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SUMMARY

The current positional accuracy of the Dutch cadastral map is considered not to be sufficient
for future use. Therefore, the Cadastre started a project aiming at renewal of the cadastral
map. The information needed is available in the form of more than 5 million historical field
sketches containing the original survey information. Software has been developed to semi-
automatically read and vectorize these field sketches. Large survey networks are set up and
adjusted using the collected measurements. The goal of the adjustment and testing is the
validation of this information before it is used for improving the current cadastral map. The
focus of this paper is on the last step of this process: an iterative approach of adjustment in
which the cadastral map is improved step by step by processing sets of validated
measurements. Currently, the complete process for the production of this so-called
reconstruction map is being tested. Preliminary results of this test are presented.

The approach adopted for the production of the reconstruction map is based on the Delft
method of testing where quality control is performed in all steps of the process. We focus on
the calculation of the improved geometry of the cadastral map. For this final step in the
production process we developed dedicated adjustment software in corporation with Sioux
Technologies. This software allows to efficiently update the cadastral map in an iterative way
by connecting two point fields while accounting for the precision of both point sets
represented by their full covariance matrices. As adjustments with full covariance matrices are
very computation-expensive, it is obvious that this adjustment cannot be performed for the
whole country in one calculation; we therefore propose the iterative approach presented in this
paper. Even with this approach, however, processing speed is still one of the main challenges.
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1. INTRODUCTION

The goal of the research project “Rebuilding the Cadastral Map of The Netherlands” is to
build the so-called “reconstruction map” from the survey measurements that have been
gathered since the start of the Dutch Cadastre in 1832 (Hagemans, et al., 2021). These survey
measurements have been registered in more than 5 million field sketches that all have been
scanned several years ago. An example of a part of a field sketch is shown in Figure 1.
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Figure 1: Sample of a part of a historic field sketch.

The reconstruction map is the improved version of the cadastral map and will replace the
official cadastral map in the future. A schematic overview of the envisaged process is
depicted in Figure 2 and consists of three main steps:
1. Collecting the historic survey measurements by vectorizing the field sketches
2. Validating the measurements by building and adjusting survey networks using the
vectorized measurements
3. Improving the cadastral map using networks built from validated survey
measurements
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Figure 2: Overview of the approach to renewal of the cadastral map.

In the next section we discuss these steps in more detail. In section 3 the focus is on network
adjustment and validation of the vectorized measurements by applying the Delft method of
adjustment and testing (Teunissen, 2006). Section 4 describes the method for updating the
cadastral map, in particular the mathematical model adopted, implementation aspects, and the
statistical testing involved. Performance is assessed and verified with experiments of different
size and nature as presented in section 5. Conclusions are drawn in section 6.

2. OVERVIEW OF THE APPROACH

2.1 Vectorizing the field sketches

The first step in the process of cadastral map renewal is the vectorization of over 5 million
scanned field sketches that contain the historic measurements of the legal boundaries. In
Figure 3 a sample field sketch is shown, with the vectorization result in overlay on the right.
Shown is the oldest type of sketch. In the last decades sketches have a different form due to
the use of modern techniques applied in cadastral surveying, such as the use of total stations,
Global Navigation Satellite Systems (GNSS), and digital mapping tools. As this information
is often in digital form, vectorization effort needed for more recent field sketches is limited.
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Figure 3: Partial field sketches, with vectorization result in overlay (right).

That it is feasible to extract the original survey measurements from the many millions of
historic survey documents or field sketches is a credit to the developments in artificial
intelligence in recent years. Artificial intelligence is essential in automating the digitization of
the field sketches. See (Franken, et al., 2021) for more details on the vectorization process and
the machine learning involved.
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2.2 Building geodetic networks
The measurements in the field sketches build a survey network for each field sketch. These
networks are adjusted, and statistical testing is used to find possible errors in the vectorization
(see section 3). However, the probability of finding errors (reliability) is low for many
measurements as the redundancy of the individual survey networks is relatively low.
Therefore, larger geodetic networks are constructed in 2 steps:

1. Finding the location of the field sketches

2. Linking them together by identifying common points.

Firstly, each sketch is positioned on the national large-scale base map of the Netherlands
(BGT), and linked to points of the map, often corners of buildings. Of course this is only
possible for buildings that have not been demolished or modified since the mapping took
place. Secondly, field sketches are linked by identifying identical points in different sketches.
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Figure 4: Field sketches Iinkéd together and linked to the large-scale base map of The Netherlands.
Each sketch has a different colour, building outlines are in yellow, new legal boundaries in red.

The links are often found in points of the base map, and in cadastral survey marks that have
been identified in the vectorization. The linking of field sketches to its neighbours is
performed for each field sketch, so for each sketch an extended survey network is established,
adjusted, and tested.

The linking process is performed in a multi-user environment with all data stored centrally.
As a result, no double work is done, and after investigating possible links for each field sketch
the geodetic network is complete: in principle one nation-wide network is established using
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the vectorized measurements of all field sketches. An example of a network of connected field
sketches is shown in Figure 4.

2.3 Cadastral map renewal

To be able to improve the cadastral map, the linking process described in the last section is
extended with linking to the cadastral map. There is no fundamental difference with the
linking to the large-scale base map: in the adjustment and quality control stage the links with
the cadastral map are tested just like the links to the large-scale base map. However, the focus
for linking to the large-scale base map is on points, while focus for linking the field sketches
to the cadastral map is on lines. The reason is that frequently the corner points of parcels are
not measured directly but constructed as an intersection of partly measured boundaries.

Before starting the coordinate computation for updating the cadastral map, quality control is
performed through integral adjustment and testing (Figure 5). In the quality control step
geodetic networks are setup optimized for this goal. After validation of all information
gathered, validated field sketches are stored, including their links to neighbouring sketches
and links with the two maps.

Validated field sketch networks are combined into large-scale networks for the final step: the
coordinate computation of the reconstruction map. Now field sketches are selected to
facilitate building the reconstruction map. One of the requirements is that every field sketch is
used once for building the reconstruction map. The quality control step is the topic of

section 3, while coordinate computation is elaborated upon in section 4.
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Figure 5: The renewal process of the cadastral map in more detail.

3. NETWORK ADJUSTMENT AND QUALITY CONTROL

3.1 Validation of individual field sketches

For the adjustment of the measurements of individual field sketches no control information is
available, and therefore a so-called free network adjustment is to be performed. However,
because of the limited redundancy, some points of the network cannot be positioned based on
the measurements alone. Therefore, all points are processed as control with a very low a priori
precision of 20m standard deviation. This ensures that adjustment does not fail due to a (local)
lack of observations. After acceptance of the statistical tests, i.e. the overall F-test and the w-
tests for the observations (Teunissen, 2000), the field sketch is accepted for the next step of
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processing: positioning and linking. In Figure 6 an accepted field sketch is shown next to its
vectorization result in the form of a so-called on-scale drawing. The field sketch itself is not to
scale. More information on the adjustment and testing for validation of field sketches can be
found in (Van den Heuvel, et al., 2021).
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Figure 6: Field sketch (left) and on-scale drawing of associated network (right). Yellow edges indicate
measurements without redundancy, green lines relate to measurements for which the w-test is
accepted.

3.2 Adjustment of large geodetic networks

After linking the field sketches to each other, to the large-scale base map, and to the cadastral
map, network adjustments are performed with testing of the observations as the main goal.
The adjustment and testing approach applied is the so-called “Delft school” of mathematical
geodesy (Teunissen, 2006) (Baarda, 1968). Firstly, adjustment is done for each field sketch
with a combination of its measurements and those of the neighbouring field sketches linked.
Secondly, large-scale adjustments are performed for combinations of around 200 field
sketches, a network size that is processed within minutes. It is feasible to process much larger
networks with the software DynAdjust (Fraser, et al., 2022), however, with the proposed
approach for map renewal there is no benefit in processing very large networks.

Two large-scale adjustments are executed: a “free” network adjustment (for all points an a
priori standard deviation of 20m is used), and a connected network adjustment with control
points. In the first adjustment the links to the large-scale base map and the links to the
cadastral map are not used: the focus is on validation of the measurements and the links
between the field sketches. In the second adjustment the links to the maps are added and then
all information is combined and tested in one adjustment. In both adjustments the links
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between field sketch points are treated as observations and can thus be tested. In Figure 7 part
of the output of such as an adjustment is shown.

The goal of the large-scale network adjustments is the validation of field sketch measurements
and links. On the borders of these networks the redundancy can be low. Therefore, networks
for quality control will be setup in overlap in order to be able to test each observation with
maximum redundancy. For coordinate computation new networks are created that do not
overlap as each field sketch is to be used only once for updating the reconstruction map.
Furthermore, the network for coordinate computation is connected to high quality reference
points only, i.e. points that have been measured with GNSS and transformed to the national
coordinate system.

Statistics:
F-test: 011
Number of stations: 491
Number of observations: | 2235
Degrees of freedom: 1247
ADVANCED
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Figure 7: Screenshot of adjustment output: a record for each observation containing w-test, estimated
error, Minimal Detectable Bias (GW), residual, standard deviation, and redundancy. The blue links
will show the user the measurement in the field sketch, or zoom to the station on the base map.

4. COORDINATE COMPUTATION: AN ITERATIVE APPROACH

4.1 Introduction

The integration of the validated field sketches into the reconstruction map follows the
procedure outlined in section 2.3. The integration is realized through an adjustment that
connects two point fields: the first point field results from a large-scale adjustment of the data
of around 200 field sketches (we name this point field: RV), the second point field is the
reconstruction map (RK), see Figure 8. RKis initiated with the current cadastral map. For
both point fields a full covariance matrix is processed: for RV this covariance matrix is
computed in the large-scale adjustment of the field sketch data, for RK an artificial covariance
matrix is setup based on limited information on the quality of the current cadastral map.

Renewal of the Cadastral Map of the Netherlands, an Iterative Adjustment Approach (11408)
Frank van den Heuvel, Juriaan Lucassen, Eric Hagemans, Gerbrand Vestjens, Mark van den Broek, Lense Swaenen,
Wim Florijn and Stefan Bussemaker (Netherlands)

FIG Congress 2022
Volunteering for the future - Geospatial excellence for a better living
Warsaw, Poland, 11-15 September 2022



816

After the connection of the two point fields, the result is an updated set of RK coordinates and
an updated covariance matrix, which is used as a starting point for the next connection of RV
points to the RK points. This is an iterative process which implies that we can adjust the
reconstruction map piecewise using a succession of smaller sets of RV points. Furthermore, it
allows sets of RV points to overlap geographically, so different sets of RV points can affect
the same RK points. Other advantages of this approach are its scalability and the built-in
interpolation of RK points that are not linked to RV points. This interpolation is controlled by
the artificial covariance matrix of RK that reflects an adjustable distance dependent
correlation between the coordinates of RK.

The connection is made by defining relations between the two point fields. Three types of
relations are distinguished:
1. Point-point (PP) relations: two points represent the same point in the terrain;
2. Point-line (PL) relations, which describe a case in which a point of the RV should lie
on a line defined by two points in RK, a so-called collinearity relation;
3. Line-line (LL) relations, which means that 2 points in RK and 2 points in RV should
all lie on the same line. LL relations are implemented as 2 separate PL relations and
will therefore not be discussed separately.

I

Large-scale networks
Covariance matrix

~ J

Relations ———
Reconstruction map
Covariance matrix

Connecting 2
point fields

Figure 8: Iterative updating of the reconstruction map by connecting 2 point fields.

4.2 The mathematical model

In this section we will describe two ways in which we can interpret the problem on a more

mathematical basis. Let’s start with some definitions: there are observations Y and those

coordinates for which we want to solve: X. Their relationship is described as
Y=fX)+r,

where r is the residual vector, and f is a vector valued function that describes the expected
relationship between X and Y. In general, we are looking to solve the following (non-linear)
least-squares problem for X: (Nocedal & Wright, 2006; Polman & Salzmann, 1996)

min ® = minr’ oy 'r,
X X
where gy is the covariance matrix of the observations, and ® the cost function. The normal-
equations to be solved iteratively to find the minimum of this cost function are then given by:
JTo, '] AX = J"o,tAY,
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where AX is the step taken during an iteration and J is the Jacobian %. The updated

covariance matrix is given by:
ort=]"g;"].
View 1
To make sure the PP and PL relations are satisfied exactly we use Lagrange multipliers.
(NOCEdaI & erght, 2006) We dEflne X = [XRK, XRV] and Y = [YRK' YRV]’ and:

_(org O
% = ( 0 URV)
If we introduce Lagrange multipliers App and 4p; to the cost-function the result is:
® = rToy,'r + Afp rpp + ApL TpL,

with r = [rgrk, rry] and the individual components:

rrg = YRk — Xri

rry = YRryv — Xgv,

Tppi = Xrkj — Xrvk,
with i the i point-point relation between point j of the RK and point k of the RV. And last,
rpLi = (XRrkjx — Xrkkx)(Xrkky — Xrviy) — (Xrkkx — Xrvix)(XRkjy — Xrvky)

with i the i'" point-line relation between the line through points j and k of the RK and point I
of the RV (where we now add additional subscripts to indicate which coordinate component is
required). This is a way to formulate point-line distances. Typically, however, when
computing-line distances there is also a denominator involved. However, this does not affect
the equality and leads to more complex formula Note that the PL relations are the only source
of non-linearity in the coordinate computation. The normal equations for this cost function
should include the partial derivatives with respect to the Lagrange multipliers. By solving
these normal equations iteratively, we will find a solution where the relations are satisfied
exactly. This view, however, has some disadvantages: if any of the constraints are linearly
dependent the system becomes singular. As this happens regularly with realistic data, we
chose to implement View 2 instead.

View 2
In this view or formulation of the mathematical model we solve for both the new coordinates
of the RV and the RK by including the relations as observations such that X = [Xgk, Xgrvl,
Y = [Yrk, Yrv, Ypp, YpL], Where Ypp, Yy, are the point-point observations and point-line
observations (which are equal to zero vectors because they are given by the predefined
relations), and r = [rrgk, Yrv, T'pp, T'pL]- The covariances for Y are now defined as:
ogg 0 0 O

0 oy O O

0 0 eI 0/

0 0 0 €l
with e some small number and I the identity matrix. Because the weighting term for the PP

and PL relations are given by the very small number e we force these residuals to be close to
zero. If this € is taken small enough this view will yield (approximately) the same solution as
view 1. Compared to view 1, we also don't suffer from linearly dependent constraints, as each

O'y:
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one has its own unique observation. A further benefit is the fact that the system we must solve
during iterative updating of X is significantly smaller because of the absence of nuisance
parameters in the form of the Lagrange multipliers of View 1 and should thus be solved faster
(see 5.2).

4.3 Implementation aspects: speed and memory usage
The iterative update of X through the solving of the normal equations for AX is done using a
custom implementation of a Levenberg-Marquardt algorithm. This is an almost exact copy of
the solver used for the large-scale network adjustment (section 3.2). However, one major
difference is the sparsity of the problem. Because we now have dense covariance matrices of
both RK and RV, we can no longer use the (sparse) Pardiso (PARDISO, sd) solver. Instead,
we must now use a dense solver. As the system is positive-definite, we can use Lapack’s
dposv. The whole solver is implemented in Python, where we make use of a version of
NumPy and SciPy (Harris, et al., 2020; Virtanen, et al., 2020) that is linked against Intel’s
MLK Lapack implementation (Intel, sd).
Because the goal is to work with as large a network as possible, speed and memory
consumption are critical, especially in this solver where we are forced to work with dense
matrices. It is therefore crucial that we avoid doing unnecessary work. For example:

* Inversion of o}, needs to be done only once, as it is constant during iteration.

e The Jacobian is sparse, and only a few elements change per iteration. This means we
can save on memory usage by saving it as a sparse matrix.

e Per iteration only a few normal equations change. By writing out the normal equations
explicitly, we find that only a few elements change, defined by the sparse-subsets of
the Jacobian. Thus, setting up the normal equations can be done quickly if we reuse
the normal equations from the previous iteration and do explicit sparse-sparse
multiplications before inserting the updates of the Jacobian in the normal equations.

e The matrices are positive-definite; not only the solver but also the inversion can be
sped up using algorithms tailored for positive-definiteness.

However, improvements are still possible. For example, we have not yet implemented
additional memory-saving techniques, such as using only upper or lower triangular parts of
the matrices (matrices are positive-definite and thus symmetric). Additionally, the current
implementation uses CPU-based linear algebra, which can be sped up significantly when
transferring it to a GPU (see for example the MAGMA project (Tomov, et al., 2010)). And,
last, we could try to find sparse approximations to the normal equations such that we are once
again able to use sparse solvers, which come with a considerable speed-gain (PARDISO, sd).

4.4 Statistical testing: 3 different tests for error detection

We have also implemented statistical tests to verify if the input data matches the model.
Specifically, we have implemented the F-test (or goodness of fit), the W-test, and the T-test.
(Polman & Salzmann, 1996) It is beyond the scope of this paper to discuss these tests further,
but in terms of speed and memory usage one needs to be very careful here. These tests usually
involve explicit inversion of large matrices, which is the most time-consuming step of the
solution process. We have therefore analysed the formulas in detail and optimized the
inversion process by reusing information, only inverting submatrices (typically, we only
require several elements of the inverted matrices), and utilizing sparsity of these sub-matrices.
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Doing this reduced the calculation time by 1-2 orders of magnitude such that calculating the 3
different statistical test is no longer the dominant contribution to the solve time.

5. EXPERIMENTS AND RESULTS

5.1 Introduction

Using the implementation of the solver we ran some realistic test cases to gauge performance.
That is the topic of the next section: the performance using quasi-realistic test cases without
PL relations to investigate both time and memory consumption as well as scaling behaviour.
This should pave the way to further investigations of the behaviour under iterative application
of the solver, as well as full integration tests that include vectorization and large-scale
adjustments for an automated update of the cadastral map. First results of a test of the
complete production chain are presented in section 5.3.

5.2 Performance and scaling
We can subdivide the performance of the solver into three distinct phases (where ngg /gy are
the number of RK/RV points):

1. Loading in and setting up problem. Including the inversion of the covariance matrix
of the observations, this scales approximately as max(ngg, ngy )3, as the 2 point fields
are assumed to be uncorrelated.

2. (Multiple) Levenberg-Marquardt iterations. Expected to scale as (ngx + ngy)®
because this step is dominated by the solving of the system of normal equations.

3. Calculating statistics and generating output. Combination of calculating the new
covariance matrix and additional output statistics. The scaling here is a little more
complicated, but typically it should scale as (ngx + ngy,)* because the most time is
spend inverting the normal equations to get an updated covariance matrix.

Setup Work per iteration Statistics

Figure 9. Scaling behavior of the

b o solver. For the three different phases
¢ of the solver we plot the time taken
104 as a function of relevant scaling
parameters. It includes all data from
Error! Reference source not found.
as well as an additional test case.
This a log-log plot, where the orange
line indicates what you would expect
10 for cubic scaling.
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We have benchmarked each of these steps for realistic test cases (using PP relations only),
and the results are shown in Table 1 and Figure 9, where we indeed observe this cubic scaling
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of the different terms of the adjustment. The scaling of the memory consumption will scale as

(n, + n,,)? in most normal circumstances.

If we put all of this together (assuming a ratio of 5:1 for n,.,: n,,,, 5 iterations and as many
relations as RV points) we estimate the capabilities of the solver as in Table 2. Note that only
the RV points that have a relation with the RK points need to be processed. Normally, many
more points have been processed in the large-scale adjustment (section 3.2).

Table 1: Typical performance of the solver on an Intel 19-9880H.

Ny | Ny | My, Setup time (s) | Work per iteration (s) | Statistics and output (s)
2842 505 | 508 2.8 0.8 3.1
6718 669 | 671 19 6.5 40
4816 1126 | 1131 13 3.5 16.5
6706 1287 | 1288 23 8 40

Table 2: Estimated capabilities of the solver on an Intel i9-9880H.

n,  n, mn,, Totaltime(minutes) Memory (GB)

4000 800 @ 800 0.5 4.5

5000 1000 1000 1 10
8600 | 1720 1720 5 28
10800 2160 2160 10 40

"

is per field sketch. Note that not all borders are found in the field sketches: in this area a map renewal
project took place about 50 years ago.
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5.3 First test of the reconstruction map production process

To test the production process using real data, a small section of the cadastral map was
selected in a rural area. The 196 field sketches were vectorized, positioned on the base map,
and linked to each other, to the base map, and to the cadastral map. Small field sketch
network adjustments, as well as a large-scale adjustment with the data of all field sketches
were used to find and correct vectorization and linking errors. An overview of a part of the
area and the field sketch networks is shown in Figure 10.

With the results of the large-scale adjustment and the related covariance matrix the point field
RV is ready for updating the cadastral map. For the cadastral map (the initial version of the
reconstruction map RK) we choose an artificial covariance matrix in the form of a modified
Baarda-Alberda matrix (Polman & Salzmann, 1996) with a priori standard deviation for all
coordinates of 2m, and a maximum correlation distance of 100m. This standard deviation
does not reflect the actual precision of the current map, but minimizes the effect of the current
map on the reconstruction map.

The result of the coordinate computation is shown for a few points in Figure 11. The new
updated covariance map shows very small uncertainty ellipses where relations between RK
and RV are given because the uncertainty of RV is typically small, i.e. at the centimetre level.
This then translates to a small uncertainty in the reconstruction map. Because of the distance
dependent correlation in the artificial covariance matrix of RK, we find an increase in the
radius of the uncertainty ellipse the further away we move from links between RV and RK. In
this test correlation is proportional to the inverse of the squared distance.

— - = §

Figure 11. Updated reconstruction map (original cadastral map in black, overlayed by RK in blue).
The ellipses show a 95% confidence area and illustrate the gain in precision: light blue circles for the
original cadastral map, dark blue ellipses for the reconstruction map. Dark blue ellipses remain large
where improvement is limited due to the absence of links between RK and RV.
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6. CONCLUSIONS

The paper gives an overview of the process developed for renewal of the cadastral map of The
Netherlands with a focus on the least-squares adjustments involved. Two types of adjustment
can be distinguished: firstly the adjustment of vectorized survey measurements that facilitate
validation of the input data for the map renewal process, and secondly the adjustment needed
for the map renewal itself: the coordinate computation of the reconstruction map. The latter
type of adjustment is the main topic here and described in more detail, including results of
experiments used to verify the envisaged performance in terms of CPU and memory usage.
The conclusion is that it is possible to iteratively update parts of the cadastral map with more
than 5000 points in minutes.

First results of a test of the complete production process are presented, demonstrating the
feasibility of the approach and the potential gain in quality of the improved cadastral map.
Furthermore, advantages of the approach are emphasized such as its scalability, and the built-
in interpolation of points of the cadastral map for which no measurements were vectorized.
Future research aims at the segmentation of the cadastral map of The Netherlands in parts that
can be processed in one adjustment, in combination with the selection of parameters for the
artificial covariance matrix such as the maximum correlation distance.
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