tweaking of thresholds would be necessary even within presets. Therefore it was judged that 

development time would be better spent improving other areas of the software, rather than attempting 

to automate one small step that would require user interaction even after the automated process. 

The shape simplification, designed to reduce the number of points in a building footprint whilst 

preserving the building shape, was to be improved in order to optimise the results for outputs where 

simplified shapes would be preferable e.g. CityEngine. The ability for the user to apply geo-referencing 

to the shapefile output was also planned to be added. 

The simplification of the footprint shapes has also been improved. Previously this consisted of simple 

checks such as removing vertices in close proximity. The output shapes were found to contain too many 

points for optimal use in some external tools, so an updated method was implemented which preserves 

key shape-defining vertices whilst removing redundant points. 

The user interface of the Footprint Extractor has been overhauled to improve the user experience. The 

layout has been changed and new icons designed. Geo-referencing capability has been added for 

shapefiles. A user can attach an externally generated .prj file (a file specifying the projection for the 

vectors) to the project, and this will then be ingested alongside the shapefile. 

Integration 

The Footprint Extractor has been updated to be fully integrated with the latest version of the RI-API, 

maintaining the features that existed in previous versions. Once a full set of footprints has been 

generated the user chooses the option to ingest their results and is then asked to login to the RI. The 

image and shapefile containing the footprints, along with provenance metadata, are then ingested to 

the RI. 
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Regency buildings    (UoB) 

In coordination with task 9.4 and the 3D-COFORM Reshaping History exhibition, a procedural model of 

Regency Brighton was produced using a mixture of sources (see Figure 3.2.6). This model was combined 

with other assets generated with 3D-COFORM tools and ingested into the 3D repository. The final scene 

produced combines different historical and contemporary 3D assets produced using photogrammetry 

and GML as well as the regency style buildings generated in the City Engine. The model was used as 

content for the 3D-COFORM exhibition in Brighton and Cyprus (see Figure 3.2.7). 

 

Figure 3.2.6 City Engine representation of Regency Brighton using a mixture of assets 

 

     

Figure 3.2.7 Posters displayed at the exhibition documenting the work conducted for Regency Brighton 
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3.3 Deviations from work plan and counter-measures 

CityEngine - uncertainty modelling  (ETHZ) 

ETH has made up for the delays in finishing the uncertainty modelling task. CityEngine 3D-COFORM 

edition is already available and tested. Therefore, there are no deviations from the work plan.  

Footprint Extractor    (UEA) 

Automatic detection of map type was investigated as planned, however it was decided not to pursue 

this work further (as detailed in the “Work Performed” section, see above). Instead the user can select 

from a number of presets which will still allow them to perform the image processing stages with 

minimal user interaction. 

Regency buildings      (UoB) 

Procedural modelling of Regency Brighton pending from Year 3 has been successfully completed. 
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4 T8.2 – Toolkit for non-expert users to create 

procedural models 

4.1 Work planned 

The following text is a slightly rephrased and compacted version of Section 3.2.4, “Plans for the next 

period” (related to T8.2), of deliverable D8.3, the Third Year Report of WP8. 

GML Compositor    (TU Graz) 

The main fundamental issue remaining is to find ways for dealing with complexity. We can restate an 

experience that is common with parametric and procedural modeling systems, which is that with ever 

more powerful tools, users have ever more ways to mess up their models (see [T8.2.1]). As a solution we 

envisage using the classical idea of creating functional units. So the main challenge in the next period 

will be function extraction: The user will be able to specify that a number of processing steps are to be 

treated as black-box-tool. So far, the parametric asset library is extended using tools that are scripted 

directly in GML. The next step will be to extend the tool library by user-defined constructions that are 

created interactively. This will require ways in which to specify input and output parameters of a whole 

processing sequence. 

With respect to practical usability, we must polish and further streamline the user interface. It would be 

highly desirable to collect feedback from end users, and to deploy the tool as soon as possible for user 

testing. 

Shape sketching component (FhG-IGD) 

The development of the Sketching tool is almost complete, thus little effort will be devoted to analyze 

the usability of a reference image. The metadata of the Sketching tool will be defined, in order to 

communicate with the RI by means of the Ingestion Tool. 

4.2 Work performed 

GML Compositor    (TU Graz) 

In Year 4 we have indeed worked on function extraction, but following the recommendations of the 

reviewers at the Year 4 review we have set our priorities to completing the infrastructure and closing 

the remaining gaps, in particular concerning the integration with the repository infrastructure from WP3 

and the VSL from WP9. As described in the following, we have extended the generative modeling 

approach from procedural shape generation to procedural scene generation.  
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Work on function extraction 

We have carried out a series of experiments concerning the extraction of functions from a sequence of 

modeling operations. The idea is that the user works as usual in a forward modeling manner, and once a 

particular modeling problem is solved, the logged operations become a new modeling tool. Creating the 

new function worked reasonably well, and since the dataflow graph faithfully records dependencies, 

also the input variables of the new tool could be reliably identified. However, two difficult problems 

came up which prevented us from pursuing the function extraction further given the limited time: 

First, functions are especially useful for creating complex constructions that are needed repeatedly e.g. 

the pillars of a bridge or the steps of a staircase with handrail. Such specialized tools are used in a very 

specific setting, and may fail in slightly modified settings because certain implicit assumptions on the 

input configuration are not fulfilled, resulting in user frustration. 

Second, it is difficult to predict the effect of a stored shape function before it is actually executed, which 

results in much trial and error. We have to find novel ways of visualizing the working of an extracted 

function in order to make it controllable. This is complicated since it can be that some operations exist 

but are not executed because of conditional decisions. Inactive branches of the construction would be 

visible when using source code, or with the dataflow view of Rhino Grasshopper. However, since neither 

source code nor dataflow graphs are suitable for CH professionals, a different solution must be found. 

Publication of the Louvre showcase  

The reconstruction study on the Louvre which was reported in the Year 3 deliverable as technical report 

3DC-T8.2-TR-2011-01-TUGraz-GMLCompositor was accepted for the Proceedings of the CAA conference 

and will appear in early 2013 [T8.2.2]. After the presentation at CAA in March 2012 in Southampton we 

received enthusiastic feedback from CH practitioners because of the apparent efficiency of the 

generative modeling of buildings, and because of the advantage of the convex polyhedra approach over 

B-Rep modeling (e.g. with SketchUp) in terms of robustness and freedom from modeling artifacts. 

Apparently there is much demand for our modeling tool, despite all the competitors. 

The Louvre reconstruction was also presented at the Year 3 review in February in Graz. Reviewers 

pinpointed at the duration of two months for the Louvre reconstruction in the course of the bachelor 

thesis of Martin Pszeida. It must be said though that Pszeida has performed the actual reconstruction 

multiple times since he was in close contact to the tool developers (Wolfgang Thaller and Ulrich Krispel). 

The feedback from his modeling attempts was accommodated, and multiple cycles of tool refinement 

took place, each time allowing Pszeida to solve certain modeling situations more efficiently.  

VSL/RI integration: Extending the dataflow approach from objects to scenes 

In Year 4 we took the opportunity to integrate GMLCompositor as a shape modeling tool with the VSL 

from WP9 and the Repository Infrastructure (RI) from WP3. GMLCompositor is not a standalone 

application anymore, but it is directly integrated with the CorExplorer by adding another 

SceneAssembler tab to it. So the user can switch between a tree view showing the contents of the RI 
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and a 3D view showing a VSL scene. Objects can be inserted in to the 3D scene via drag & drop, and all 

shape modeling capabilities of GMLCompositor are available in the scene graph. Technically, we have 

extended the dataflow engine that is used for parametric shape modeling (see section 3.2.2 of D8.3, the 

Year 3 report on WP8, and the attached technical report 3DC-T8.2-TR-2011-02-TUGraz-

GMLCompositor) to the scene graph. Thus, the user can create scene graph nodes and the scene graph 

hierarchy using a small set of interactive tools, and the operations that are issued are logged and 

recorded in the dataflow graph. This opens the door to the procedural generation of scene graphs (see 

Figure 4.2.1). We have also introduced the concept of time, treating the time line with split operations 

just like we split polyhedra.  

Concerning the integration with the RI, the VSL technically allows downloading RI objects and inserting 

them into the OpenSG scene. This capability is inherited by the SceneAssembler. In order to decouple 

the procedural scene generation from the RI, we have developed the drop target technique. The scene 

including drop targets is created procedurally, and after that the drop targets are replaced by repository 

content using drag & drop from the Explorer view of the CorExplorer.  

In summary, we have a system that allows defining animated scenes with procedural shapes. We have 

used this technology to solve in WP9 the difficult problem of authoring animated scenes as CH 

visualizations, and to eventually produce the SceneAssembler application requested by the DoW in T9.3.  

Our respective paper was accepted for publication at VAST 2012 [T8.2.3]. 

 

 

Figure 4.2.1. The procedural SceneAsembler. Left: GMLCompositor is integrated with the VSL scene 

graph and was extended to allow for generating not only shapes but also scenes procedurally. Middle: 

Only five scene graph tools are needed so far, represented by graphical widgets: Scene graph node, drop 

targets, full rotation widgets, animation paths, and the node hierarchy. Right: The scene graph facilitates 

relative motion and moving whole sub-scenes; also the camera is part of the scene graph, so objects 

remain in view even if they are moving. 
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Shape sketching component (FhG-IGD) 

In the third year, the development of the Sketching Tool was almost complete and it was incorporated in 

the testing and training plans of the project. Therefore, the fourth year was characterized by the 

utilization of the tool within professional environments, especially for the preservation and conservation 

of Cultural Heritage (CH) objects. In the context of restoration, the restorer deals with the examination 

of CH objects, in order to evaluate their condition and the need of a restoration work. If a restoration 

work needs to be conducted, the restorer (in cooperation with the curator) starts developing a set of 

restoration hypotheses, considering dimensions, shapes, transitions, and colors among others. 

Nevertheless, this process is very complex, time consuming and many times the restoration result is 

beforehand difficult to envisage given the provided evidence. 

The Sketching Tool, based on interactive modeling techniques and subdivision surfaces, was used for the 

completion of digital cultural heritage objects toward restoration planning. The first step involves the 

scanning of an incomplete CH object, which is then represented by a triangle mesh and from which a 

subdivision surface can be generated. This mixed representation allows for combining modeling 

operations and other operations with sketching techniques, in order to extend and refine the 

subdivision surface. In this way, restorers without rigorous modeling experience can directly create and 

manipulate surfaces according to their needs, in a similar fashion as they create their sketches on a 

piece of paper. 

This technique assists the generation and evaluation of restoration hypotheses and therefore the 

development of the restoration planning in the Cultural Heritage professional context. Additionally, 

digital versions of the CH object enable their exploration by experts, facilitating discussions as well as 

additional activities, such as 3D documentation, presentation or exhibition planning. The capabilities of 

the Sketching Tool were applied to two challenging and interesting CH objects (see Figure 4.2.2). 

 

Figure 4.2.2. Two digitally restored objects. The scanned input mesh is shaded in grey, the generated 

subdivision surfaces in brown. Left: Islamic vase of the Louvre museum in Paris. Right: dagger of the 

Victoria and Albert Museum in London. 
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In order to fully support such a scenario, the following features were added to the Sketching Tool: 

 drawing of strokes on existing (input) meshes forming contours; 

 scaling of drawn contours by means of sketching interaction; 

 rotating contours; 

 translating whole objects; 

 rotating whole objects; 

 copying of sweeping operations (previous period only for symmetric rotating extrusions).  

These results were published at the EuroMed 2012 conference [T8.2.1]. Additionally, the specifications 

of the metadata produced by the Sketching Tool were defined. In order to do this, the different 

operations were collected: 

 /new_object  

 /newFace [(0,0,1),(0,1,1),(0,1,0),(0,0,0)] 

 E35 /rot_extrude [(-1,2,4),(2,2,4)] 

 E44 /edge_drag (2,0,0) 

 E45 /ring_scale 0.7 

 E45 /ring_rotate 45 

 E177 /face_normal_drag (0.5,0.5,0.8) 

 E177 /face_drag (1,0,0) 

 E1 /path_extrude [(-2,1,5),(1,1,4)] 

The syntax is based on (possible) input  - operation – parameters. The output is currently not specified, 

since this is drawn on the screen. According to the CIDOC-CRM schema, the parameters need to be 

provided in a separate file. Thus, two modelling alternatives are possible: 

1. Define a Modeling (Operation) Event with different types, such as: rot_extrude, edge_drag, etc. 

and encode the parameters in a file. 

2. Define a single Modeling (Operation) Event and encode the types and parameters in a file. 

We decided to follow the second option, in order to achieve a first level of integration. Nevertheless, the 

first option is still valid and might be implemented at a later stage. Moreover, the reference image as a 

basis for sketching a 3D shape was further evaluated and considered obsolete as a unique reference for 

constructing the illustrated shape, since the perspective and the skewing might distort the modeling 

purposes. The Sketching Tool was part of the general training and testing plans of the projects. 

4.3 Deviations from work plan and counter measures 

GML Compositor    (TU Graz) 

No deviations from plan. The goals formulated in the DoW are fulfilled. 

Shape sketching component (FhG-IGD) 

No deviations from plan. The goals formulated in the DoW are fulfilled. 
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5 T8.3 - Re-assembly of fragmented artefacts 

The purpose of this task has been the design of a tool to facilitate the reassembling of an object from a 

set of 3D meshes (digitized in 3D and stored on the Repository Infrastructure). The process will be driven 

by an expert user (an art historian or a restorer) and the tool will provide some semi-automatic 

procedures to help the user in the fitting and reassembling task. The Madonna di Pietranico test case is 

illustrated in Figure 4.3.1. 

 

       

Figure 4.3.1 The Madonna di Pietranico, selected as a first test case for the development of the 

Fragment Re-assembly tool (on the left, pre-earthquake status; on the right, some fragments). 

 

5.1 Work planned 

The following text is a slightly rephrased and compacted version of Section 3.3.4, “Plans for the next 

period” (related to T8.3), of deliverable D8.3, the Third Year Report of WP8. 

We will progress with the development of the new features of the Fragment Reassembly tool. Those 

new features will be added to an internal version of the tool; we will take a final decision at the end of 

the next year regarding what will be contributed and integrated to the official MeshLab distribution, or if 

the tool will remain a stand-alone resource. A scientific paper on the Fragment Re-assembler tool will be 

produced in the first half of Year 4. 
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Figure 5.1.1 Some fragments of the Meissen Fountain (Victoria & Albert Museum), selected as a second 

major test case; an attempt to rehearse a recombination hypothesis by hand is depicted below. 

5.2 Work performed 

After the preliminary specifications of the tool features designed in Year 1, an important experience on a 

concrete case study performed in Year 2 (the restoration of the Madonna of Pietranico) that allowed us 

also to finalise the specification and the design of the system, and the results of the implementation of 

the tool mostly performed in Year 3, the plan for the final year (Year 4) was: 

 to finalize the development of the Fragment Reassembly tool; 
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 to test it extensively on selected case studies; 

 to take decisions concerning its integration with MeshLab and the other 3D-COFORM tools; 

 to write scientific papers that describe the tool and our approach. 

CNR has started the implementation of the Fragment Re-assembler tool in strict cooperation with 

potential users (restorers, art historians). Concerning the sample dataset onto which we should test and 

debug the system, again the Madonna di Pietranico (painted terracotta, XV cent., from the L'Aquila 

Museum), a statue severely damaged during the recent earthquake in L'Aquila (Italy) offers a proper test 

bed of historic importance.   

CNR has finalized the implementation of the Fragment Re-assembler tool in strict cooperation with 

potential users (restorers, art historians). The two main sample datasets considered (onto which we 

have tested and debugged the system) were: 

 the Madonna di Pietranico (painted terracotta, XV cent., from the L'Aquila Museum), a statue 

severely damaged during the recent earthquake in L'Aquila (Italy) offers a proper test bed (see 

Figure 4.3.1); 

 the Meissen Fountain, a porcelain artwork conserved at the Victoria & Albert Museum in London 

(UK), see Figure 5.1.1.   

We also used some other internal test datasets (some commercial terracotta vases which were first 

scanned, then broken in pieces, scanned again piece by piece and finally used in the assessment to give 

us some ground truth data). 

Status of the implementation 

The implementation activity started in Year 3 and has been finalized in Year 4.  The aim of this tool and 

its overall design have been described in detail in the Year 3 report. We have fully implemented and 

debugged in Year 4 the point-to-point constraint: the user picks a point in each piece on the fracture 

surface, the system will try to keep the two points as close as possible while performing the search for a 

global fit of all the constraints defined by the user. Each constraint contributes to an energy function, 

which is globally minimized all at once. Constraints may vary in their individual importance; the user may 

specify this by means of weight factors. The result of this phase is to compute the rigid transformation 

which places each piece in the position that minimizes the global energy formulation. The Fragment Re-

assembler supports also the visualization of the final result as illustrated in Figure 5.2.1. It also allows us 

to quantify the error introduced in the reassembly and the amount of inter-penetration between pieces. 
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Figure 5.2.1 GUI of the Fragment Re-assembler tool. The user specifies a set of constraints, in the two 

rendering contexts in the center.  The final result is visible in the right-most rendering context. 

 

To improve the main features of the Fragment Re-assembler tool, we have added two functionalities: 
 

 The possibility to create group of fragments: This feature allows managing a group of aligned 

fragments as a single fragment, i.e. it can be aligned with other fragments or with other groups 

of fragments. This allows handling complex projects more easily. 

 When features are not clearly visible on the surface of a fractured object, it is possible to specify 

an area and allow the system to identify within that area the possible features with their 

correspondences. 

Integration with MeshLab and other 3D-COFORM tools 

The finalization of the implementation of Fragment Re-assembler showed us clearly that the decision to 

not implement it as a plug-in to the MeshLab platform was correct. The complexity of the user interface 

and the need of further evolving it with new types of constraints makes a stand-alone tool much simpler 

to implement, debug and, more critically, to be used by CH users. 
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It should be noted that the task is rather specific and could be solved by a small tool that: 

 will have full control on the data structure used and will offer a customized interface layout; 

 will not introduce heavy overheads (data structures, memory, performances) as would have been 

the case of the porting of the Fragment Re-assembler onto MeshLab.  

We thus confirmed the decision already taken at the end of Year 3 to implement and deliver Fragment 

Re-assembler as a standalone system. 

The system, anyway, is integrated in a loose manner with MeshLab. Since the task of the Fragment Re-

assembler is only to process the fragments and to find a proper set of roto-traslations (geometric 

transformation matrices) to locate any fragment in the proper position in a common space, the 

Fragment Re-assembler will solve only one phase of the overall pipeline and will interoperate with 

MeshLab as follows: 

1. MeshLab: Production of the digital 3D model of each fragment (from raw scanned data). 

Results are ingested in the 3D-COFORM repository; 

2. Fragment Re-assembler: loads from disk the set of fragments to be recomposed; finds 

interactively the proper geometric configuration; writes on the disk, in a MeshLab compliant 

format, the transformation matrix computed for each fragment 

3. MeshLab: loads the fragments (with the new transformation matrices), ingests those modified 

meshes in the 3D-COFORM repository; if the user requires reconstruction of a new mesh 

representing the assembled artworks, this can be done using the reconstruction  filters of 

MeshLab and results are again ingested in the repository. 

Delivery and Dissemination 

The final version of the tool has been delivered to the partners on August 3rd, 2012. 

A web resource has been published, which includes some information on the tool, some examples and 

the code (see Figure 5.2.2). It is available at: 

 http://vcg.isti.cnr.it/~pietroni/reassebly/index.html  

The tool has been presented in a scientific paper [T8.3.1] submitted to the journal IEEE Computer 

Graphics and Applications on August 2012 (currently under review).   

A paper that presents the test case of the Madonna di Pietranico has been submitted to the Int. Journal 

of Cultural Heritage and accepted for publication [T8.3.2], it will be published either in the last issue of 

2012 or in the first of 2013.  
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5.3 Deviations from work plan and counter-measures 

No major critical issues. The implementation was finalized smoothly in Year 4; the tool was delivered to 

partners, and we have completed the assessment and dissemination actions. 

 

 

Figure 5.2.2 The Fragment Re-assembler tool web page. 
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6 Milestones 

The DoW foresees for WP8 in M48 one milestone and one deliverable (the present one). The objectives 

of the milestone have also been met, as elaborated in the next section.  

MS.8.4 [M48]: Delivery of final, documented versions for all tools 

D8.4 [M48] Fourth year report on WP8 

 T8.1 large site modelling - Stable, tested release incl. documentation 

 T8.2 non-expert creation of procedural models - Stable, tested release incl. documentation 

 T8.3 re-assembly of fragmented artefacts - Stable, tested release incl. documentation 

7 Advance of the state of the art 

T8.1 Cityengine    (ETHZ) 

Rather than pursuing the road of using style-specific grammars, the alternative use of more generic 

architectural rules (rather recommendations) has been adopted. This paves the way for the automated 

extraction from more dedicated rules on the basis of initially parsed examples. Yet, the difficult 

construction of style grammars can be avoided. The main contributions of our work over existing 

methods for building uncertainty modeling [R T5.3.3] are twofold: (a) we treated the procedural 

grammar rule sets as an and-or tree and sample it by a principled tree-searching method; (b) we 

designed an interactive interface, which significantly simplifies the task of incorporating newly 

discovered knowledge. 

T8.1 Footprint Extractor   (UEA) 

The Footprint Extractor has advanced the state of the art in the field, as finally documented by our 

publications [T8.1.1] and [T8.1.2]. The tool was tested in Year 3 and Year 4, and the feedback was 

accommodated accordingly. The footprint simplification works much better now, and the tool is fully 

integrated with the RI and with CityEngine workflows. 

T8.1 Regency buildings  (UoB) 

The Regency test cases which started in Year 3 have been successfully concluded in Year 4 producing 

compelling results which have been published and shown to a public audience at the 3D-COFORM 

Reshaping History Exhibition in Brighton.  
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T8.2 GMLCompositor   (TU Graz) 

We have advanced the state of the art in the interactive generation of complex architecture and 

developed a novel approach for the production of parametric 3D models. The dataflow approach is very 

generic and allows interactive visual inspection and manipulation of procedural models directly within 

the 3D model and without resorting to a dual representation (like source code or Grasshopper-style 

dataflow editing). Convex polyhedra have proven very suitable for all kinds of architectural models, are 

extremely robust, and are in many cases superior to surface-based (SketchUp) or box-based (CityEngine) 

modeling approaches. Furthermore, we could extend the formalism to scene graphs, which enabled us 

to produce an innovative SceneAssembler application in WP9. Due to the feedback and demand from 

CH practitioners we are highly motivated to further develop our modeler and to deploy it as a modeling 

tool for the CH community; however, rather than providing it as a standalone application we prefer to 

deploy it in an integrated way with direct integration with the 3D-COFORM tool suite. 

T8.2 Sketching Tool   (FhG-IGD) 

Predictability of the offered operations is of great importance. For constructing a desired shape, the user 

should know in advance which operations lead to which surface modifications; or, in the inverse 

direction, which operations are needed to reach a desired shape. The Sketching Tool follows the “what 

you see is what you get” paradigm. The user directly works on and with the subdivision surface control 

mesh. Catmull and Clark subdivision surface with tagged edges is the surface representation of the tool. 

It is derived from a bicubic B-Spline tensor product, hence intuitive for natural human quad based 

modeling. It is an excellent compromise between compactness and flexibility. By definition the sketching 

operations generate a regular mesh. The conversion of a drawn stroke to a control mesh is handled by a 

genetic approximation method, focusing on very few control vertices. Both features assure the usability 

of the modeling tool, good modifiability of the surface, and a high surface quality. The Sketching tool 

was for the first time released for testing and training purposes during Year 3. The documentation in 

text and video format, as well as the binary files were provided to different CH partners, in order to 

perform the testing exercises. The same procedure was conducted during Year 4. 

T8.3 Fragment Re-assembler    (ISTI-CNR) 

The Fragment Re-assembler design started with an analysis of the state of the art, that made clear the 

quality of the automatic solutions proposed so far for the reassembly process but, at the same time, 

demonstrated the need of more user-assisted solutions, able to include the CH professionals in the loop. 

The Fragment Re-assembler is the first nucleus of such a new approach, where input of the user should 

be the starting point of an automatic optimization process that should find the best configuration of the 

fragments given the user constraints. The work done so far is very promising and can be further 

extended, by adding other types of adjacency constraints to the system. Year 4 has seen improvements 

in UI, testing (challenging cases) and deployment of tools, fulfilment of delayed deliverables and 

incorporation of user feedback.  
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8 Conclusion 

Year 4 has demanded definite deliverables from the contributing partners in Work Package 8. This 

report shows that several of these tasks have been successfully achieved.  

The CityEngine 3D-COFORM version (T8.1), Footprint Extractor (T8.1), Shape sketching tool (T8.2), and 

Fragment Re-assembler (T8.3) have been implemented, tested and delivered. The Regency style 

procedural modelling goal has been achieved and the GMLCompositor was extended from procedural 

shape modelling to procedural scene graph modelling. Concerns in the individual tasks during Year 3 

have been successfully dealt with. Algorithmic improvements have resulted in publications in the 

different tasks, contributing to state of the art as documented in the previous section.  

9 Publications 

In this section, we list the publications by the partners of WP8 that are relevant to this WP. 

T8.1: Site modelling tools for CH experts 

[T8.1.1] D. Dai, M. Prasad, L. Van Gool; Incorporating Uncertainty in procedural modelling; To be 

submitted to: ACM Journal on Computing and Cultural Heritage 

[T8.1.2] P. Brown, S. Laycock, A. Day; Vectorising Building Footprints From Historic Maps Brown; 

accepted to VAST 2012 

T8.2: Toolkit for non-expert users to create procedural models 

[T8.2.1] Bein M., Pena Serna S., Stork A., Fellner D.W.: Completing Digital Cultural Heritage Objects by 

Sketching Subdivision Surfaces toward Restoration Planning. Accepted at EUROMED 2012: 

International Conference on Cultural Heritage. 

[T8.2.2] Zmugg R., Krispel U., Thaller W., Pszeida M., Havemann S., Fellner D. W.: A new approach for 

interactive procedural modelling in cultural heritage. In Proceedings of the 40th Conference of 

Computer Applications and Quantitative Methods in Archaeology (CAA 2012). 

[T8.2.3] R. Zmugg, W. Thaller, M. Hecher, T. Schiffer, S. Havemann, D.W. Fellner: Authoring animated 

interactive 3D Museum Exhibits using a Digital Repository. Accepted at VAST 2012. 

T8.3: Re-assembly of fragmented artefacts 

[T8.3.1] Gregorio Palmas, Nico Pietroni, Paolo Cignoni, Roberto Scopigno, "A practical framework for 

assembling fragmented objects", paper submitted to IEEE Computer Graphics and Applications 

on August 2012 (currently under review).   
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[T8.3.2] Lucia Arbace, Elisabetta Sonnino, Marco Callieri, Matteo Dellepiane, Matteo Fabbri, Antonio 

Iaccarino Idelson, Roberto Scopigno, "Innovative uses of 3D digital technologies to assist the 

restoration of a fragmented  terracotta statue", Journal of Cultural Heritage, Elsevier, 2012 (in 

press). 
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