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Abstract:

The arborne dtimetric LIDAR has gained condderable sgnificance over the last few
years as a tool for collecting accurate and dense topographic data at a high speed. The
LiDAR ingrument conssts of severd sensors like laser scanner, GPS, INS, dl integrated
to yiedd the coordinates of the ground points where the laser pulses fired from laser
trangmitter drike the ground.  This paper describes the initid progress achieved in the
devdopment of a LIDAR smulaior and outlines the further gods. The smulator is
amed a replicating the process of data collection by the LIDAR usng mathematica
models. The terrain (as near as possble to actud ground) is generated using a set of
mathematicd surfaces ditched together.  Another modd smulates the flight of arcraft
and produces a laser vector towards the ground. Determination of the point where the
laser vector intersects the mathematicd surface leads to the coordinates of the ground
point hit by laser. It is dso posshle to corrupt the laser vector by incorporating error
modds in it to replicate the erors produced by LIiDAR. The find outcome of the
amulator is a daa set for the given mahematicd surface and for chosen flight
paameters.  This amulator will be ussful in better undersanding of the LIDAR data
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collection process and its errors.  Furthermore, the data produced by simulator can be
used to evauate and develop information extraction agorithms, as the true object terrain

(mathematical surface) isknown in this case.

1. Introduction:

Laser dtimetry is a direct method to efficiently map the earth’'s surface in three spdid
dimensons. Topographic mapping with LIDAR seems on the verge of supplanting
traditionad photogrammetry in the near future for detalled terrain mapping. This technique
has a large and growing number of actud and anticipated gpplications in disciplines
ranging from urban analysis to natural resources.

Initidly the focus of research in this fidd was on how to obtain terran geography and
objects such as buildings, trees etc. Furthermore, severd other researchers were interested
in identifying the eror involved in LIDAR daa In dl these dudies rav LIDAR data
were employed and attempts were made to compare results with ground truth. For a
detailed review of these efforts please refer Lohani (1999) and specid LIDAR issue of
ISPRS Journd (ISPRS, 1999). However, the literature clearly indicates that a limited
success has been achieved in these efforts and a lot needs to be done to make full
utilization of this technology. The basic drawback of methods rdying only on fied data
is that, it is not dways possble to collect true ground truth for vdidation of these
approaches.

In view of the above it is of utmost importance that research be carried out to develop
theoreticd eguivdents of LIDAR daa collection process. Redizing this recently the
rescarch related to smulation of LiDAR data has darted teking place. The purpose of

these researches should be to sudy the effect of various flight parameters (flying height,
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direction of flight etc), LIDAR ingrument parameters (firing frequency, scanning angle,
number of scan lines), wrong indrument calibration and environment on LIDAR daa
generated for different types of objects and terrains being scanned. Beinat and Croslla
(2002) created a virtud scenery with four distinct buildings usng Matlab™ and then
produced some LIiDAR images by randomly sampling the surface points of the modd
with an average resolution of 0.5 pointsn? and a random error of +10 cm. In this way the
effect of different weighting models was studied. Holmgren et d. (2003) described the
effect of LIDAR scanning angle for estimation of mean tree height and canopy closure.
For this a computer modeled forest was smulated for different scanning angles.

Most of these researchers have studied the effect of one parameter on one object only,
and it was assumed that ether the effect of other parameters is negligible or independent
of the effect of parameters being studied. However, in red world dl parameters affect
together and have varying degree of effect on different terrain conditions. Furthermore, as
in case of Beinat and Crodlla (2002) the data points were assumed to be randomly

distributed which does not reflect the way LiDAR collects data

2. Outline of present work:

The am of present work is to develop a smulator which will be helpful in smulation of
more than one parameter on surfaces which will resemble terrain in red. A smulator is a
computer programme that creates the modd of existing externa conditions and generates
output. In the present case external conditions are LIDAR data collection system, and
output generation is data points. The dmulation is redized usng a set of mahemaicd
equations and coding them in C programming language. With the hdp of smulator at any

ingant the location of arcraft and laser vector angles with three axes are obtained, thus
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equation of laser vector is known. Surfaces with known mathematicd equations are
chosen to represent ground. More than one mathematical surfaces are gitched together to
resemble complex terrain. Data points are obtained by the intersection of laser vector and
the surface (Figure 1). Nature of surfaces is chosen with the am to modd the possble
ground types and the objects such as buildings, trees etc. The data points thus obtained
can be plotted in suitable software (Matlab here) to visudize the output of smulator.
Various such displays can be obtaned to study the effect of various parameters on
different terrain surfaces.

The specifications of ALTM 3025 by Optech Inc. have been used in the present case,
which gathers up to 25000 points per second, with maximum flying dtitude of 3000 m.,
swath angle varies from 0° to £20°, and the number of scans from 0 to 70 in one second

(ALTM 3025 gpecifications, http://www.optech.on.ca/dtmsyshtm). However, with a

little change other sensors and specifications can dso be smulated.
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Figure1l: Working of LIDAR smulator

3. Methodology for simulation

The smulaion in case of LIDAR can be categorized in two diginct parts 1) sensor
peformance and environment 2) Nature of terrain. The former in the present case is
implemented by conddering a draight line path of arcraft between two points, input by
user, for garting and finishing podtion of arcraft which in red are given by a kinemdic
differentid GPS, mounted on top of arcraft. Usr dso defines the swath angle and
number of scans desired to carry out smulation. In accordance with the above defined
parameters, the ingantaneous coordinates of arcraft and direction of laser beam ae
cdculated. Equation of laser vector thusis given by:

”2 ? ?
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Where, a=cos(?); b=cos(?); c=Ytan(?) and ?, ? and ? are absolute angles with
positive x, y and z axes respectivdy, and Xo, Yo, Zo ae instantaneous coordinates of
arcraft a the time of firing the pulse (Figure 1). In the present case it is assumed tha

there are no roll, pitch, and heading movement of arcraft, though the same will be

accounted for in future.

The second pat of smuldion is the nature of terain, for which LiDAR daa is being
gahered. This teran can be represented by mathematicd surfaces. The following
paragraphs describe the procedure for generating LIDAR data on these surfaces. Surfaces
ranging from dmple planar surfaces to complex i.e. combination of multiple surfaces
have been discussed. The smple surfaces have equations of the form of Z ? f (X)? g(Y)
having no border limitations. X and Y from equation (2.1) are put into the equation of
surface and a smple equetion of the form of f (Z)? O is obtained which is solved for Z.

Now from equation (2.1) again the vaue of X and Y corresponding to Z obtained above

iscdculatedi. e
X,?a(Z’?ZO) and Y,?b(Z?ZO)
C C

The surfaces of the above form are;
1. Plane surface (Ax +By +Cz +D =0) (Figure 2.1),

29 ?cD ? AZ, ? AcX, ? BZ, ? BcY,
Aa?Bb?Cc

2. Cone (Z =x%+y?) (Figure 2.2),
A?(a*?b*?¢c?)
B 227, (a% ? b?) 2 2c(aX, ?bY,)
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C? Z7(& ?b%) ?2Zc(aX, ? bY,) ? & (X,2?Y,)

D2+ B ?24AC

Z 2 (B?D)/(2A)

3. z=X+y? (Figure 2.3).
A? (a2 ?b?)
B ?c??2Z,(a*?b?) ? 2c(aX, ?bY,)

C ?[2.2(82 2 b%) ? 2Z,c(aX, ?bY,) ? C*(X,22Y,2)]

D?VE 24AC
Z?(B?D/(2A
After this, to involve alittle more complexity, two or more surfaces are stitched together:

1. Stitching of two planes (Figure 2.4).
The intersection of laser vector with both planes is taken and the higher value of Z
is chosen and data points from corresponding plane are obtained.

2. Inverted cone on horizontd surface (Figure 2.5).
The intersection with cone is obtained smilar to previoudy discussed ©ne except
that, here dtitude of the cone top is mentioned by user dong with the reduced
levd of surrounding ground. If Z vaue obtained with the intersection of cone is
less than that of ground reduced leve, then intersection with the ground is sought.

3. Hemisphere (Z* ? R? 2 (X 2 ?2Y?)) on horizonta ground (Figure 2.6).
D? B??4AC where,

A?(a*?b*?¢c?)
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B ? 2[(a® ?)Z, ?c(aX, ?bY,)]

C2[Z2(8 2 b2)? @ (X222 Y,2) ? 2Z,c(aX, ?bY,) ? R*c?]

If D<O; it indicates no intersection with sphere and thus the intersection with

ground surface is sought.
dse, Z ?[(B ?+/D)/(2A)] ?R , where R is the radius of hemisphere.
4. Right Circular Cylinder ((X ? X_)*? (Y ?Y,)* ? R?) on horizontd surface:
D?B*?4AC where,
A?(a??b%)/c?
B ?2[a(X,? X, ?2Z,) ?b(Y, ?Y, 22 Z,)]

C2(X,? X, ?2Z,)22 (Y, ?Y,222,)? R’

If D<O0: no intersection with cylinder, therefore Z is obtained by intersection with
ground.

dse 72 ?

2B2/D
2A

If Z> Height of the cylinder, then actud point is ether on top of cylinder or on
ground, put Z= Height of the cylinder, obtain X and Y.
7 Uf (X?X.)??(Y?Y,)’?R then point is on ground (obtain Z by
intersection with ground) else Z= Heght of the cylinder (On top of
cylinder).
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If Z>ground RL and < Height of the cylinder, then point is either correct or at top
of cylinder, put Z= Height of the cylinder. Obtain X and Y.
7?2 1f (X?2X,)??(Y?Y,)?? R then Z obtained before else Z= Height of the
cylinder.
If Z<ground RL: @ther point is on ground or a top of cylinder. put Z=Ht cyl.
obtainX and Y.
7 If (X?X.)?2(Y?Y,)*?R then point is on ground (obtain Z by
intersection with ground) else Z= Heght of the cylinder (On top of

cylinder).

5. Inverted cone/ hemisphere on top of cylinder placed on horizonta surface.
Intersection with cone/ hemisphere (Figure 2.7 and 2.8) is obtained smilar to as
explained before, but when Z obtained is less than or equa to cylinder height, the
laser vector is solved with cylinder as discussed above.
To represent variability of naturd terran more complex surfaces are chosen. These
surfaces have an equation of the form ofZ ? f(X,Y). To solve the laser vector and
surface, numerical methods are employed since no exact mathematica expresson can be
obtained in this case for solving X, Y or Z.
Here Z and Y are replaced in terms of X from equation (2.1) in surface equation and an

equation of the form of X ? g(X) is obtained. Fixed point iteration method is used here.

N
Smulator chooses gstarting point of iteration such that‘ig(x){?l, which indicates that
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the iteration will converge (Chapra and Canae, 2000), an accuracy of 0.1 um is obtained
before terminating iteration.

Surfaces chosen of thisform are:
1. Z? As n(%) (Figure 2.9)
It is expressed in the form:

X ? %(Asin(%)? Z,)? X, for solving in iteration, and
g(X)? %*—gcos(%) is used to get the starting vaue of X.

2. Z?10[sinX?sinXx]?100 (Figure 2.10)
To solveiniteration it is expressed in the form:
X ? X, ?2[10sin X 210sin{&-* (2(X ? X,) ?Y,)}? 1007 Z,]  and
g'(X) ? 2[cosX 210c0s{== (2 (X 2 Xo) 2 Vo) {522 52-(X 2 X,) ? 25} ]
is used to get the sarting vaue of X.

3. Z?10[sin% ?sinXx] 2100 (Figure 2.11)
To solveiniteration it is expressed in the form:

X 2 X, 2 2{108in(555) 2108in{ 3% (2(X 2 X5) 2 Y,)}2 1007 2] and

g (X) ?102[A?B] isused to get the starting value of X, where

_(x';x )”Y”Xb
A? Cos(”(x”X )?Yo )( [2(X?2X,)?Y, ]2

B 2 cos{g55 (2 (X ? Xo) Yo} {a5 2 2wz (X 2 X,) ? 55
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2.3 Z=X2+Y2 2.4 Stiching of two planes

2.5 Inverted Cone on 2.6 Hemisphere on 2.7 Cone on cylinder 2.8 Hemisphere on cylinder
honzontal plane honzontal plane
2.9 Z=10 sin (2U50) 2.10 Z=10[sn( 10)-sinGCYF2007+100 2,17 Z=10[sn 0T -sin (2 Y/E00) 100

Figure 2: Surfaces generated by simulator

4. Error Modeling:

After modding for aove ground and indrument properties, random errors in vertical as
well as horizontal directions are included in smulated data It has been obsarved that
these random errors follow a norma distribution with a standard deviation of around 15
cmand 50 cmin verticd and horizonta directions respectively (Lohani, 1999).

To redize this, the rand() function of C programming language is used (Gottfried, 1988).
Before cdling this function another function srand(time(NULL)) is used, which sets its
argument as the seed for a new sequence of random numbers to be returned by rand().
These functions are included in the library stdlib.h. Random numbers following norma
distribution are generated by the procedure as described above with appropriate standard

Map India Conference 2004
© GlSdevelopment.net, All rights reserved.




Map India 2004 Proceeding

deviation (s) and stored in an aray of length 25000 which is same as the number of
points being scanned per second. Then for each point generated by the intersection of
laser beam and surface these values are added, so0 that every point has unknown amount
of error, ndependent of each other. This kind of error can not be removed at this point as
source and amount of these are unknown for every point, necessitating specia measures

for their minimization.

5. Results and discussion:

The reaults in following paragraphs have been presented for only two kinds of surfaces in
view of the pace limitation. The points obtained as a result of the intersection of the laser
vector and the surfaces are plotted using Matlab™. This surface is then visudly
compared with the origind surface. The comparison a present ams a ensuring accuracy
of dmulator as data points smulated will form the same geometry as of origind surface.
Furthermore, graphicd results are generated to show the effect of relative postioning of
arcraft flight line and ground on the shadow.

5.1 Example 1.

An atempt has been made to represent a city model by placing cylinders of different radii
and heights a arbitrary locations on a plane surface, the number, radii and heights of the
cylinders being user defined. The aircréft is then flown as per user’s choice of dtitude,
flying direction, scanning frequency, firing frequency.

For following user defined parameters (Table 1), the display was obtained:

Hight in one second from (-200, 0, 1500) to (200, 0, 1500),

swath angle 20° from mean,

number of scans =50,
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neighboring ground with reduced leve =0 m.

Table 1: Cylinder datafor modd 1

Proceeding

No. Center Radius Heght
1 -60, -10 20 300
2 -30, 70 20 350
3 -40,-200 30 250
4 -5, 400 15 185
5 20, -150 20 225
6 55, 300 20 325
7 60, -400 15 300

Following display was obtained (Figure 3):

Isometric view

Figure 3: City model with different cylinders

As can be seen here, there are different dendties of data points on curved surfaces of

cylinders. There is more data point dendgty on the curved surfaces of the cylinders nearer
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to the flight path. It can aso be observed that there are no points on the rear sde of the
cylinders as the laser beam is unable to reach there. There have been no data points on the
curved surface of cylinder ‘1’ as the arcraft is flown dmogt exactly above this cylinder
as per the given flight parameters in the present case.

When a laser beam is returned back from an object on the terrain, it can not reach some
portion of terrain adjacent to that object lying on the leeward sde. Hence no data points
are obtained in that region. This is dmilar to the shadow of that object, and is cdled
Shadow Zone.

It can be observed that the shadow zone corresponding to the cylinders increases as the

height of the cylinders and their distance from the flight line path increases.

5.2 Example 2.
For studying the effect of disance of object from flight line path on shadow zone, the
following modd was generated. Data for surface are given in Table 2.

Table2: Cylinder datafor modd 2

Number Center Redius Height
1 -50, -50 30 30
2 -50, 50 30 30
3 50, -50 30 30
4 50, 50 30 30

Flight line is varied in three cases, as described in figure 4.
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Casel: Flight direction along X axis, Y=0

200

200 [ =1
Case2: Flight direction along X axis, Y=25

0
Case3: Flight direction along X axis, Y=150

Figure 4: Variation in shadow zonewith variation in flight lines.

When arcraft is flying above X axis (casel), it is symmetrica to four cylinder modd and
shadow zone of each of four cylinder is observed to be identicd. When flight line is
moved to a different location pardld to X axis (case 2), the shadow zone of those
cylinders which are & more distance is enlarged as compared to those which are rearer.
In case 3, when the flight line is moved further away from X axis, the shadow zone of
farther cylinders has enlarged to a more extent, and the shadow zone of nearer cylinders
has shifted its direction as laser beams are no more obstructed by object to reach

previous shadow zone.
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6. Future course of work:

This paper describes the progress achieved so far in the desgn of smulator and
accordingly a selected few results are presented. It is planned to carry out the following in
rest of the project:
a. Incluson of more sources of error, systematic and random, resulting due to sensor
functioning and mafunctioning.
b. Incluson of error due to arcraft trgectory perturbations, measured by Inertid
Navigation System (INS) (Shukla, 2003).
c. Theresults obtained by amulator will be evauated quantitatively.
Furthermore, it is required to study the data smulated for underdanding the effect of

change of various parameters.

7. Conclusion:

The smulator described in this paper, is a user friendly programme, where user can
define various flight parameters and terrain conditions as per his scope of survey. The
data points obtained from the smulator can be drawn in suitable 3D plotting software for
varying flight! indrument parameters (more than one & a time) with different terrain
conditions, and thus their effect can be studied.

The man agpplication of this smulator would be in economizing the LIDAR daa
collection process. Before actudly flying the arcraft for data collection, the terran
condition resembling to actua ones, can be modded in laboratory, with the help of this
gmulator for different flight parameters. While collecting the data for a dense forest less

dengty of data points is sufficient, but when data for city modes is collected high daa
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point dengity is required to efficiently map the features. A particular object and its
neighboring area may be more important for the purpose of data collection, thus might
require lessr shadow zone. Therefore, severa outputs of smulator with different
parameters can be compared to obtain a particular set of parameters for which required
information can be obtained in the most economicd way. Hence the decisons regarding
the flight parameters would no more be taken on the bads of thumb rule or past
experience of the surveyor, but on facts based on solid scientific thinking.

This smulator can aso be used to assess the accuracy of exiging information extraction
dgorithms. For this, the exiging dgorithms can be operated on Smulated data and
information extracted can be compared with the true mathematical surfaces forming the
terrain.

Furthermore, the smulator is to accommodate different kinds of systematic and random
arors, thus a better undersanding of these errors with different insrument and
environmental  conditions can be achieved and this may hep in further devdopment of
error remova techniques.

Lagtly, the smulator can dso play a sgnificant role in education and training on LiDAR

technology.
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