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ABSTRACT:

Nowadays many types of sensors are used for terrestrial mobile mapping (TMM): IMU, odometers, GNSS, cameras, etc., and it is
essential to understand how these sensors can improve the solution in terms of precision, accuracy and reliability. TMM issues are
characterized by many variables: vehicle trajectory, the height of the buildings and the distance between them, traffic conditions, the
presence or absence of trees, the level of illumination, etc.

The aim of this study is to determine how photogrammetric measurements can improve the quality of TMM solution at least
concerning magnitude and error propagation when there is no GNSS signal (for example in an urban canyon). Another purpose of
the study was to determine the most suitable design project for a specific relief in order to obtain the best possible photogrammetric
results.

By analyzing the error propagation in the various components of relative orientation along the trajectory and considering a sequence
of images characterized by an overlap varying between 60 to 90% and the same number of tie points, results were obtained which

confirmed the reliability of the data produced by the simulator. These results are shown in this paper.

1. INTRODUCTION

When we want to investigate the precision obtainable with
photogrammetry in a Terrestrial Mobile Mapping (De Agostino,
2009), we do not generally have a database containing enough
varied photogrammetric data to be able to investigate the whole
spectrum of case studies of TMM reliefs (EI-Sheimy, 1996).
And it is unthinkable, both from an economic point of view and
from the point of view of “time” (Hassan et al, 2007), that
anyone can adopt many different databases created acquiring
personally data in the field.

In order to solve this problem and have various types of datasets
at disposal, the Authors created a simulator of “sequence of
images” with Matlab®, which enabled them to change the
inputs and therefore produce the type of relief required.

From a photogrammetric point of view, the totality of TMM
reliefs varies thanks to the parameters, which are the inputs of
the simulator (shown in Figure 1). These parameters refer to the
camera used for the relief, the type of frames, the vehicle
trajectory and the terrain point distribution.

k INPUT ‘

= o |
=

Focal
length

Images

Distance
size object point
(quality of

images)

Figure 1. Input parameters

2. DESCRIPTION OF THE INPUTS

As already mentioned in the introduction, the number of the
indispensable parameters is required for realizing a
photogrammetric relief and it is essential to have a good
understanding of them for achieving a successful TMM relief
and more importantly they can be set as input.

The type of camera is the first parameter that influences the
quality of the frames. An expensive camera can be used or a
low cost camera with a reduced focal length according to the
current trends of research.

The Authors opted for the latter, in fact they simulated using of
a low cost camera Lynx Optech, by setting its characteristics
(focal length, image resolution and field of view) as inputs of
the program. The simulated results, which can be seen in the
next section of this paper, are comparable with the results
obtained by analyzing a real case study carried out with the
same camera and share the same characteristics in terms of type
of trajectory and distance camera-terrain points.

The dimension of the frames is an important factor affecting
quality and is another parameter of the simulator. This
parameter is related to the quality of the camera and image
resolution is generally lower when a cheap camera is used.

Since the aim of this study is to determine how
photogrammetric measurements can improve the quality of
TMM solution when GNSS signal is absent, an important issue
is the overlap between two successive frames.

The overlap can range between a minimum value of 60% to a
maximum value of 90% and it is essential for determining the
relative orientation between the couple of successive frames,
and affects the quality of the orientation results.

Another important aspect is to establish how many tie points are
shared between a couple of successive frames. This value is
required in order to guarantee an appropriate level of
redundancy and reproduce the actual situation: for this reason it
is essential to determine the “best” number of tie points (called
TP) to be used. This value can also take into consideration the
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presence of white noise, which can be introduced with the aim
of describing a more realistic situation thus obtaining
convincing results (this analysis will be described in another
paper).

The Authors are interested in the number of TP because a large
number of TPs does not necessarily lead to better results. In
fact, in a real case study, a higher number of TP could result in a
higher number of outliers therefore it is essential to decide
whether it is preferable to have several TP and the certainty of
outliers or to “settle” for a smaller number of TP and so
probably obtain fewer outliers. This decision is also influenced
by the need of having the minimum number of TP required to
solve the problem, which is to determine the unknown
parameters, and more importantly to ensure an adequate level of
redundancy.

This is a delicate issue, because the minimum number depends
on the decision about the ‘“use of the outliers” (Rousseeuw,
1987). In fact there are two trains of thought concerning this
topic: the first is focused on the “re-weighting” of the outliers,
the second consists in deleting the outliers and recalculating the
unknown parameters with fewer TPs.

Lastly but not least the value of initial uncertainty related to the
measure of the tie points was included in the simulator as
another parameter of input. In the case study it is set equal to
0.15 pixel.

Regarding the type of trajectory which we have to study, the
simulator enables us to set the characteristics of the object
points we wish to observe.

In fact in order to simulate the trajectory of a vehicle
realistically, it is important set its basic features: direction,
length, distance between the centers of projection of the frames
and the object points and consequentially the characteristics of
the camera which we want to use, the overlap and the camera
attitude.

In this way the simulator enabled us to study the effect of the
various trajectories on quality: in fact by using a rectilinear
rather than curvilinear trajectory, it is possible to obtain
different values of error propagated for the same overlap and the
same number of TPs. It is well known that it is more difficult to
match the points between frames with a curvilinear trajectory
than with a rectilinear trajectory due to problems concerning the
overlapping of the line of flight of the horizontal elements or
due to some visual occlusions which is a typical issue that
occurs less frequently in the case of rectilinear trajectory where
the view is generally better.

Therefore the length and type of trajectory can be established,
which may be rectilinear or curvilinear and also perfectly plane
or characterized by a slope. In fact the Authors decided to
simulate streets with a certain longitudinal slope in order to
create a real-life scenario.

Moreover, it is possible to “locate” the camera on the simulated
vehicle in a specific position and establish its attitude along the
trajectory and the distance between the projection centers of the
frames and the object points (H in Figure 2).

Object points
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Figure 2. Schema of the simulation (H = object-to-camera
distance)

With the aim of describing a Terrestrial Mobile Mapping relief
the Authors simulated the presence of 10-meter high buildings
situated quite close to the camera at a distance of 3-5 meters
(the normal width of a two-lane street with pavements) in order
to reproduce a typical urban canyon.

To simulate the presence of windows, windowsills, doors and
balconies commonly present in a townhouse, Authors did not
position the object points (which in a TMM relief obviously
describes the townhouses) perfectly within the plane parallel to
the direction of motion, but they shifted them by about 20 cm
(another input value). This plane is located at the distance H
(Figure 2 and Figure 3), which is set as input.

Moreover the trajectory is not designed perfectly parallel to the
middle plane that contains the object points, but it is simulated
as if it deflected by an angle introduced as input, as occurs in an
urban canyon.

The arrangement of the object points is of great importance
because it is related to the distribution of the TP in the overlap
area. The point distribution of the buildings is realized on the
object, in the terrain frame and then these points are projected
into the frame system by means of collinearity equations.

The software can simulate object points in some ways: they can
be distributed on a regular grid in the three directions (shown in
Figure 3), they can be arranged randomly (the Authors used the
quasi-random mode, shown in Figure 4) or they can be
distributed in “bands”, to represent the typical trend of the city
buildings (Figure 5).

This first type of representation (Figure 3) is probably the best
way to describe the most optimistic case study: if we realize a
TMM relief, we can see that the distribution of the object points
is irregular, in fact these points are generally located in parts of
the overlap area.
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Figure 3. Blue: regular object points distribution. Red: distance
between object points and the simulated trajectory (yellow)
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For this reason the Authors preferred to adopt other more
realistic types of object point distribution such as the quasi-
random and “band” distribution, which are described below
with their results.

With the quasi-random distribution (an example is shown in
Figure 4) the Authors mean the Halton distribution (Halton,
1964) in which the values are obtained according to the creation
of various prime bases to then form finer uniform partitions of
the unit interval in each dimension (Kocis et al, 1997 and
Kuipers and Niederreiter, 2005). It is necessary to set an initial
point set in order to put it into practise. The points sets are
matrices of size n-by-d, where n is the number of points and d is
the dimension of integration. Standard Halton sequences
perform very well in low dimensions as in this case study.
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Figure 4. Example of an 80% overlap between two frames, with
150 TP distributed in a quasi-random mode. Blue: object point
of frame 1; red: object point of frame 2; green = object point in

the overlap area.

The third type of object point distribution is arranged in “bands”
(Figure 5): it means that the Authors realized a basic module
(Figure 6), which when multiplied, is used to represent the
typical configuration of urban buildings, similar to an urban
canyon (an example of a “sequence of simulated buildings” is
visible in red in Figure 5).
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Figure 5. Red: “band” object points distribution, yellow: vehicle
trajectory

This basic module is characterize by an establishing the base,
height, number of doors, windows and windowsills.

The value of input base is used to realized the buildings along
the trajectory: the simulator creates the maximum possible
number of buildings along the trajectory characterized by the
value of base alternated by its half, with the aim of modifying
the pattern of the object points. Furthermore the mean value of
height of the buildings and their maximum height can be set as
input: so the simulator can change these height values in the
limits thus modifying the geometric configuration of the
buildings in the street.
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Figure 6. Basic module for the buildings and dimension value
which can be introduced parametrically as input

This latest type of configuration requires a fixed number of
object points in the buildings (which coincide with the corners
of the modules), therefore if a greater number of points are
needed, we can increase the number of points in each corner.
This can be done by “creating an area of points” of fixed
dimension around the corners (we can introduce the maximum
distance between the corner and the additional points as input).
The increase in the number of TPs for a corner of the module
can be seen in Figure 7.
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Figure 7. Example of increasing in the number of TPs for a

corner of the module (4 points for each corner)

This expedient enables us to use all the overlap values and the
numbers of tie points under investigation and it provides us with
a clearer picture of the real situation where there is normally
more than one tie point around each corner.

The Authors believe that these last two types of object point
distributions (quasi-random and in “bands”) are the most
suitable to use because they represent a compromise between
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the ideal situation of object points placed on a regular grid and
the realistic distribution of object points (a sort of random
distribution). The results obtained with these last two types of
configuration using a rectilinear and a curvilinear trajectory can
be seen in paragraph 5.

3. CASE STUDY

According to recent research trends, the Authors decided to use
the parameters of the commercial low cost camera described
above for the simulation, with the aim of obtaining results
comparable with those obtained in a similar real case of TMM
(carried out with the same type of camera and similar geometric
characteristics of the relief (Angelats and Colomina, 2014 and
De Agostino et al., 2010)), in order to test the reliability of the
simulator.

This camera sees the “terrain points located on the left-hand
side”, it is placed at a certain height on the vehicle (for example
at 1.50 m) and moves at a established speed depending on the
value of overlap desired between successive frames.

The Authors decided to analyze four level of overlap between
two successive frames: 60%, considered to be the minimum
level of overlap required for obtaining good results (in fact it is
the classical minimum value of overlap considered for aerial
reliefs (Blasquez and Colomina, 2012)); 70%, 80%, up to 90%
of overlap.

As already mentioned in the introduction of this article, it is
possible to set the length and type of trajectory, therefore a 100-
metre, rectilinear and curvilinear trajectory with a certain degree
of declivity was considered, which was located 5 meters from
and not perfectly parallel to the middle plane containing the
object points (located with a quasi-random distribution and as
“bands”).

The next paragraph reports the results (the obtained precisions)
of various case studies: in the first simulation the quasi random
mode object distribution and rectilinear trajectory were used, in
the second the object point distribution remained the same while
the trajectory was curvilinear, the third simulation was carried
out with an object point distribution made of “bands” and a
rectilinear trajectory and for the last simulation a “band” object
point distribution with a curvilinear trajectory were used.

The number of TP used in the cases studies are 25, 50 and 150.
The Authors did not include outliers in these analyses, as the
aim of the study was to determine the maximum level of
precision obtainable with photogrammetry in a TMM relief. The
possible introduction of outliers, how to find a “better
collocation” for them in order to make them more effective and
how to identify them will be the object of future research.

As already mentioned, we cannot consider a random number of
points as we have to ensure an adequate level of redundancy
especially if we decide to delete some outliers instead of re-
weighting them. The solution will be unsatisfactory if there is a
limited number of TP, e.g. less than 20 in this case study in
which we have five unknown parameters The Authors wanted
to determine how the accidental errors are propagated in the
orientation between the frames only by means of the
photogrammetric measurements so they introduced the
mathematical model of asymmetric relative orientation
(equation 1).This model imply the presence of five unknown
parameters (3 of attitude and 2 of position, the scale is known)
and for this reason the minimum recommended number of TP
sufficient to obtain a good solution has to be 25. Instead the
maximum number of TP is chose equal to 150 which guarantees
a high level of redundancy and compared to a real situation in

which the extraction of one thousand points is possible, it was
considered to be a precautionary, pessimistic situation. It is also
analyzed an intermediate case of 50 TP.

The outputs can now be used for calculating the relative
asymmetric orientation parameters between a couple of
successive frames, the error propagated in the various
components of attitude and position and therefore it is possible
to see how precise the relief of the simulated case study actually
is.

4. MATHEMATICAL MODEL

The mathematical model used for determining the parameters of
attitude of the frames is based on the well-known asymmetric
relative orientation equations (Hartley and Zisserman, 2004 and
Vosselman et al., 2004).

Equation 1 developed from an implicit model, enable us to
determine the unknown parameters of the problem.

+ (Z_i)m,x,-) Ax; =0 )

g = asymmetric relative orientation function
X = unknown parameters

1 = observations

v = unknown residuals of observations

=- (‘?’_Ll’))l(l.xi)z D matrix

gll,x) — (Z_f)|(l,xi) -

where

It is an implicit model because it consider the presence of the D-
matrix, which in this case contains the values of derivatives of
the function of orientation g respect to the observation /.

In respect to the explicit model, constructed using an easier
formula [ + v = A - x, the implicit model enables us to obtain
parameters in a more precise manner.

The solution thus obtained is compared to a reference trajectory
known a priori.

5. RESULTS

The following tables show the values of error propagated (g)
obtained from the various components of attitude and position,
related to the overlap values and the number of TPs used.

The results shown in Table 1, 2 and 3 are related to the
simulation which considers a rectilinear trajectory and the
quasi-random distribution for the object points with 25, 50 and
150 TPs.

N° Overlap | &roLL | €pitch | €vaw | €DIRY | €DIR z

TP [%] [deg] | [deg] |[deg]| [m] [m]
60 2.42 1095 | 4.91 0.37 0.77
70 1.92 6.63 2.70 | 0.24 0.39

2 80 1.60 3.31 1.27 | 0.18 0.18
90 1.72 1.99 0.70 | 0.19 0.14

Table 1. Error propagated - 25 TP — simulation 1

N° Overlap | €roLr | €pircH | €vaw | €pIR Y | €DIR Z

TP [%] [deg] | [deg] |[deg] | [m] [m]

50 60 1.57 6.81 3.02 0.24 0.46
70 1.26 4.18 1.73 0.16 0.25
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Table 3. Error propagated — 150 TP — simulation 1

The second simulation refers to a quasi-random distribution of
the object points and a curvilinear trajectory (Figure 8§ which
has the same characteristics as the rectilinear trajectory
described above.

80 1.10 220 | 085 | 0.12 | 0.12 N° | Overlap | eror | €errci | Evaw | €y | bR 2
90 1.07 | 127 | 046 | 0.12 | 0.09 TP [%] [deg] | [deg] |[deg] | [m] | [m]
Table 2. Error propagated — 50 TP — simulation 1 60 1.57 796 | 343 | 0.26 | 0.52
150 70 1.03 3.86 | 1.54 | 0.14 | 0.22
N° Overlap | erorr | €pircn | €vaw | €piR Y | €DIR Z 80 0.96 1.84 0.66 0.11 0.09
TP ¥/ d d d
(%] | [deg] | [deg] | [deg]) [m] | [m] 90 | 090 | 102 [035] 010 | 0.06
60 0.95 4.08 181 | 0.14 0.27 Table 6. Error propagated — 150 TP — simulation 2
70 0.67 2.45 1.02 | 0.09 | 0.14
150 80 0.60 121 047 | 007 | 0.07 Related to the latest two simulation, the Authors decided to
show the results obtained with 80 and 90% of overlap, because
90 0.57 0.72 | 027 | 0.07 0.05

for the specific object points distribution adopted (Figure 5),
values of overlap lesser than 80 and 90% do not produce
acceptable results.

In the following tables (Table 7, 8 and 9) there are the results
obtained used the “bands” distribution and the rectilinear
trajectory.

N° Overlap | groLL | €prrcn | 8vaw | €pIRY | EDIR Z
P [%] [deg] | [deg] |[deg] | [m] [m]
49699, .. v 80 1.67 382 | 095 | 0.17 0.22
49609 . 25
il v 90 2.63 2.92 0.84 | 0.27 0.20
E 49699 ... g
= Table 7. Error propagated - 25 TP — simulation 3
49699 ..
51777 o
51777 N Overlap | €rorr | €pircu | €vaw | €pIRY | EDIR Z
5777 TN i TP [%] [deg] | [deg] |[deg] | [m] [m]
<10 U . 39432
T : 3.9432 80 1.40 2.55 0.74 | 0.14 0.16
e 3.9431 «10° 50
5:1%75 3943 90 1.51 1.63 0.50 | 0.16 0.13
Y (m] 51776 3943 X [m]
Figure 8. Example of quasi-random object points distribution Table 8. Error propagated — 50 TP — simulation 3
(blue) and curvilinear trajectory (red)
N° Overla g € € € 3
Table 4, 5 .and 6 shows- the regults yela.ted .to the secom.i.case TP [%] P [32; Eg:gl [Egg ][)IIII:]Y ][)rl:ijz
study: quasi-random object points distribution and curvilinear
trajectory (shown in Figure 8). 150 80 0.93 1.59 0.49 | 0.09 0.10
90 0.90 0.96 0.31 0.09 0.08
N° Overlap | €rorr | €prrcH | €vaw | €pIRY | €DIR Z . .
P [%] [deg] [deg] |[deg] | [m] [m] Table 9. Error propagated — 150 TP — simulation 3
60 5.18 2294 (10.10| 0.74 1.57
70 282 976 3.93 0.35 0.56 Latest tabl.es (Tal?le 10, 11 and .12), shgw the results relgtc?d to
25 “bands” distribution for the object points and the curvilinear
80 2.61 4.62 1.34 0.29 0.26 trajectory'
90 2.58 2.90 0.90 | 0.29 0.20
; ; N° Overlap | €rorr | €prrcH | €vaw | €piRY | €DIR Z
Table 4. Error propagated - 25 TP — simulation 2 - _
propag TP | [%] | [deg] | [deg] |[deg] | [m] | [m]
25 80 3.12 5.12 1.93 0.32 0.27
N° Overlap | €rorr | €prrcH | €vaw | €pIRY | €DIR Z
60 270 13.02 | 554 | 042 0.87 Table 10. Error propagated — 25 TP — simulation 4
50 70 1.93 6.93 2.74 | 0.25 0.38
80 1.72 3.23 1.14 | 0.19 0.17 N° | Overlap | £roir | eerrem | Evaw | €omy | o 2
90 1.59 1.80 0.61 0.18 0.22 TP [%] [deg] [deg] | [deg] | [m] [m]
Table 5. Error propagated — 50 TP — simulation 2 50 80 2.55 376 | 1.18 | 0.26 0.22
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| | 90 | 241 | 217 |61 | 025 | 047 |

Table 11. Error propagated — 50 TP — simulation 4

N° Overlap | groLL | €prrcn | 8vaw | €pIRY | EDIR Z

TP [%] [deg] | [deg] | [deg] | [m] [m]

150 80 1.58 2.36 0.67 0.16 0.14
90 1.70 1.55 0.42 0.17 0.11

Table 12. Error propagated — 150 TP — simulation 4

The results obtained from the simulations show an increase in
the error propagated for all components if a smaller overlap and
fewer TPs are considered. As already mentioned, the results are
of better quality if we use a rectilinear trajectory rather than a
curvilinear trajectory due to matching or occlusion issues as you
can see in the previous tables.

If we consider the “bands” object points distribution it is
recommendable to adopt values of overlap like 80%, because
the specific distribution of these determines unacceptable results
for lesser values of overlap.

Therefore good results were obtained with the simulator as they
were similar to a real case realized with the same camera and
had the same “street configuration characteristics. As in an real
case, if the value of overlap between the couple of images
increases, there is a decrease in the error propagated in the
various angular components and in the components of position
of relative orientation in the sequence of images.

The worst result of the angular component is pitch, it can be
justified by the specific geometric configuration of the case
study and it is related to the specific collocation of the camera
type.

When the value of overlap increased, a reduction of the error
propagated related to all the components in the study was
observed, and this trend can also be seen for the angular
component pitch. This trend is justifiable by the increase in the
base distance ratio. Figure 9 shows an example of this: in the
first image on the left we can see an overlap of 60%, where the
base (B) is smaller than in the second image in which the
overlap is 90%.

B

_ZTml

X [m]
Figure 9. On the left side: 60% of overlap and 150 TP, on the
right side: 90% of overlap and 150 TP

6. CONCLUSION

By observing the results it is clear that the simulator works
effectively.

This simulator enables us to design a TMM relief in office,
before going in the field and it prevents us from creating an
incorrect relief. It also helps us to predict the value of the
obtainable precision and modify the parameters of the camera in
order to obtain the level of precision required for the specific
case under examination.

The possibility of carrying out tests similar relief by modifying
the configuration of the instruments saves time and money, as
we are able to solve the various problems and add devices and
improvements to the methodology used for realizing the relief.
The simulator enables us to test the place where we must carry
out the TMM relief and identify the best configuration for the
instruments at our disposal, the most suitable type of equipment
(camera type and the minimum number of cameras to be used)
and it enables us to identify the minimum value of overlap
between successive frames required for obtaining a good result,
with the correct value of precision required with
photogrammetric information (De Agostino et al., 2009).

In conclusion the Authors believe that photogrammetry is a
useful tool for positioning when there is no GPS signal as
occurs in an urban canyon, and their goal is to develop the best
design project for obtaining a good photogrammetric result for
the specific relief in use.

The results obtained following this approach can later be fed
into a more complex simulator which takes other types of
sensors into consideration (De Agostino et al, 2011) and thus
design the obtainable level of precision of a TMM relief when
there is no GNSS signal.
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