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ORIGINAL ARTICLE

Reconstructing historical 3D city models
Camille Morlighem1,2  , Anna Labetski3   and Hugo Ledoux3*   

Abstract 

Historical maps are increasingly used for studying how cities have evolved over time, and their applications are multi-
ple: understanding past outbreaks, urban morphology, economy, etc. However, these maps are usually scans of older 
paper maps, and they are therefore restricted to two dimensions. We investigate in this paper how historical maps can 
be ‘augmented’ with the third dimension so that buildings have heights, volumes, and roof shapes. The resulting 3D 
city models, also known as digital twins, have several benefits in practice since it is known that some spatial analyses 
are only possible in 3D: visibility studies, wind flow analyses, population estimation, etc. At this moment, reconstruct-
ing historical models is (mostly) a manual and very time-consuming operation, and it is plagued by inaccuracies in 
the 2D maps. In this paper, we present a new methodology to reconstruct 3D buildings from historical maps, we 
developed it with the aim of automating the process as much as possible, and we discuss the engineering decisions 
we made when implementing it. Our methodology uses extra datasets for height extraction, reuses the 3D models of 
buildings that still exist, and infers other buildings with procedural modelling. We have implemented and tested our 
methodology with real-world historical maps of European cities for different times between 1700 and 2000.

Keywords: 3D city models, Historical maps, Map alignment, Procedural modelling

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

1 Introduction
Historical maps are often the only information available 
about the pre-satellite and digital map era; they con-
tain information that cannot be found elsewhere  (Liu 
et  al.,  2019). They are therefore an invaluable source of 
information in various domains and for various use cases. 
They can help us understand the current configuration 
of a landscape or of a city as this configuration relies on 
the past changes that took place (Nobajas & Nadal, 2015), 
they have been used for understanding urban studies 
and the economy (Balletti & Guerra, 2016), and they can 
help understand past outbreaks of diseases. For exam-
ple, Fig.  1 shows the spatial distribution of tuberculosis 
deaths in Washington, D.C. in 1900.

Three-dimensional (3D) city models, also known as 
digital twins (Ketzler et al., 2020), digital representations 
of the objects in a city (e.g. buildings, trees, and roads), 

increase the level of understanding of what a city looks 
like (instead of reducing it to a 2D plane), such that we 
can observe it from different viewpoints and better catch 
the real size of objects, and therefore they allow us to 
perform spatial analyses and simulations that are not 
possible in 2D. Biljecki et al. (2015) discuss 29 use cases 
for 3D city models, and report more than 100 applica-
tions where they are nowadays used. These use cases are 
varied: solar potential, tracking of pollutants in a city, vis-
ibility queries, etc.

We investigate in this paper historical 3D city models, 
which we refer to as 3D models at different times con-
taining buildings and/or other features in the built envi-
ronment. Some of these models can be highly detailed 
and realistic, see for instance Frischer et  al. (2008) or 
the model of the City of Rotterdam in 1940 (one part 
is shown in Fig.  2). Such models greatly help with the 
preservation and communication of the historical herit-
age, allowing for the widespread diffusion of historical 
sites over the Internet or in museums for cultural and 
educational purposes  (Kersten et  al.,  2012, Balletti & 
Guerra, 2016). A major downside of these models is that 
they can only be reconstructed manually, and therefore 
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Fig. 1 Historical map showing the tuberculosis deaths in Washington, D.C. in 1900–1901. Tuberculosis deaths are represented by blue and red 
spots. Available at https:// lib. msu. edu/

Fig. 2 Historical 3D city model of Rotterdam in 1940

https://lib.msu.edu/
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they require lots of time, labour, and money. As an exam-
ple, for the models of Rotterdam (at three epochs), it 
required ten people working full-time over eight months. 
However, other studies have focused on reconstructing 
less detailed historical 3D city models, see Fig.  3 for an 
example in the Netherlands from de Boer (2010).

These simpler models can also find interesting applica-
tions in practice. First, they come as a good mean to give 
a context to more specific reconstructions. For instance, 
they can be used as a basis for reconstructing more 
detailed historical 3D city models such as Rotterdam’s 
as they already provide simple 3D objects, which can be 
further refined. There are already methods that automate 
parts of this process, see for instance Zhang et al. (2019) 
and Wang (2022). Second, they can be used to estimate 
the population of a city at times when demographic data 
are not available. Such information can be further use-
ful for another major use case: historic disease mapping. 
Raising Fig. 1 to the third dimension could help recover 
information about the population distribution and thus 
give additional insights into how and where the disease 
spread in the city in 1900 (knowing that tuberculosis is 
a contagious disease). Existing research on the correla-
tion between plague deaths and the socioeconomic status 
of households in Dijon  (Galanaud et  al.,  2015) could be 
extended by studying the influence of population density 
derived from a simple historical 3D city model. Finally, 
simple historical 3D city models could also be used for 
visibility analyses or to perform past microclimate analy-
ses  (Biljecki et al., 2015), in computational fluid dynam-
ics (Pađen et al., 2022), and recover information such as 
the past ground temperature.

The main bottleneck with the use of these simple his-
torical 3D city models in practice is that their reconstruc-
tion is a time-consuming operation that still nowadays 

requires several manual operations. Indeed, data imper-
fection in historical maps makes the reconstruction 
particularly challenging  (Kersten et  al.,  2012). Histori-
cal maps are usually affected by geometric and chrono-
metric inaccuracies because of the way they were created 
back in the day, using triangulation networks, but also 
because they were often influenced by the subjectivity of 
the cartographers (de Boer, 2010). Furthermore, it is rare 
to obtain a complete set of historical data covering the 
whole study area (Herrault et al., 2013a).

We focus in this paper on automating as much as pos-
sible the reconstruction of historical 3D city models, and 
we focus on arguably the most important aspect in cities: 
buildings. We present a new methodology that allows us 
to reconstruct plausible building models of European cit-
ies, i.e. we recognise that we are limited by the amount 
of historical information available, and we make educated 
guesses and assumptions in order to infer 3D models that 
most likely match reality at a given moment in time. As 
further explained, our methodology has three main steps 
and uses as input georeferenced scanned historical maps 
of an area, extra datasets to extract the height (aerial 
point cloud LiDAR dataset  (Mallet & Bretar, 2009), and 
existing 3D models of the present day. We reuse the 3D 
models of buildings that still exist, and we reconstruct 
other buildings by inferring their shapes and roofs with 
procedural modelling. We reconstruct buildings with 
hip or gable roofs, among others, those are referred to as 
LoD2 in the common GIS community and are between 
LoD1 with simple flat roofs and LoD3 with more details 
and additional building installations (e.g. windows); see 
Biljecki et  al. (2016b) for details. We implemented our 
methodology with open source code, and we tested it 
with real-world historical maps of Delft (the Nether-
lands) and Brussels (Belgium) for different time periods 
between 1700 and 2000. All datasets and codes used are 
publicly available, so our results can be easily replicated 
and adapted to other cities across Europe1.

2  Related work
The initial attempts at modelling in 3D past landscapes 
or cities date back to the 1980s, but historical 3D mod-
elling was only truly made possible from the 1990s 
with the evolution of 3D GIS and CAD software  (de 
Boer,  2010). One example of pioneer research was the 
Rome Reborn Project, which started in 1997 and aimed 
at reconstructing—manually—historical 3D city mod-
els showing the evolution of Rome from the Bronze Age 
to the Middle Ages (Frischer et al., 2008).

Fig. 3 Simple historical 3D city model of Cruquius in the  17th century. 
Figure from de Boer (2010)

1 Data and code are respectively available at  https:// github. com/ Camil leMor 
lighem/ histo 3d- data and https:// github. com/ camil leMor lighem/ histo 3d 

https://github.com/CamilleMorlighem/histo3d-data
https://github.com/CamilleMorlighem/histo3d-data
https://github.com/camilleMorlighem/histo3d


Page 4 of 18Morlighem et al. Urban Informatics            (2022) 1:11 

In recent years, there has been increasing research 
on reconstructing historical 3D city models from his-
torical sources. Nobajas and Nadal (2015) manually 
digitised historical cadastral plans to extract build-
ing footprints and further overlay them with a generic 
3D building model. Another solution was proposed 
by Kersten et al. (2012) to reconstruct a historical 4D 
city model (i.e. a 3D city model with time as fourth 
dimension) from a wooden model of the city of inter-
est and historical maps manually digitised. The com-
plete reconstruction of the final model required 800 
hours in total, with half of the time spent in manual 
processing steps. Similarly, Balletti and Guerra (2016) 
reconstructed a historical 4D city model from a col-
lection of historical documents. Their methodology 
is based on the combination of database archiving for 
storing these documents and GISs for the 3D model-
ling of the city.

Although these methods produce accurate and 
promising results, they rely strongly on manual pro-
cessing steps. Some attempts have been made for 
automating the process. de Boer (2010) proposed a 
GIS-based method relying on histogram threshold-
ing for extracting building footprints from historical 
maps. They made use of generic 3D building mod-
els to overlay over these building footprints. How-
ever, histogram thresholding restricts the use of 
their methodology to good quality historical maps 
with high colour contrasts. Other research has been 
conducted for automating the reconstruction of his-
torical 3D city models of the Edo era in Japan. Suzuki 
and Chikatsu (2003) used historical paintings and 
remaining historic houses of the Edo period to cre-
ate 3D parametric models of the different types of 
houses and combined them with building footprints 
extracted from historical maps. However, their 
approach only makes it possible to reconstruct 3D 
buildings with rectangular footprints.

As a result, when existing methods do not rely on man-
ual processing, they require as input certain types of his-
torical maps or only allow to reconstruct certain types of 
buildings  (Liu et  al.,  2019). Some research suggests that 
it is not possible to find a unique methodology work-
ing for any collection of historical maps, as they all have 
their own symbology, colours, hues, and contrasts  (Sun 
et al., 2020). In this study, we automated as much as pos-
sible the workflow going from the processing of the his-
torical maps to the generation of the final historical 3D 
city model, working on different historical map collec-
tions and allowing diversity in the type of buildings (i.e. 
regarding the roof type and the shape of the building 
footprints). We summarise all the methods we investi-
gated and tried in Table 1.

3  Our automated methodology
The methodology we propose to reconstruct the 3D 
model of a city at different times consists of three main 
steps: (1) the processing of the historical maps to extract 
the building plots, (2) the subdivision of these build-
ing plots into individual building footprints and (3) the 
reconstruction of 3D buildings. The only user interven-
tions that are needed to implement it are the genera-
tion of training and testing datasets for the building plot 
extraction step—this is further detailed in Section 3.1—
and the passing of user-defined parameter values (e.g. 
facade length and depth). The whole workflow is shown 
in Fig.  4 and we further describe it in the following 
sections.

3.1  Step 1: Building plot extraction
The first step of the workflow is the extraction and vec-
torisation of the building plots from the input historical 
map. We started by digitalising the historical map using 
the method of Gobbi et  al. (2019) (as implemented in 
GRASS GIS). Their method consists in segmenting the 
historical map into patches sharing colour and shape 
properties. The segmented map is further classified into 
different categories of land use using an Object-Based 
Image Analysis (OBIA) classification. This classification 
requires training data. To facilitate their creation, the 
method of Gobbi et al. (2019) makes use of training data 
points. Points are generated in the geographic extent cov-
ering the historical map, and they are manually assigned 
the land use class in which they are located. With a point-
in-polygon procedure, the labels of the training points 
are transferred to the segments in which they lie, obtain-
ing training segments. The digitalisation ends by applying 
a low-pass filter on the classified map to remove textual 
features and symbols, which could, if not removed, dis-
rupt the vectorisation of the building plots over which 
they are overlaid. Once the historical map has been 
digitalised, the building plots are vectorised using the 
polygonize tool from GDAL. As the vectorisation proce-
dure creates polygons with ‘stair-like’ boundaries (Fig. 5), 
we smooth their contour a first time with the generalisa-
tion algorithm of Arteaga (2013) and a second time with 
the algorithm of Commandeur (2012) (see Table 1).

In order to assess the performance of the building 
plot extraction, we create a testing set by manually 
adding a point in each building plot on the historical 
map. With a point-in-polygon procedure, we are able 
to count the number of building plots that have been 
properly classified and compute the precision, the recall 
and the F-score. In addition, in order to assess whether 
the geometries of the building plots were accurately 
recovered, a subset of them is manually digitised from 
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the historical map and compared with the correspond-
ing building plots extracted with our methodology. Two 
metrics are used to measure shape similarity. The first 
metric compares two shapes by computing the differ-
ence between their turning functions. When turning 
around a shape, it is possible to compute at each vertex 
the counter-clockwise angle between the two adjacent 
edges (Fan et al., 2014), see Fig. 6, where ψ represents 
the counter-clockwise angle at vertex a. The turning 
function expresses how the accumulated tangent angle 
changes with the normalised accumulated edge length 
(Fig. 6). As each shape is uniquely described by its turn-
ing function, the smaller the difference between the 
turning functions of two shapes, the more the shapes 
are similar (Fan et  al.,  2014; Arvin et  al.,  1991). This 
metric is scale and rotation invariant, but it is sensitive 
to noise, hence it is used to assess whether the angles 
and the contour of the building plots were properly 
extracted. To further check whether the building plots 
were properly extracted regarding their size and orien-
tation, we use the shape similarity metric of Samal et al. 
(2004), where similarity between two shapes is com-
puted as the average percentage of one shape within the 
buffer area of the second. This measure varies between 

0  (the shapes are not even intersecting)  and 100  (the 
shapes are perfectly matching with each other).

3.2  Step 2: Individual building footprint generation
Historical maps do not always depict buildings as individ-
ual building footprints. Instead, they might be aggregated 
into building plots. Before reconstructing 3D buildings, 
these building plots must be split into individual building 
footprints. We used two processes for this purpose: map 
alignment and 2D procedural modelling.

3.2.1  Map alignment
Historic cities sometimes still have very old construc-
tions that are more than a century old. Thus, some build-
ings that are still present nowadays might be depicted on 
the historical map. We use the map alignment to identify 
these buildings so that their current building footprints 
can be used to subdivide the historical building plots. 
The goal of map alignment is to identify the geographic 
features that are present in two or more maps—namely 
the aligned features  (Xavier et al., 2016). Different types 
of map alignment exist, depending on the number of fea-
tures to be matched (Fig. 7). In this study, we used a one-
to-many alignment to match the extracted building plots 

Table 1 Overview of the different methods used, implemented and compared to develop a building plot extraction workflow

Method Overview of the methodology

Arteaga (2013) Building footprint extraction This methodology relies on a thresholding step in GIMP to produce a black and 
white image from the historical map. Polygons are vectorised and generalised 
based on an α-shape operator and building polygons are identified based on 
their average colour.

Drolias and Tziokas (2020) Building footprint extraction The input historical map is manually reclassified in QGIS to generate a binary ras-
ter. After some cleaning steps, building footprints are vectorised and generalised 
using a Douglas-Peucker (DP) algorithm.

de Boer (2010) Building footprint extraction A Delaunay triangulation is first built in ArcGIS from all building pixels manually 
selected. After removing large triangles, adjacent ones are merged to recreate 
building footprints.

Gobbi et al. (2019) Historical map digitalisation This method, developed in GRASS GIS, relies on performing a segmentation and 
OBIA classification of the input historical maps. It also provides a method for 
cleaning historical maps from their textual information.

Henderson et al. (2009) Historical map digitalisation Unsupervised classification algorithms are used for automatically segmenting 
raster maps, such as the expectation maximisation algorithm and the K-means 
clustering algorithm.

Herrault et al. (2013b) Historical map digitalisation This method relies on preprocessing steps based on dilation and smoothing 
operators to remove textual features, lines and symbols from input historical 
maps before digitalising them with K-means clustering algorithms.

scikit-learn supervised algorithms Historical map digitalisation Supervised classification algorithms such as random forest can be used to digi-
talise an input historical map using training data.

Commandeur (2012) Building footprint generalisation The algorithm merges boundary line segments which are nearly parallel based 
on distance and angle thresholds between line partitions.

Douglas and Peucker (1973) Building footprint generalisation The DP algorithm iteratively keeps points within a tolerance distance from the 
polyline being generalised until it reaches the defined number of remaining 
vertices.

CGAL simplification algorithm Building footprint generalisation This algorithm generalises a polyline and preserves its topology by using a toler-
ance distance or by keeping a defined percentage or number of vertices from 
the total number of vertices.
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with the building footprints from a current dataset of the 
city of interest. To check whether an historical building 
plot a can be matched with a building footprint b, the 
similarity measure σ(a, b) is computed using the overlap-
ping area between the building footprint and the buffered 
building plot  (Eq.  1). The value obtained is compared 
with a user-defined threshold. From our observations and 
experiments with several historical maps, we recommend 
using a threshold of 60%. However, this value can still be 
adjusted given the accuracy/age of the historical map. 

When historical maps are affected by strong geometric 
inaccuracies, buildings might sometimes be shifted from 
their true location, in which case lowering the threshold 
will make sure these historic buildings are still matched. 
Only the building footprints with a year of construction 
prior to the date at which the historical map was made 
are used for the map alignment. This must be ensured 
to avoid cases where historic buildings were completely 
destroyed and replaced with new constructions. In such 
cases, the footprints of these new constructions would 

Fig. 4 General methodology workflow. Rectangular boxes represent methodology steps and oval boxes represent datasets. Optional datasets and 
steps relying on data availability are depicted in orange

Fig. 5 Example of vectorised building plots extracted from a classified raster map
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still be aligned with historical building plots at the same 
location, even though they have very different construc-
tion designs. From this step, building footprints that were 
found to be aligned with historical building plots are used 
to subdivide them into individual building footprints.

3.2.2  2D procedural modelling
Although some buildings on the historical map still 
remain presently, there are also buildings that were 
demolished and replaced with new constructions over 
the years. To recover their footprint, we used a process 
called procedural modelling. In computer graphics, this 
process is used for reconstructing 2D or 3D objects in an 
automatic and generative way from a user-defined set of 
rules. In this study, we used 2D procedural modelling to 

(1)σ(a, b) =
areaoverlap

min(areaa, areab)

reconstruct individual building footprints automatically 
from building plots. We developed five main cases to 
handle the subdivision of any building plot, based on its 
size and shape (Fig. 8):

• Case 1: The area of the building plot is below a 
threshold such that the building plot is already a 
building footprint, and it is kept as is.

• Case 2: One single row of building footprints fits 
inside the building plot, such that the building plot 
is split into building footprints with variable lengths 
and depths (based on an original user-defined length 
and depth) perpendicularly along its longest edge.

• Case 3: Two rows of building footprints fit inside the 
building plot. The building plot is split along its long-
est median to create two polygons (i.e. the two build-
ing rows), which are individually processed using 
case 2.

• Case 4: As the building plot is too big to be split 
entirely into building footprints, we assume that it 

Fig. 6 Representation of a polygon (left) using its turning function (right)

Fig. 7 Types of map alignment. Figure modified from Xavier et al. (2016)
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contains an interior courtyard or continuous space 
made of gardens, an arrangement that is common 
in many European cities. We use the straight skel-
eton (Held & Palfrader, 2017) of the building plot to 
create an inward offset polygon inside it and generate 
building footprints with variable lengths and depths 
around that offset polygon.

• Case 5: The building plot has a non-convex shape. 
The convex decomposition algorithm of Bayazit 
(2009) is used to split it into convex polygons, which 
are further processed individually using case 1 to 4.

The building plots can be subdivided either by com-
bining both processes, or by using only 2D procedural 
modelling. Using one solution or the other depends on 
the availability of a current building footprint dataset 
with specific attributes (i.e. building year of construc-
tion), which are needed to implement the map align-
ment. User-defined building length and depth can either 
come from the literature, i.e. using standard building 
depth and length in the region of interest, or they can 
be based on the average length and depth of the aligned 

(historic) building footprints if the map alignment was 
implemented (or the average length and depth measured 
on current building footprint data). Similarly, for the area 
threshold (case 1), one can use the minimum building 
footprint area in the aligned building footprints (or in a 
current building footprint dataset if the map alignment 
was not implemented).

The output from this step is a dataset with at most two 
types of building footprints: the aligned ones and the 
ones generated with 2D procedural modelling—which we 
refer to as ‘2PM building footprints’ from this point.

3.3  Step 3: 3D building generation
The last step of the methodology deals with the recon-
struction of 3D buildings. The final historical 3D city 
model is reconstructed by: (i) generating height attrib-
utes; (ii) reconstructing 3D buildings with 3D proce-
dural modelling; and (iii) generating a valid CityJSON 
file (Ledoux, 2018). CityJSON is a simple format to store 
semantic 3D city models and is an international standard 
of the Open Geospatial Consortium (OGC).

Fig. 8 Overview of the five cases used to subdivide a building plot into building footprints using 2D procedural modelling
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3.3.1  Height inference
The building footprints need to have a ground and a roof 
height to be reconstructed in 3D. As the aligned build-
ing footprints already have such height attributes, only 
the 2PM building footprints need to be assigned some. 
For assigning the ground height, we used the method 
of Dukai et al. (2019), which makes use of a current 3D 
point cloud made of ground points (a raster digital eleva-
tion model, typically available in several countries, could 
also be used). A point-in-polygon procedure is imple-
mented to find the ground points located in the building 
footprints. From these ground points, the median height 
is computed and used as reference ground height. The 
roof height is assigned to the 2PM building footprints 
based on their neighbouring aligned building footprints, 
as these already have height attributes. In our methodol-
ogy, we make the assumption that the roof height is the 
median height of the building neighbours (but this could 
be modified to include some randomness, for instance) 
(Kersten et  al.,  2012). If the map alignment was not 
implemented, this method cannot be used and the roof 
height is instead randomly generated based on regulated 
roof heights that were common in the period in which 
the historical map was made.

3.3.2  3D procedural modelling
Procedural modelling is used to generate automati-
cally (textured) 3D city models from vector data using 
the computer generated architecture (CGA) grammar 
of Parish & Müller (2001). Their methodology works 
by reconstructing a crude 3D city model made of flat 
building blocks using a set of high-priority rules. Then, 

low-priority rules are used to add details and generate 
more complex buildings. In our methodology, we use the 
Computer Generated Architecture for Blender (BCGA) 
addon, which is an open source implementation of the 
CGA grammar. We use three types of rules:

• Rule 1: extrudes the building footprint at its assigned 
roof height;

• Rule 2: decomposes the resulting 3D shape into dif-
ferent parts (top, front, and side faces) and,

• Rule 3: generates a roof above the top face of the 3D 
shape.

The BCGA addon already allows the automatic genera-
tion of different types of roofs: flat roofs, hip roofs, gable 
roofs, and mansard roofs  (Fig.  9). Other roof types can 
easily be added to the existing implementation. Taking 
advantage of this, we added a rule to automatically recon-
struct crow-stepped gable roofs, which are historical 
roofs specific to the Netherlands (Fig. 10).

The choice of the roof types for the historical 3D city 
model depends both on the study area and the epoch. 
For instance, crow-stepped gable roofs were common on 
traditional Dutch houses from the  12th century until the 
beginning of the  20th century, while flat roofs started to 
be more widely used in Northern Europe from the  19th 
century  (Urbanik & Tomaszewicz, 2014). For more real-
ism, building roofs are generated by varying pitches and 
other roof parameters. Special care must be taken to gen-
erate the street facade of the buildings on their right side 
(i.e. the street side). For this purpose, we use the infor-
mation in the neighbours to create the street facade of 

Fig. 9 Common roof types
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a given building on the same side as its neighbours that 
have already been reconstructed in 3D.

With this process, the historical 3D city model is 
automatically reconstructed from the building foot-
prints. Current 3D city models might be already avail-
able for the aligned building footprints. In this case, 
the computational workload can be reduced by recon-
structing 3D buildings only for the 2PM building foot-
prints and using the existing 3D building models for 
the aligned ones.

3.3.3  CityJSON generation
Without semantic information, 3D buildings are only 
a set of geometric primitives made of vertices and 
triangles. Semantic information means that a sur-
face of a given building ‘knows’ what it is  (Stadler & 
Kolbe,  2007); for instance, an object represented with 
100 surfaces knows that it is a residential building, and 
a subset of these surfaces knows it is a window. As sev-
eral applications of 3D city models require 3D geom-
etries enriched with semantic information  (Biljecki 
et al., 2015), this also holds for historical 3D city mod-
els  (Hadjiprocopis et  al.,  2014). Hence, building faces 
are labelled as ground surfaces, wall surfaces and roof 
surfaces based on the method and tolerance values of 
Biljecki et al. (2016a).

The 3D buildings are represented as solids with seman-
tic surfaces in a CityJSON file. We ensure that the geom-
etries are valid according to the international standard 
ISO19107   (Ledoux,  2018) so that the files can be fur-
ther processed by other software. Some software indeed 
expect input geometries to be free of geometric errors 
such as duplicated vertices, self-intersections, missing 
faces, etc. (Attene et al., 2013).

3.4  Open source implementation
Our methodology solely relies on open source tools and 
software, and we used Python as the main programming 
language. In addition, we used GRASS GIS along with 
the GRASS Python Scripting Library to implement the 
method of Gobbi et al. (2019) and digitalise the historical 
maps (Step 1). To generalise the building footprints, we 
used the implementation of Commandeur (2012) (Step 
1). Blender was also used for reconstructing the 3D build-
ings (Step 3). More particularly, we used BlenderGIS for 
handling geospatial data in Blender2, BCGA for 3D pro-
cedural modelling3 and Up3date for creating valid CityJ-
SON files4. Lastly, we used the software val3dity (Ledoux 
et al., 2019) to validate the geometries (Step 3).

4  Experiments with Delft and Brussels
We implemented our methodology for two different 
European cities, Delft and Brussels, and for different 
epochs in order to reconstruct dynamic historical 3D 
city models. We reconstructed 3D city models of Delft in 
1880, 1915, 1961 and 1982, and of Brussels in 1700, 1890 
and 1924. We report on the results of these experiments 
in the following sections.

4.1  Real‑world historical datasets used as input
Historical maps are the primary input of the method-
ology. In this study, we used historical maps of Delft 
coming from the Kadaster collection5 and from the 
TU Delft Library6. We also used historical maps of 

Fig. 10 Examples of crow-stepped gable roofs in Delft

2 https:// github. com/ domly sz/ Blend erGIS
3 https:// github. com/ vvoovv/ bcga
4 https:// github. com/ cityj son/ Up3da te
5 https:// www. topot ijdre is. nl/
6 https:// herit age. tudel ft. nl/ en/ colle ctions/ lib- kaart enkam er

https://github.com/domlysz/BlenderGIS
https://github.com/vvoovv/bcga
https://github.com/cityjson/Up3date
https://www.topotijdreis.nl/
https://heritage.tudelft.nl/en/collections/lib-kaartenkamer
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Brussels coming from Gallica, the national digital library 
of France7. Fig. 11 shows examples of historical maps that 
we used in this study. It represents the city of Delft in 
1961 and Brussels in 1924.

If available, building footprint datasets enriched with 
the roof height and the year of construction of the build-
ings can be used to implement the map alignment (Step 
2). For Delft, we used the Basisregistratie Adressen en 
Gebouwen (BAG) (in Dutch), which is a register contain-
ing the location information and several attributes about 

all buildings in the Netherlands. We also used the 3D 
BAG8 to recover 3D building models of remaining his-
toric buildings identified by the map alignment. All 10 
million buildings in the Netherlands have been automati-
cally reconstructed, with roof structures and dormers, 
with the algorithm described in Peter et al. (2022). Such 
datasets were not available for Brussels, and we therefore 
did not use the map alignment.

3D point cloud datasets are needed for inferring the 
ground height of the building footprints. We used for 

Fig. 11 Historical maps of Delft and Brussels

7 https:// galli ca. bnf. fr/ 8 https:// 3dbag. nl/

https://gallica.bnf.fr/
https://3dbag.nl/
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Delft the Actueel Hoogtebestand Nederland 3 (AHN3)9 
(in Dutch). This dataset contains accurate elevation data 
for the Netherlands in the form of 3D points classified 
into different categories (e.g. ground, buildings, water, 
etc.). These points were acquired using LiDAR technol-
ogy (Mallet & Bretar, 2009), which measures the distance 
to an object by sending a laser pulse and measuring the 
reflected signal. For Brussels, we generated a 3D point 
cloud by sampling the centre of the pixels of a gridded 
digital elevation model (DEM)10, which was the only ele-
vation dataset available for the area.

4.2  Step 1: Building plot extraction
The performance of the building plot extraction was 
assessed using the F-score metric, which measures both 
the precision and the recall  (Sun et  al.,  2020). The pre-
cision represents the percentage of features classified as 
building plots and that are indeed building plots in the 
ground truth, while the recall is the percentage of ground 
truth building plots which were properly classified. For 
four out of the seven historical maps that we used in this 
study, the F-score was superior at 85%, which translates 
to high precision and recall values. For the other his-
torical maps, our methodology was less effective, reach-
ing F-score values around 70% and lower. Differences 
in F-score values are explained by two main factors: the 
quality of the scanning process and the cartography rules 
of the historical maps. This point is further discussed in 
Sec. 5.

As for the accuracy of the extraction of the shape of the 
building plots, the average difference between turning 
functions was comprised between 0.90 and 1.37 for all 
historical maps, while the average shape similarity (Samal 
et  al.,  2004) was above 95% for all maps except for one 
where it reached 90%. These values indicate that both the 
contours and the angles of the building plots were pre-
served during the extraction process and that their ori-
entation and size were also properly extracted from the 
historical maps.

4.3  Step 2: Individual building footprint generation
This step was implemented using both map alignment 
and 2D procedural modelling for Delft, while for Brussels, 
we only used 2D procedural modelling due to differences 
in data availability. Fig.  12 shows the building footprint 
datasets generated from the maps of Delft in 1961 and 
Brussels in 1924, where aligned building footprints are 
represented in grey and 2PM building footprints in red. 
The main difference between the two types of build-
ing footprints is that some aligned ones are non-convex, 

when an extension was added to the building footprint, 
while all 2PM building footprints are convex and thus do 
not have any extensions. In some cases, there is a mis-
alignment on the street side between the aligned build-
ing footprints and the 2PM building footprints coming 
from the same historical building plot. This misalignment 
comes from an offset between the aligned building foot-
prints and their corresponding building plot on the his-
torical map. Different elements could explain this offset; 
it can be due to the quality of the georeferencing or to 
chronometric or geometric inaccuracies in the historical 
maps.

To further assess the accuracy and realism of the 2PM 
building footprints, we used 2D procedural modelling 
to subdivide building plots from the historical map of 
Delft 1961 with known building footprints so that we 
could compare the configuration and distribution of 2PM 
building footprints with ground truth. The results of this 
experiment are shown in Fig. 13. As already highlighted 
in this section, the 2PM building footprints lack build-
ing extensions and are misaligned with respect to their 
ground truth. The 2PM building footprints however stick 
to the building plots on the historical map, contrarily to 
the ground truth which are offset with respect to them. 
This suggests that the misalignment comes indeed from 
discrepancies between the historical maps and the actual 
location of the buildings they depict.

4.4  Step 3: 3D building generation
The last step of our methodology deals with the recon-
struction of 3D buildings. Fig.  14 shows the historical 
3D city models reconstructed from the historical maps 
of Delft 1961 and Brussels 1924 with our methodology. 
As the map alignment influences the implementation of 
step 3, we obtained different historical 3D city models for 
Delft and Brussels. All historical 3D city models of Brus-
sels are made exclusively of 3D buildings generated with 
3D procedural modelling, while for Delft we re-used 3D 
building models from the 3D BAG for the aligned build-
ing footprints. As a result, the historical 3D city models 
of Delft are made of two types of buildings with different 
levels of details. 3D building models from the 3D BAG 
have more complex footprints and additional building 
installations such as dormers or chimneys in comparison 
to the buildings generated with 3D procedural model-
ling, which always have convex footprints. Another dif-
ference between the two cities regards the assignment of 
the roof height; in Delft models, the roof height is based 
on a neighbourhood analysis using the aligned build-
ing footprints, while in Brussels it is based on regulated 
values coming from the literature. As a result, the roof 
height in Delft historical 3D city models is sometimes too 
high in comparison to the building height below the roof 

9 https:// downl oads. pdok. nl/ ahn3- downl oadpa ge/
10 https:// datas tore. bruss els

https://downloads.pdok.nl/ahn3-downloadpage/
https://datastore.brussels
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Fig. 12 Final building footprint datasets for Delft 1961 and Brussels 1924, with aligned building footprints in grey and 2PM building footprints in 
red. For Brussels, the dataset only contains 2PM building footprints, as map alignment was not implemented

Fig. 13 2PM building footprints (red) and their ground truth (grey) overlaid over the historical map of Delft 1961
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due to interpolation errors introduced by the neighbour-
hood analysis. Such errors happen when the roof height 
assigned to the 2PM building footprints is only based on 
one or two neighbours. If the roof height of these neigh-
bours is not accurate or if one of them is a chapel, then 
these values are still transferred to the surrounding 2PM 
building footprints, which may hence be assigned abnor-
mally high roof heights.

The visual assessment of the different historical 3D city 
models showed that the semantics are properly assigned 
and the street facade of the buildings is built on the cor-
rect side, the street side. In addition, all historical 3D city 
models reconstructed with our methodology are valid 
against the CityJSON schema and have more than 99% 
of their geometries valid as assessed by val3dity (Ledoux 
et al., 2019).

5  Discussion
We have presented our methodology for reconstructing 
historical 3D city models from historical maps, maxi-
mizing the automation process, and our implementa-
tion is available as open source code. We have tested our 
methodology with historical maps of Delft and Brussels 
at different time periods, showing the suitability of our 
methodology to be applied for different European cities 
and historical map collections. Our methodology can be 
extended to any city in Europe as long as the input his-
torical maps are multicoloured maps displaying building 
plots. As implemented, our methodology takes as input 
maps with building plots and not footprints (because this 
is what was available in the historical maps we had access 
to); modifying the methodology so that building foot-
prints are used would be a simple task.

Fig. 14 Historical 3D city models of Delft in 1961 and Brussels in 1924. Buildings depicted in red were reconstructed from 3D procedural modelling 
while buildings depicted in grey come from the 3D BAG (only in the case of Delft)
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For other users focusing on different European cit-
ies, the implementation of the methodology depends 
on data availability. If all the datasets are available, the 
entire methodology can be implemented, including the 
map alignment, such as for historical maps of Delft. In 
the opposite case, this step is skipped, such as for his-
torical maps of Brussels. This difference in data avail-
ability also influences the methodology running time, 
which can be large depending on the size of the study 
area. This is essentially due to the 3D procedural model-
ling step, which is more time-consuming than the other 
parts of the methodology. Therefore, if remaining histori-
cal buildings can be recovered from an existing 3D city 
model using the map alignment, the processing time is 
significantly reduced. Furthermore, using or not the map 
alignment influences the way the roof height is assigned, 
either making use of the aligned building footprints and 
their height attributes or using regulated values from the 
literature. Using the first option might be more accu-
rate at the individual building level as the roof height is 
defined using a spatial process (i.e. the neighbourhood 
analysis), but it might also be more prone to interpolation 
errors or irregularities. Besides, using the information in 
the neighbours supposes that a sufficient percentage of 
the historical building remains. When not enough build-
ings are remaining, the shorter methodology version (i.e. 
without the map alignment) might be preferred, as imple-
menting the entire methodology would mean assigning 
the roof heights relying only on a few (aligned) buildings.

Two main factors influence the performance of our 
methodology for other study areas: the quality of the 
scanning process and the cartography rules of the his-
torical maps. The quality of the scanning process influ-
ences whether defects affect the scanned historical maps, 
such as the aliasing and false colour effects. These two 
phenomena respectively lead to mixed pixels and high 
colour variations inside geographic features, which both 
influence the quality of the map digitalisation. They can 
greatly influence the building plot extraction, leading 
to lower precision and recall values. The scanning pro-
cess also deals with the choice of a spatial resolution for 
scanning the historical map, and this parameter highly 
influences the results obtained. A higher spatial resolu-
tion means more details in the contour of the geographic 
features and smoother transitions between pixels of dif-
ferent categories of features (mixed pixels). Moreover, 
the spatial resolution is an important factor to consider 
when using an object-based classification because it 
requires the geographic features to be large enough to be 
identified as objects. If the spatial resolution is too low, 
some geographic features may only be represented by 
a few pixels and are then not identified as objects. The 
second factor that strongly influences the results is the 

cartographic rules that were used to create the historical 
maps. For maps with strict cartographic rules, the build-
ing plot extraction performs better because all categories 
of geographic features are depicted in different colours. 
Contrarily, when different categories of features are rep-
resented using the same symbology, it is less evident for 
the algorithm to differentiate them.

One great advantage of our methodology is its flexibil-
ity. First, we tried in this research to find solutions around 
data availability, and therefore we proposed a methodol-
ogy with two alternative options depending on data avail-
ability. Second, our methodology can be implemented 
with various collections of historical maps, while many of 
the existing methods that we have investigated only work 
for a specific map collection. However, a consequence of 
this is that the results are not perfect, in the sense that 
some errors or discrepancies are sometimes introduced. 
For instance, churches and other special buildings are not 
always recovered with this methodology as they are often 
represented in different ways on historical maps (e.g. 
symbols, 3D drawings, building plots), and thus it is dif-
ficult to implement a methodology that can recover them 
automatically regardless of the way they are represented. 
Therefore, in certain cases, these buildings should be 
manually added. The amount of manual processing that 
could be implemented to have the most accurate results 
depends on the input historical maps. If the map was not 
properly scanned, more manual work will be required for 
compensating the low recall and precision values. On the 
contrary, high recall and precision values would require 
almost no manual processing.

Another consequence of that flexibility is that our 
methodology relies on user-defined parameters. This is 
sometimes considered as a roadblock towards automa-
tion as it might require lots of trial and error work for 
finding the most suitable values. However, based on our 
experiments with different collections of historical maps, 
we provide recommendations for an optimal choice of 
values for these parameters. Besides, as our methodol-
ogy is implemented in different steps, users wanting 
to adjust these values can proceed step by step, which 
makes it easier to identify the most suitable values. Our 
methodology also relies on a series of thoughtful assump-
tions made in order to reconstruct plausible buildings, 
as we are limited by the amount of historical informa-
tion available. These assumptions might fail in specific 
cases or for certain regions. In particular, the 2D proce-
dural modelling algorithm is based on a set of predefined 
rules, which might not always hold. First, the algorithm 
subdivides building plots into terraced houses, which 
might less suit peri-urban areas organized in detached 
houses/villas. Also, buildings are created with an align-
ment on the street side, although neighbouring buildings 
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are sometimes built at varying distances from the roads. 
Specific to case 4  (Fig.  8), certain cities might not be 
characterised by an arrangement of the buildings around 
an interior courtyard, e.g. North American cities. As for 
case 5 (Fig. 8), in certain cases the decomposition of con-
cave building plots into convex polygons before being 
further processed gives less realistic results than treating 
them directly with cases 1 to 4 without convex decom-
position, see Fig. 15 for an example. The reconstruction 
of 3D buildings is also based on a series of assumptions. 
As already discussed, assigning the building height using 
the median height in the neighbours might fail in cases 
where special buildings are found. For example, if chapels 
or churches are part of the neighbours, they might level 
up the median height. We also make assumptions about 
the types of roofs common in the different regions. This 
should be adapted given the city. For example, crow-
stepped gable roofs are less common in Brussels than in 
Delft and completely absent from certain cities, e.g. Afri-
can cities.

Finally, with this work, we provide a methodology that 
allows the reconstruction of a historical 3D city model, 
with limited user intervention, that probably looks like 
what the city looked like at a given time. We reconstruct 
multipurpose LoD2 building models that can be useful 
for disease mapping (through population estimation), 
visibility analyses and other spatial analyses. Although 
our models are not perfect and are affected by discrepan-
cies (as already discussed with specific buildings and the 
misalignment of 2PM building footprints), we argue that 
they are a good mean to automate the reconstruction 
process, while reconstructing an historical 3D city model 
manually would be very time and money-consuming. 
Hence, our models supplement the manually made ones 
when time and money are limited, in two main ways. 
First, they can act as a starting point; one could start from 

our automated model and further modify it by simply 
replacing the 3D buildings of its choice (which is easily 
done as we use semantic 3D city models). It is also pos-
sible to automatically add façade details (e.g. windows, 
doors, and balconies) to simple building models like ours, 
see Zhang et al. (2019) and Wang (2022) for two exam-
ples. The only auxiliary dataset necessary is street-view 
imagery  (Biljecki & Ito,  2021), which, while not always 
widely available for the past, is publicly accessible in 
some counties: in the Netherlands there are several thou-
sands images available for instance11. Second, they can 
be complementary to the manually made models by ena-
bling the automatic processing of some parts of the input 
historical map while keeping manual the reconstruction 
of more important areas. For instance, one could imag-
ine reconstructing manually the city centre and automat-
ing the reconstruction of the outskirts. Also, our method 
could be used to reconstruct LoD1 building models (i.e. 
with flat roofs) over which more detailed roofs could be 
further manually added to create LoD2 buildings. Auto-
mating some parts of the reconstruction process will 
become even more advantageous when several historical 
3D city models are needed for time series, for instance.

6  Future work
Some parts of our methodology could benefit from 
additional focus to improve the general workflow. Our 
methodology could be improved by making it possible 
to create buildings with non-convex footprints with 
2D procedural modelling. The BCGA addon algorithm 
should then also be extended by adding rules for recon-
structing cross hip/gable roofs (Fig. 9).

Besides improving our methodology, there are also 
some areas that we did not explore and that could be 
interesting to investigate in the future. One such area 

Fig. 15 Subdivision of concave building plots into building footprints. Left-sided building footprints (a and c) have been created without using 
case 5 while the right-sided ones (b and d) have been generated using it. In a, the resulting building footprints look more realistic than in b and the 
opposite is observed in c and d

11 https:// beeld bank. cultu reele rfgoed. nl/

https://beeldbank.cultureelerfgoed.nl/
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is the use of other types of historical sources in addi-
tion to historical maps, which could bring added value 
to the historical 3D city models reconstructed. For 
instance, the actual building height could be extracted 
from historical aerial images using machine learning 
techniques   (Lánský,  2020), or from historical photo-
graphs/postcards (Kersten et al., 2012). Furthermore, it 
would also be interesting to investigate the reconstruc-
tion of other types of features than buildings such as 
canals, roads, and trees, as it could also lead to inter-
esting applications. For instance, in medical mapping, 
the reconstruction of canals and rivers could provide 
additional insights into the propagation of waterborne 
diseases (Bidhuri & Jain, 2019).
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