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ABSTRACT

DATA ACQUISITION AND PROCESSING INTERFACE DEVELOPM¥T
FOR 3D LASER RANGEFINDER

Cevikba, Orgun
M.Sc., Department of Mechanical Engineering

Supervisor : Asst. Prof. Dr. Bhan Konukseven

August 2006, 138 pages

In this study, it is aimed to improve the previously developed daquisition
program which was run under DOS and 2D surface reconstruction program under
Windows. A new system is set up and both data acquisition and procesiingre
are developed to collect and process data within just one apmpiicainning under

Windows.

The main goal of the thesis is to acquire and process the dateéaken from the
laser rangefinder in order to construct the 3D image map dbleimbjects in

different positions for indoor environments.

The data acquisition program collects data in helical way. Tdidp dppropriate
parameters for the data acquisition interface are determimelde data processing
step, it is aimed to use basic triangulation algorithms andttbl@ conditions to
calculate resolutions, detect noisy points and segment ohjectghe environment

for line fitting.



The developed and implemented data acquisition and processingdateif the
thesis are capable of creating 3D image map and obtaining tiweo¥iscanned
environment in a short time with high accuracy.

Keywords: laser rangefinder, data acquisition, data processing
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3 BOYUTLU LAZER MESAFE BULUCU C N VER TOPLAMA VE LEME
ARAYUZUNUN GEL T RLMES

Cevikba, Orgun
Yuksek Lisans, Makina MihendisiiBolumu

Tez Yoneticisi : Y. Dog. Dr. Elhan Konukseven

A ustos 2006, 138 sayfa

Bu cal mada, onceden gdiriimi , DOS ortamnda cakrlan veri toplama
programnn ve Windows ortamnda céklan 2 boyutta ylzey oldurma
programlar n n geltirtmesi hedeflenmtir. Yeni bir sistem kurulmy veri toplama
ve ileme yaz I mlar Windows ortam nda cdlr labilen tek bir uygulama alt nda

veri toplayacak ve leyecek ekilde gelitirilmi tir.

Bu tezin as| amac, deik pozisyonlardaki basit cisimlerin, i¢c ortamlarda 3
boyutlu gorintii haritasn olturmak icin lazer mesafe bulucudan menzil

verilerinin elde edilmesi ve lenmesidir.

Veri toplama program, verileri heliseekilde toplamaktad r. Bunun igin, veri
toplama arayiizinde kullan lacak uygun parametreler belirléinmVeri i leme

a amas nda, c¢ozunurluklerin hesaplanmas, hatal noktalar n eoefidsi ve
cisimlere dorular atanmas 0©ncesinde bdélimleme yap labilmesi icin, lteme

ucgenleme algoritmalar veik ko ullar kullanIm tr.

vi



Tezde gelitirilen ve uygulanan veri toplama veldme arayuzleri, 3 boyutlu
gorinti haritas yaratabilmekte ve taranan ortam n goruntisinizisanda

yuksek doruluk ile elde edebilmektedir.

Anahtar Kelimeler: lazer mesafe bulucu, veri elde edimesri i lenmesi
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CHAPTER 1

INTRODUCTION

1.1. Introduction

A laser rangefinder is a device which uses laser beam eomae the distance to
an object. The most common form of laser rangefinder opecstdbe time-of-
flight principle by sending a laser pulse in a narrow beam towhelsbject and
measuring the time taken by the pulse to be reflected offitgettand returned to
the sender. Laser rangefinders are also referred to asR_[Riyht Detection And

Ranging).

Different types of rangefinders have different applicatioftenodetermined by the
type of material being measured. While radar is excelledetermining the range
to metal objects, such as aircraft, it is much lesscéffe with rocks and organic
material, which may not reflect radio waves at all, andefioee provide no visible
signal. Laser rangefinders, in contrast, are able to mnedlardistance to a much
wider range of objects. Organic materials, rocks, and nadtgical phenomena all
have a large enough reflective footprint to show up clearly @slager rangefinder.
Some surfaces naturally absorb laser beam, however, varidilarynhave
developed special laser-absorbent paints with which to coatleghimaking them

effectively invisible to a laser rangefinder.

A laser rangefinder may be used for a number of uses othesithply calculating

the distance to an object. Application areas of the laser iadge$ can be divided



into three main parts; 3D modeling, military applications and inidlistr

applications.

Laser rangefinders are used extensively in 3D object recogni@bnobject
modeling, and a wide variety of computer vision related fieldss technology
constitutes the heart of the so-caltede-of-flight3D scanners. Laser rangefinders
offer high-precision scanning abilities, with either singleefaor 360-degree

scanning modes. A range map taken using a laser rangefirsthems in Figure 1.1

[1].

Figure 1.1. A Range Map Taken Using a Laser Rangefinder [1]

A number of algorithms have been developed to merge the rangeetasaed
from multiple angles of a single object in order to produce cete@D models
with as little error as possible. One of the advantagesdbkat rangefinders offer
over other methods of computer vision is that the computer does not meed t
correlate features from two images to determine depth infmmaas in

stereoscopic methods.

The laser rangefinders used in computer vision applications ofiea tepth

resolutions of tenths of millimeters or less. This can be wellicby using

2



triangulation or refraction measurement techniques as opposedtiméhef-flight
techniques used in LIDAR [2].

Laser rangefinders are also used in military applications. X2@ long range
professional laser rangefinder is designed for long distargpésittion, and tactical
range measurement (Figure 1.2.). The simple to use, poinstayat operation,
enables the X20 rangefinder operator to instantaneously measuneeksiiamm one

meter to 2200 meters with an accuracy of +/-1 meter. [3]

Figure 1.2. X20 Long Range Laser Rangefinder for Militapplications [3]

In order to make laser rangefinders and laser guided weaponsskfs$ against
military targets, various military arms may have devetblaser absorbing paint for
their vehicles. Regardless, some objects don't refleat lighe very well and using

a laser range-finder on them is difficult.

Laser rangefinders and measuring sensors are used in many ih@ygiiiations

such as [1]:

Hoist applications
Road profiling

Metal industry
Lumber measurement

Medical industry



A major aircraft engine maintenance and overhaul facilitySan Francisco
International Airport uses laser rangefinder to reduce thengimdor error in
critical hoisting applications. After the successful overhafila jet engine,
maintenance engineers run the engine in a state-of-the-aryqsalitrance test cell.
Overhead hoists lift the heavy engine from an adaptor and ¢awnythe test cell
fixture. The laser sensor reports critical range informationthe maintenance
engineers can clear fixed obstacles and gently deliver the/ lemgine into a secure
fixture. This application is similar to that used to measua@as and hoists in the

steel industry or shipping industry.

Road profiling has become a crucial practice for transportation tdegas
throughout the world. These departments are responsible for gatheiisgjcal
information on road surfaces including the longitudinal profile, ro&ettures,
microtextures and roughness to determine coefficients ofdmicéhcuity [1] has
worked with developers of road profiing equipment and produced laser
displacement sensors. The result is an extremely accuoategféective sensor for

all surface types, vehicle speeds, and vibration, sunlighteamgerature conditions
encountered in profilometry applications. In Figure 1.3, a vehedrofitted with a

road profiling laser to test the smoothness of pavemehoisrs

Figure 1.3. Pavement Smoothness Testing Vehicle [1]



The steel industry demands accurate measuring equipment to be usediftindk
circumstances. The environment is harsh, with high dust contedt hat
temperatures. The targets, hot metal, can be especidibuibecause they radiate
glowing light at elevated temperatures. The sensors usédis applications are
often protected behind insulating glass or within a protectiveosa. These
enclosures can be either air or water cooled so that the samsbe placed close to

hot surface targets.

The forest products industry uses laser sensor products for thermgas logs,
lumber, veneer, paperboard, etc. Laser displacement sensorsommonly
integrated into automated lumber finishing machines to measurd poaition,
board dimensions and surface profiles (Figure 1.4). The long-distéaogulation
sensors offer a valuable stand-off distance, keeping the measguimnent away

from the quickly moving lumber and potential hazards.

2 Opposing
Sensors

A ! @ 7/

Figure 1.4. Laser Displacement Sensor Integrated toighifig Mill [1]

Laser displacement sensors have been designed into a medidehtapplthat
brings new hope for treatment to patients with brain tumors inrsghareas. The

medical device facilitates the resolution of problems prewousinsidered



inoperable. Medtronics' FAZER™ Contour Laser [1], is a firsitsstype device
that enables surgeons to scan surfaces of the patient's anaitbnaylaser (Figure
1.5). This profile data helps surgeons associate anatomy feaiuhespgatent's CT
or MR scan. The FAZER laser eliminates the need for aneabmarkers to create
this mapping. Mapping using the FAZER can be completed in seconds

The device's location is tracked by an external sensor attdaotthe patient's head.

The patient is asleep during the procedure and his/her eyes aredcéwelaser
safety.

Figure 1.5. Laser Displacement Sensor Used in a Medjgalidation [1]

1.2. Literature Survey

Arkin et al. [4] worked on a mobile robot which can move through a Ingjldt
relatively high speeds while generating a 3D model of the @mwient and
transmitting the data in short bursts, so that it cannot dasitietected. Lifetime of
the robot is limited since it may be destroyed by an enemy whewcteét This

model is used off-line to familiarize people with the buildbejore entering it, for



example in a hostage situation. During the project, a SICK PBIBlaser scanner
is used which scans 180° in 0.5° steps from one side over the top athdr side.
For each single measurement it returns a 13 bit integer vapresenting the
distance to the next object, resulting in 361 such values for anplete 180°

scan. The 3D model is displayed using OpenGL.

Huber et al. [5] presented techniques for building models of congpigxonments
from range data gathered at multiple view-points. The chalkemng this problem
are the matching of unregistered views without prior knowledge @, poe use of
very large data sets and the manipulation of data setsfefedfit resolutions and
from different sensors. This approach is unique in that no prior knowlsfdie

relative viewpoints is needed in order to register the data. $hewed results in
building maps of interior environment from rangefinder data, buildingel terrain
maps from ground-based and from aerial data, and from an operatianapping

from stereo data for hazardous environment characterization.

Sequeria et al. [6] described a technique for constructing aeggormodel of an
unknown environment based on data acquired by a laser rangefinderrdrobaa
mobile robot. The geometric model would be most useful both fogatgen and
verification purposes. They represented all the steps neededuefdescription of
the environment, including the range image acquisition and proce8Bimgyrface
reconstruction and the problem of merging multiple images in dole@btain a
complete model. Direct applications of the resulting 3D modeds 3D scene
analysis and interpretation, free space modeling for robot riengand design

verification measurements.

Park and Lee [7] proposed an algorithm to produce 3-D CAD model freet af
range data, based on Non-Uniform Rational B-Splines (NURBSacuffitting
technique. They aim to construct continuos geometric models, mgstimat the
topology of surface is unknown. In the approach, divide-and-conquer stiategy
adopted, in which the whole range data is partitioned into sudathes. Each

patch is sequentially processed to form the quadrilateralnfeckel, which is used



to construct NURBS patch network. Experiments are carried outaioiste the
performance of the proposed algorithm and it is shown that continuon&del is

successfully generated automatically with tolerable comjpui@ticomplexity.

Klein and Sequeira [8] presented a new algorithm of planning thge ramage
acquisition for the reconstruction of large, complex indoor scergrgla surface
representation of seen and unseen parts of the environment, they grepose
objective function based on the analysis of occlusions. By optignthis objective
function, the parameters of the next view are computed effigifanta large search
space with eight degrees of freedom (3D position, viewing titrecfield of view

and resolution)

Goshtasby [9] concentrated on constructing 3D free-form models riroltiview
range images. He reviewed the literature related to thieges of the 3D model
constructing; image integration, recovery of missing datapaodkl representation
and editing. Then he presented new results in data recovery antledibidg. Also
examples demonstrating different steps of the model constrymticess are given

using range images from a variety applications.

Liu et al. [10] described an algorithm for generating compacitn@idels of indoor
environments with mobile robots. Their algorithm employs the eapent
maximization algorithm to fit a low complexity planar model to @@a collected
by rangefinders and a panoramic camera. The complexity of thel nwde
determined during model fitting, by incrementally adding and remasumnigces. In
a final post-processing step, measurements are convertedpailygons and
projected onto the surface model where possible. Empiricaltsesbtained with a
mobile robot illustrates that high-resolution models can be acqurezgasonable

time.



1.3. Objective of the Study

In the previous study, Fidan [15] designed a laser rangefinderato an indoor
environment and to construct the 3D image map of the scanned medam.
compiled two different softwares; data sampling software whels run under

DOS and 2D surface reconstruction program under Windows.

Objective of this study is to set up a new system which can rum Widdows and
develop data acquisition and processing interfaces to collect aresprata within

just one application.

The study aims that the interfaces in the thesis are caphbleating 3-D image
map and obtaining the view of scanned environment in a short tithe high

accuracy and time efficiency.

It is desired to acquire data in a helical way which fiedint from the other data
acquisition systems. To do this, appropriate parameters for atae agquisition
interface should be determined. In the data processing stepajrited to use basic
triangulation algorithms and threshold conditions to calculate réesmdtdetect

noisy points and segment objects from the environment for linagfitti

1.4. Outline of the Thesis

In this study, data acquisition and processing using a 3D lasgefrader is
introduced. The following chapters are organized to investigath @eocess

separately.

In Chapter 2, laser measurement methods for distance measyrerpammental
setup and main parts of the architecture and the data acqusitigram compiled

in Microsoft Visual C++ 6.0 are explained.



In Chapter 3, basic steps of the surface reconstruction pracessxplained and
detailed information about surface fitting methods are given. Thiestly
preprocessing program, afterwards main processing program is thawitle

detailed explanation.

In Chapter 4, some case studies with objects positioned atediff angles and

places are given. Also a maximum range test is appliacéwdboard.

In Chapter 5, summary and conclusions of the thesis are given and

recommendations for future work are presented.

In Appendix A, the laser sensor used in the thesis (AccuRange4860 %@nsor) is
introduced. General information about the sensor, signal and poigeiace and

basic commands of the sensor are explained.

In Appendix B, the interface board (AccuRange High Speed Intejféuat takes
samples from the sensor is introduced. General description #i®ward, 1/O

connectors and port interface are explained.
In Appendix C, the CTI-HSIF library, which is an interfaceea between the

sensor hardware and the application program is introduced. Comtimmgeheme

and usage of the library are explained.
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CHAPTER 2

DATA ACQUISITION

2.1. Overview

This chapter consists of three main parts; laser measnrensthods, experimental
setup and data acquisition program. In the first part, three laser measurement
methods for distance measurement are dealt with and the primfiplee laser
sensor used in the thesis is focused on. In the second paxperemental setup of
the thesis is given and main parts of the system artiniéeare figured out. In the
last part, the data acquisition program compiled in Micro¥@tial C++ 6.0 is
explained. The parameters that have to be set by the user aredhandlby one
and ways of determining these parameters are investigated gy esqrarimental

tests.

2.2. Laser Measurement Methods

Optical distance measurement sensors are used in a wigdy vafr industrial,
commercial, and research applications. Most sensors usebie wsiinfrared laser
beams to project a spot of light onto a target, the suttawsich the distance is to
be measured. The distance from the spot back to the ligittohet portion of the
sensor is then measured in one of several wvBgsic laser measurement methods

for distance measurement are;
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1. Triangulation systems
2. Pulse time-of-flight systems

3. Phase time-of-flight systems

All are used in practice for distance measurement depending opattieular
applications. For distances of a few inches with high accuraguirements,
"triangulation” sensors measure the location of the spot withifiglteof view of
the detecting element. Time of flight sensors derive gdingm the time it takes
light to travel from the sensor to the target and return (Figute For very long
range distance measurements (up to many miles) "timegbt-flaser rangefinders

are used.

Time interval is proportional
to distance

Time

Outgoing pulse Echo

Figure 2.1. Time-of-Flight Measuring System

2.2.1. Triangulation Sensor Systems

Laser triangulation sensors are used in order to measure thacdidb targets
accurately through the use of laser triangulation sensors. Theycamamed
because the sensor enclosure, the emitted laser and #weeflaser light form a
triangle. (Figure 2.2)

The laser beam is projected from the instrument and iscteflefrom a target

surface to a collection lens. This lens is typically lodas&ljacent to the laser
emitter. The lens focuses an image of the spot on a linegr @amera. The camera
views the measurement range from an angle that variesAam 65 degrees at the

center of the measurement range depending on the sensor modpbsitien of
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the spot image on the pixels of the camera is then processgeteionine the
distance to the target. The camera integrates the fialng on it, so longer
exposure times allow greater sensitivity to weak reflectidime beam is viewed
from one side so that the apparent location of the spot chauiitlpethe distance to
the target [1].

o |

Reflected laser

!‘ll

"% scattered
z cattere
" b

b light
‘-""' Incident laser s

Target

Figure 2.2. Laser Triangulation Sensor System [1]

Triangulation ranging utilize trigonometry to calculate the e triangle that
correspond to the distance to a spot of interest. If the lengtmefside in the
triangle is known, for instance the distance between two cantbedistance to the
target can be calculated from two measured angles. Thepdrasiple is displayed

in Figure 2.3 [12], where the distance B can be calcufateal

sing

B=A——"1__ 2.1
sin(g + ) @1)
Py
= B
[~ P3
A
[ >
P,

Figure 2.3. Triangulation System Range Calculaftidj
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Triangulation devices are ideal for measuring dists of a few centimeters with
high accuracy. These devices may be built on aajesbut the accuracy falls off
rapidly with increasing range. The depth of field ifimum to maximum
measurable distance) is typically limited, as gialation sensors can not measure

relative to their baseline, the distance betweerthiter and the detector.

As the point of light falling on the object moveos#r to or farther from the
reference point, the spot position on the detethanges. Triangulation sensors are
either diffuse or specular. The need for two typesemsors arises from differing
reflectance characteristics of materials being emacth Smooth surfaces, such as
mirrors are specular; others, such as anodizedialum are diffuse (Figure 2.4).
Smooth or shiny surfaces typically require a sp@csénsor (the laser illumination
hits the target such that the primary reflectedhtlics reflected into the receive
optics), while surfaces that scatter light are evatsi measure with a diffuse sensor.
So the selection of sensor type is dictated by dhdace of the object being
examined. A measure of the received signal strefmgtite = better), or the amount
of time required to achieve a desired signal stire(lgss = better), is an indication
that the right type of sensor has been chosen. Marfgces, however, display both
specular and diffuse characteristics and thus doatpl the selection process. In
those cases the user must test the surfaces usihgspecular and diffuse sensor

types. [11]

[ ]
SPECULAR SURFACE

I/

DIFFUSE SURFACE

Figure 2.4. Specular and Diffuse Surfaces [11]
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Triangulation ranging systems can be either passivactive. A passive system
uses only the background light while an active syséenits a beam to illuminate a
certain spot. In the active system the beam enigitene corner of the triangle and
the camera corresponds to the second corner. hEgrassive system, the type and
amount of background light has a large impact @ ghrformance and in some
circumstances atrtificial light has to be provideda passive two camera system, it
can also be problematic to match points viewednie camera to the same points
viewed in the other camera. For both passive antveaslystems, it becomes
increasingly difficult to determine longer distasaegith good accuracy. For a given
angle measurement error, the error in the distaneasurement increases with

range.[12]

2.2.2. Pulse Time-of-Flight Sensor Systems

In pulse time-of-flight systems, the distance be&mé¢he sensor and an object is
calculated by measuring the time interval betweeneamtted laser pulse and
reception of the reflected pulse. The amplitudehig signal is used to determine

the reflectivity of the object surface.

This is the principle used in Radar, DME (Distanceasiging Device) for aircraft,
LORAN (Long Range Navigation), Satellite Altimetry, Barne Radar Altimetry ,
Lunar Laser Ranging etc. (Vaughan, 1998). Some e@fndgwer EDM (Electrical
Discharge Machining) instruments used by surveyeraiso using pulse timing and
accuracy oft5mm are possible. Most of the military rangefindelsoause pulse
timing. The GPS (Global Positioning System) usesetiiming for coarse distance
measurement. VLBI (Very Long Base Interferometer)also a pulse timing
technique where signals from pulsars are timed frt@mor more radio telescopes
and the difference in times of arrival are conwttintercontinental distances with

a precision of a few centimeters.[13]
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The overall pulse time-of-flight sensor performans@etermined by a number of
factors, such as the peak output power of the |agise, variations in the shape of
the light pulse, the time resolution and dynamiegea of the receiver electronics.
Measuring short distances with high resolution isdeea challenging task. The
resolution can be improved by sending out multipldses and averaging the
delays. [12]

2.2.3. Phase Time-of-Flight Sensor Systems

In phase time-of-flight systems, the outgoing ligintensity is sinusoidally
modulated with a constant frequency and the ph#terehce between the local
wave and the received wave is measured. The phHiseedce can be obtained by
measuring the time differences between the zerssorgs of the reference wave
and the reflected wave. In both cases, the maximstardte that can be measured,
while avoiding ambiguities, is determined by theestdd modulation frequency.
Two extensions of this technique, to improve theusacy and avoid ambiguities
when determining the distance, involve the use ofemthan one modulation
frequency and/or adding a 90 degree phase shitiedocal reference waveform
[12].

There are many applications of this technique. Aeniange of carrier frequencies
are used ranging from visible through infrared forowave and right down to VLF
(Very Low Frequency). Precise positioning using GRS be achieved by phase

comparison of the carrier wave signals of the varisatellites.[13]

Phase measurement is limited in accuracy by trguéecy of modulation and the
ability to resolve the phase difference betweensigaals. Some modulated beam
rangefinders work on a range-to-frequency convargoinciple, which offers

several advantages over phase measurement. In ¢hess, laser light reflected

from a target is collected by a lens and focused arphotodiode inside the
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instrument. The resulting signal is amplified upattimited level and inverted, and
used directly to modulate a laser diode. The lfghtn the laser is collimated and
emitted from the center of the front face of thesse. This configuration forms an
oscillator, with the laser switching itself on and o$ing its own signal. The time
that the light takes to travel to the target artdrreplus the time needed to amplify
the signal determines the period of oscillation,tloe rate at which the laser is
switched on and off. This signal is then divided déintkd by an internal clock to

obtain a range measurement. The measurement isws@nhenonlinear and

dependent on signal strength and temperature, salilaration process can be

performed in the sensor to remove these effedts. [1

2.2.4. Laser Sensor Used in the Thesis

The laser sensor used in the thesis is “Acuity ARA@8er rangefinder”. It employs
a modified time-of-flight measurement principlettteads to very fast and accurate
measuring speeds. Further information about AcARAOOO laser rangefinder is

given in Appendix A.

The AR4000 differs from other long-distance rangaéirs in that the laser emitter
and return signal collection lens are concentrie Mustration (Figure 2.5) reveals
the major functionality of the rangefinder. A coliwed beam of laser light is
emitted from a diode in the center of the collettiens. Light hits a target and is
diffusely reflected, collected by the lens and f®®d on an avalance
photodiode[1].
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2.5" Lens

Avalanche  Laser
Photo Diode
Sensor

Figure 2.5. Working Principle of the AR4000 Rangdgr[1]

Because the emission and collection is concerttree, AR4000 rangefinder can be

used to measure down narrow openings and tubes.

By this method, improved measurement accuracy acdeased range can be
achieved when cooperative targets (e.g. retroréfeedapes) are attached to the
objects of interest to increase the power densith@feflected signal. The returned
energy is compared to a simultaneously generafederee that has been split off
from the original signal, and the relative phasé sletween the two is measured to
ascertain the round-trip distance the wave hasledvé&he phase shift expressed as

a function of distance to the reflecting targeface is [14]:

_ 4md
= T (2.2)
where:

f : phase shift

d : distance to target

/ : modulation wavelength
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Figure 2.6. Relationship between Outgoing and Refte Waveforms [14]

In Figure 2.6, x is the distance correspondindneodifferential phase. The desired

distance to target as a function of the measured phase $hist

_Ir_cr (2.3)

4p Aot

where:
c: speed of light
f: modulation frequency
2.3. Experimental Setup
In the previous study, Fidan [15] designed a lasegefinder to scan an indoor
environment and to construct the 3D image map ef shanned medium. He

compiled two different softwares; one for data sangpand one for data plotting.
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The data sampling software is complied in Microd6fual C++ 5.0. The main task
of the software is to read range and encoder detdaaconstruct a 2D image of the
cross section of the scanned environment resulima fa single rotation of the
scanner head. The software reads raw range ddtacted signal amplitude,
internal sensor temperature and encoder data fnenDC Motor A. The output is
the calibrated range data in mm, reflected signglldude and encoder position of
DC Motor A. Therefore, the result gives the polaordinates of a point on a plane.

During the scanning process, the elevation andteps constant.

To enable visual inspection of the output, the datdten to the output file is
processed by a 2D plotter software which is compitedlicrosoft Visual Basic
4.0. The software reads the data (range, ampliarte encoder data) from the
output file and converts the polar coordinates deaand encoder data) of each
scanned point to the cartesian coordinates. Shrceudtput file consists of recurring
data after each revolution, the software takes datg from a single rotation of the
scanner head. There is an algorithm in the 2D guiatbftware to filter out the
erroneous and doubtful data. Since each set of lsatoptains an amplitude data,
the range data with an amplitude less than predetechvalue are plotted with a

different color.

Basic parts of the designed laser rangefindergraimed in three main categories.
These are:

1. Main architecture of the rangefinder

2. Motors, encoders, slip ring and sensor

3. Miscellaneous parts.
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2.3.1. Main Architecture of the Rangefinder

The 3D model of the laser rangefinder is given iguFé 2.7. The whole assembly
fits in a box of dimensions 220mm x 260mm x 600mweighting 30Kkg,
approximately. The height of the mirror axis (eléma axis) from the ground is
575mm.

To rotate the scanning mechanism about the aziaxit) a DC motor (DC Motor
A) is used. A continuous steady power transmissidwden this motor and the

scanning mechanism is achieved by a timing beatstrassion system.

Figure 2.7. 3D Model of the Laser Rangefinder

Elevation scanning is carried out by a second DGM@C Motor E) installed on
the scanning mechanism. This second DC motor ischadth to the scanning

mechanism and it rotates about the elevation axis.

The rotation of DC Motor E brings out the problem pbwer and signal
transmission to/from the motor terminals and encad&ched to this motor. Since

the motor was expected to rotate, it would not besiptes to transmit signals and
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power via simple wiring. A slip ring is used to trams signals between two

relatively rotating frames.

®KESTAMID (registered trade name of Polikim A.for it's Cast Polyamide
products) is selected as the material for the sfi& mechanical resistance values
of Kestamid products are higher than other polyasigroduced by injection or

extrusion.

2.3.2. Motors, Encoders, Slip Ring And Sensor

First DC motor (DC Motor A) is Maxon Motor's motor-evder unit 145863
consisting of DC Motor 118797 and encoder 110514eT118797 is a 70-watt DC
motor. Second DC motor (DC Motor E) is MinimotoP€-Micromotor Type 2233
R 012 S-74-213 assembled with encoder type HEDL 5340and reduction
gearhead type 22/5. The gearbox type 22/5 is almrklash spur gearhead with a
reduction ratio of 2050:1.

The selected slip ring is AC4831 of Litton Poly-&dific which allows continuous
360 rotation of power and data signals up to 250 rgnhak six circuits that can
carry a current up to 5 A. The outer and througrelzbameters are 100 mm and 38

mm respectively.

For laser sensor, Acuity Research’s AccuRange 40B0dser sensor is selected. It
has an operating range of 0 to 15 m and it alsorbfiscted signal amplitude,
ambient light and temperature outputs. Furtherrmédion about laser sensor is

given in Appendix A.
AccuRange High Speed Interface (HSIF) is used withstgsor to increase the

sample rate capability of AR4000-LIR, using a PC-patible computer. HSIF

increases the sample rates up to 50000 samplestsecw improves resolution
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compared to the AR4000-LIR alone. Further informatabout HSIF is given in
Appendix B.

2.3.3. Miscellaneous Parts

In the miscellaneous parts section, mirror, mitrolder, bearings, structural body,
alignment system and belt pushing mechanism araiexgl.

The mirror used in the thesis is a two-face phot@romirror. One side is an
ordinary mirror and the other side is silvered glasth no glass thickness on the
reflective surface. The silvered side is used tevent the laser beam from

refraction in the change of media and shifting fritsgsrangle of incidence.

The mirror is mounted in the mirror holder, whictiied between the DC Motor E
shaft and another 3mm shaft housed in a seriedoédBng. The alignment of the
mirror on the mirror holder is achieved by two M3ese on the mirror holder. All

these parts are located on the scanner head (Rdge

MoToR
HOLDER

MIRROR
HOLDER

\J

)
COUNTER
IMERT! &

DC MoTor E

BEAM
AFERTURE

Figure 2.8. Scanner Head
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The housing for the scanning mechanism and therigigpconsists of two pieces;
housing and housing cover. Each piece containsuaimg for the bearings so that
the bearings are on two different parts. Figuregd/8s the cross sectional details of
the housing assembly. The bearings are from twiereit series; 6007 and 6008.
Driving belt gear which is not shown in the Figur® B placed under two bearings.

-] SCANNER
-

Heap

Housing CovER

SLIF RING

BE&RINGE

SLIF RING
COLLAR

Houging

BEAM /

APERTURE

Figure 2.9. Cross Sectional View of the Housing Addgm

The modified structural body consists of four cohgrcarrying the upper base on
the lower base (Figure 2.10). The DC Motor A is housethe polyamide motor
holder by six M2.5 screws. The holder is mounted aormotor support. The
scanning mechanism with its housing is assembleBase 1. Base 2 is carried on
three M12 screws. These screws are used to leveatigefinder to the horizontal
plane.
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Figure 2.10. Structural Body of the Laser Rangefind

The laser sensor mounted on its holder is assenobl¢lde aligner part 1 which can
be translated in two directions. Aligner part 2 allavs translator screws to move
in its slots. Aligner part 1 is fixed in positiomgssed between aligner part 2 and the
tilter platform by screw set B when required tratish is achieved. The rotation of
the laser sensor is carried out by the tilter platf The tilter platform is mounted
on the base of the structural body by the screwAsetith springs in between

allowing the whole system to be tilted in two axeswtapproximately 5

ALIGMER PART |

ALIGNER PART £

TILTER

L
TRANSLATOR SCREWS \ |

SCREW SCREW SET A

SET B

Figure 2.11. Alignment System
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To keep the tension in the timing belt transmisspstem, a pushing mechanism is
mounted on the upper base of the structural bodyur& 2.12 shows the belt

pushing mechanism with the components labeled.

AL SUPPORT

ARM

FUSHING ARM
SPRING

Figure 2.12. Belt Pushing Mechanism

2.4. Data Acquisition Program

The data acquisition program is compiled in Micfosdisual C++ 6.0. The
software is developed in order to read calibratedy@adata in mm, raw count (1-
6152) (azimuth encoder), angle (0-360°) (elevagaooder), signal amplitude (0-

255) and sensor internal temperature (°C).

Both of the motors used in the thesis have encodbish are connected to the
encoder and general purpose input lines of theossngligh Speed Interface
(HSIF) board. Absolute positions of these encodensbeaobtained either in angle
or raw count format. Azimuth encoder and elevatimgoeler counts 6152 and
4220000 data respectively in each turn of the mdtbe raw count data from 1 to
6152 for azimuth encoder (RawE1l) and from 1 to 4PR0for elevation encoder

(RawE?2) corresponds to 0 to 360° angular data.
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If encoder count/rev values are set wrong, obtaitad for each turn of the scanner
or mirror may slide in the amount of the errorthe previous study [15], azimuth
encoder count/rev is set to a wrong value of 614Figure 2.13 azimuth encoder
counts 6141 pulses whereas in Figure 2.14 it co6aft2 pulses. A long and
straight object is put in the environment to deiagthe amount of bending in the

view.

Figure 2.14. Sampled Data with an Azimuth Encodentioev of 6152
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In order to guide the user, there is a “User Manumltton. The user can get
information about the parameters that have to bbefere the program is run. For

some parameters, default values can be used. Eoret, there are tables and

explanations.

USER MANUAL Sample Rate: | 10000  (samples/sec)

Open Comm. Port ‘ Buffer Size - 800000  (samples)
Sensor Temp. (o] Callback Threshold: | 1000 (samples)

Enable Filtering
Mirror Speed (degree/min) Max Range - 15 [
Min Range - 0 (m)

Scanner ,
(degree/sec)
Speed Vertical Scanning Range - | 60 (degree)
Appr. Max. () Appr. Sampling Time | (sec)

Range
Sampling Time : 10 (sec)

| START SAMPLING | | PROCESSDATA | | GET VEEW |

EXIT

Figure 2.15. Screenshot of the Data AcquisitiorgRam

2.4.1. Opening Serial Communication Port

Data sampling program starts with the opening obedommunication port. There
are some parameters which are preset by the progeanithese parameters are
High Speed Interface (HSIF) board’s 1/0O port addresd aterrupt number,

calibration file, serial port and initial baud rate

HSIF board’s 1/0 port address and the interrupt remtave to match with the
actual HSIF settings, as configured by the boardgllware jumpers. Otherwise

communications with the HSIF would fail.
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HSIF's I/O address is set to 200Hex (HSIF's factafadlt) and interrupt number

is set to 7. Further information about board patanseare given in Appendix B.

Each HSIF board has a different calibration data fithich mustmatch the
particular laser sensor used, otherwise the catibraample data returned by the

library will be inaccurate.

The serial port used to communicate with the seiss@OM1”. The selected serial

port baud rate must match the actual baud rate hef gensor, otherwise

communications with the sensor will fail. Serialpbaud rate is set to the factory
default of 9600 baud.

2.4.2. Getting Sensor Internal Temperature

When laser is first energized, it starts at whatatie room temperature is (15-
25°C) and it slowly warms up. It takes 10-15 minutesthe laser to reach its
target temperature of 33-34 °C.

The sensor temperature should be checked in sraatids and it should not be

started to get data before its temperature reaoh&3-34 °C.

2.4.3. Setting Mirror Speed

Mirror speed is used to determine vertical resotudf the scanned view according
to the desired sample rate. Slower mirror speeds lgetter vertical resolution but
increase total sampling time. On the other handerfasirror speeds decrease the
total sampling time but gives worse vertical resolutcompared to slower speeds.
So by changing the mirror speed, an appropriateevahould be adjusted by the
user. For the desired optimum values of verticabl@ion and sampling time, a

mirror speed of 90-100 degree/min is selectederstidy.
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When "Mirror Speed" button is pressed, it startiigg Encoder 2 angle data and
calculates mirror speed in degree/min, which helfygs user to select the desired

mirror speed.

2.4.4. Setting Scanner Speed

Scanner head (Figure 2.8) is responsible for hota&odata acquisition. Setting
scanner speed plays a very important role in therchénation of the sample rate
because they are directly related with each offieere is an optimum sample rate
for every scanner speed. For lower scanner speaaiples rate should be kept low.
However, for higher speeds, sample rate should bé kigh in order to obtain

certain scanning resolution.

There may be two different extreme cases; in thst foase, the sample rate
corresponding to the scanner speed can be belmptitaum value. In such a case,
the number of repetitions for the same azimuth decaaw count (Rawkl)

readings will be very low(Table 2.1). But for vepw sample rates, there might be
discontinuities (jumps) between the consecutive Rawglles (Table 2.2 and

Table 2.3).

Table 2.1. Data Acquired at Sample Rate = 1000(pkestsec

Range RawE1l E2 angle | Amplitude

(mm) (1-6152) (0-360°) (0-255)
853 1 0.0001 31
842 1 0.0003 34
834 2 0.0005 32
843 3 0.0006 32
847 4 0.0008 32
831 4 0.0011 33
837 5 0.0012 32
832 6 0.0014 30
845 7 0.0016 34
845 7 0.0017 34
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Table 2.2. Data Acquired at Sample Rate = 1000 ssifgac

Range RawE1l E2 angle | Amplitude
(mm) (1-6152) (0-360°) (0-255)
268 8 0.0017 98
270 16 0.0035 99
271 25 0.0052 99
271 33 0.0071 98
270 41 0.0087 99
269 50 0.0105 98
268 58 0.0122 99
271 67 0.0141 99
269 75 0.0157 98
268 83 0.0175 99

Table 2.3. Data Acquired at Sample Rate = 5000 ssigac

Range RawE1l E2 angle | Amplitude

(mm) (1-6152) (0-360°) (0-255)
278 2 0.0004 102
277 3 0.0007 103
277 5 0.0011 102
278 7 0.0014 102
274 8 0.0018 102
276 10 0.0022 102
276 12 0.0025 102
278 13 0.0029 102
278 15 0.0032 102
278 17 0.0036 102

In the second case, the sample rate corresponalitige tscanner speed is above its
optimum value. Here, repetitions for the same Rawddtes are high (2, 3 times or
higher) so jumps cannot occur (Table 2.4). Howevery high sample rates (Table
2.5) may bring the buffer overflowing problem depedon the selected buffer
size. More information about this problem is giventhe “Setting Buffer Size”

section.
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Table 2.4. Data Acquired at Sample Rate = 2000(pkestsec

Range RawEl E2 angle | Amplitude

(mm) (1-6152) (0-360°) (0-255)
279 1 0.00025 23
275 1 0.00034 24
262 1 0.00051 24
268 2 0.00059 24
255 2 0.00068 24
266 3 0.00076 23
268 3 0.00085 24
266 3 0.00093 23
268 4 0.00102 24
273 4 0.00111 23
268 4 0.00119 24
262 5 0.00127 24
266 5 0.00136 23
275 6 0.00145 24
275 6 0.00153 24
262 6 0.00162 24

Table 2.5. Data Acquired at Sample Rate = 3000(pkstsec

Range RawE1l E2 angle | Amplitude

(mm) (1-6152) (0-360°) (0-255)
286 1 0.00034 106
286 1 0.00042 106
286 1 0.00051 106
286 1 0.00059 106
286 2 0.00059 106
286 2 0.00068 106
299 2 0.00076 106
286 3 0.00076 106
286 3 0.00085 106
286 3 0.00093 106
286 3 0.00093 106
286 4 0.00102 106
286 4 0.00111 106
286 4 0.00119 106
287 4 0.00121 106
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After examining the Tables [2.1 to 2.5] given forieas sample rates, it is obvious
that data sampling rate should be selected in awgay that there shouldn’t be any
jumps within the consecutive RawEL1 values. In T&xe some scanner speeds and
corresponding sample rates are shown. While acguitata for Table 2.6, other
parameters are preset in the program. These aferlsize (800000 samples),
callback threshold (1000 samples) and sampling {{t®esec). This table should be
used in the selection of the sample rate for clmgngcanner speeds. For example at
a scanner speed of 450-470 degree/sec, the saatplshould be at least 10000

samples/sec.

Table 2.6. Relationship between Scanner Speed amgp|8 Rate

Scanner Speed Sample rate | Number of jumps Number of turns
(degree/sec) | (samples/sec)| between RawE1l] of scanner head
6000 2642 9
7000 30 9
350-370 8000 0 10
9000 0 9
7000 3413 11
8000 215 11
400-420 9000 0 11
10000 0 11
8000 1055 12
9000 23 13
450-470 10000 0 13
11000 0 12
9000 1203 14
10000 14 14
500-520 11000 0 13
12000 0 14
10000 703 15
11000 108 17
°50-570 12000 0 16
13000 0 16
11000 508 17
12000 3 17
600-620 13000 0 17
14000 0 17
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When "Scanner Speed" button is pressed, it stagting RawEl data and

calculates scanner speed in degree/sec.

2.4.5. Approximate Maximum Range

When "Approximate Max Range" button is pressedidtts getting range data and
finds out the highest range value. Then, amplitfdinis data and the range values
of the neighbour data are checked whether the kiglaage is a noisy data or not.
If not, then it is given as the approximate maxinmamge. This value can give idea
about the environment and can also be used iniltearg part of the program to

set maximum range value.

2.4.6. Setting Sample Rate

After the scanner speed is set, appropriate sanmapdefor that speed is selected
from Table 2.6. For lower scanner speeds, sampke shbuld be kept low.
However, for higher speeds, sample rate should behigh. Main criteria in the
selection of the sample rate is that there shoulte’ any jumps within the

consecutive RawE1 values.

The sensor’s sampling interval may be set in diedrgervals of one microsecond.
Due to the discrete sampling intervals, the actaai@e rate may differ from the

selected parameter value. For example, if sampéeisaset to 101 samples/sec, it
will result in a sample interval of 9900 microsecendnd the actual sample rate is

obtained as approximately 101.01 samples/second.

The valid range for sample rate is approximategmir32 samples/sec to 50000

samples/sec if HSIF is used.
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2.4.7. Setting Buffer Size

Buffer is used to hold data coming from the HSIFobe that data is read by the
application program. When the application prograaquests samples, they are

retrieved from the buffer and returned to the agajion.

Small buffer size may result in a buffer overflowipgoblem. At higher sample
rates, data cannot be written to disc as fastasilirary can read samples from the
sensor. Therefore, library’s internal buffer maydiow and some samples may be
lost. In order not to face with that problem, bueze should not be changed unless
it is necessary. If it has to be, then Table 217 gige idea to determine the correct
buffer size for various sample rates. While acaqgirdata for Table 2.7, other
parameters are preset in the program. These ammescapeed (460 degree/sec),
callback threshold (1000 samples) and sampling tjfrfe sec). The buffer size
should be at least the product of sampling time sardple rate parameters to be on
the safe side. For example, for a sampling timéso$ec and a sample rate of 12000
samples/sec, the buffer size should be minimum @80AIso the buffer size cannot
be smaller than library’s default value (5000 skas)p

Since data cannot be written to disc as fast asiliteey reads from the sensor, at
the end of the sampling time, some data may stillain in the buffer. In Table 2.7
there are three subcolumns under data column. ¢otatmn is the data written to
disc at the end of the sampling time, second colisnie data remaining in the
buffer at the end of the sampling time and thirtbom is the total data written to

disc after the program finishes writing remainecdhdatthe buffer.

Discontinuities (jumps) between the consecutive Raw&iies may occur as a

result of two reasons:

The first reason is to select low sample rates.example, the first (sample rate of
8000) and second rows (sample rate of 9000) inerald correspond to a buffer

size of 300000, where jumps occurred in RawE1l dsitece the sample rate is not
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high enough for the selected scanner speed, therentes jumps in the RawEl

data.

Table 2.7. Effect of Buffer Size and Sample Ratdata Sampling

Number

DATA of turns | . First_ NL_meer of
Buffer | Sample of jump in bJumps
Size Rate | written to| remainin RawE1l etween
textfile in bufferg total Sf]zér;r(;er values | RawEl
8000 115000 6853 1210Q0 0 89 539
9000 123000 14212 137000 0 4105 11
300000 10000 109000 43597 152000 18 - 0
12000 114000 71316 185000 17 - 0
15000 136000 97467 233000 18 - 0
20000 101000 209184| 310000 19 - 0
8000 116000 5853 1210Q0 0 692 11
9000 111000 26213 137000 17 - 0
200000 10000 112000 40573 152000 18 - 0
12000 110000 75338 185000 18 - 0
15000 106000 127469 233000 17 - 0
20000 89000 194000 283000 17 272957 10
8000 115000 6853 1210Q0 0 70 415
9000 111000 25157 136000 0 13223 160
100000 10000 108000 44597 152000 17 - 0
12000 107000 77250 184000 16 159008 123
15000 102000 93000 195000 14 167973 27
20000 96000 92000 188000 8 137978 50
8000 113000 8853 121000 0 12 1878
9000 123000 14213 137000 0 3930 27
50000 10000 118000 34572 152000 18 - 0
12000 109000 42000 151000 11 108983 42
15000 103000 43000 146000 7 83987 62
20000 94000 45000 139000 4 67985 71
8000 111000 10853 121000 0 2384 892
9000 114000 21000 135000 16 128983 58
30000 10000 110000 24000 134000 12 91984 42
12000 109000 21000 130000 6 62990 67
15000 100000 26000 126000 4 48993 77
20000 104000 16000 120000 2 40993 79

36



The second reason is to select low buffer size.example, a buffer size of 30000
in Table 2.7, all the rows contain jumps becaush®buffer overflowing problem.

Data in the buffer cannot be written to disc fasbuegh and after a time buffer
becomes fully loaded. Then coming data from theaeeis written on the remaining
data and the continuity of the RawE1 data is coedigind jumps in data occur. An

example for buffer overflowing can be seen from €abI8 in between fifth and

sixth rows.
Table 2.8. Buffer Overflowing

Range RawEl E2 angle Amplitude
(mm) (1-6152) (0-360°) (0-255)
4622 1712 9.5463 54
4607 1712 9.5464 56
4615 1713 9.5465 55
4607 1713 9.5466 54
4629 1714 9.5468 54
1981 2677 9.7763 84
1981 2677 9.7763 84
1988 2678 9.7765 82
1980 2678 9.7766 82
1995 2679 9.7768 84

2.4.8. Setting Callback Threshold

Callback threshold is a part of callback functisMhen the number of samples in
the library’s internal buffer exceeds the callbdicteshold, the library will call the

callback function and continuously take samplesnfrihe buffer and write these
samples to disc until all the data in the librafytgfer are over.

The data transferred from library to disc occurdliocks of samples where each
block has number of data equal to the callbackstiokl. Effect of callback
threshold on the speed of writing data to disc @ashin Table 2.9.

While acquiring data for Table 2.9, other paranset@re preset in the program.

These are scanner speed (460 degree/sec), bufker (800000 samples) and
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sampling time (15 sec). Two different sample rates selected for this test. For
both of the sample rates, as callback threshole@ses, data written to disc at the
end of the sampling time decreases because wribirdist with higher threshold
values takes more time than writing to disc with lotteeshold values.

Table 2.9. Effect of Callback Threshold on the $peeWriting Data to Disc

Sample C;]allbﬁcrd written to rerﬁg-rll—ﬁg in
Rate Thresho textfile buffer total
100 108600 43973 152500
500 112500 40071 152500
1000 108000 44572 152000
10000 3000 105000 48596 153000
5000 105000 47572 150000
10000 100000 52573 150000
15000 90000 62572 150000
20000 80000 72572 140000
100 95400 215892 311200
500 93500 217790 311000
1000 97000 214286 311000
20000 3000 96000 215289 309000
5000 90000 221291 310000
10000 90000 221290 310000
15000 75000 235003 300000
20000 80000 231291 300000

Third part of the data column in the Table 2.9silfates the “total data” written to
disc after the program finishes writing the remaimzda in the buffer. For all

callback threshold values, total data obtainedna@ly same for the same sample
rates.

Same sample rates and sampling times are usectinrew of the test, but total
data for all callback threshold values are not safoe example, for a sample rate
of 10000 and a callback threshold of 3000, 153048 & written to disc. However,
for the same sample rate and a callback thresif@®@000, 140000 data is written.

For the latter case, nearly 13000 data are notenrto disc because that test has a
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callback threshold value of 20000 and blocks cdingjsof 20000 samples are taken
from the library. 13000 data remains in the buffecause the callback threshold
value could not exceeded. Therefore keeping cdlltaeshold value so high is not
a preferred case because data blocks smaller lieacatlback threshold cannot be

read from the library.

For callback threshold, “1000” is used as the déefalue. If it is desired, it can be
changed before running the data sampling software.

Callback threshold must be less than or equal ¢oliirary’s internal data buffer
size. If the resultant buffer size is less than therent callback threshold, the

threshold will be set to zero.

2.4.9. Setting Filtering Ranges

Data filtering functions enable the programmer tecsly which samples acquired
by the library will be returned to the applicatiprogram. These functions should be
used to discard samples that are not of inteneghd program, only maximum and

minimum range readings that will be considered vatil set.

If maximum range is set, samples with more tharvtilee specified are set to zero
or discarded. If minimum range is set, samples iei$s than the value specified are
set to zero or discarded. The approximate maximange value obtained in the
previous steps can give idea in the determinatibnmaximum valid range

parameter. A value slightly more than the approxémmaaximum range value can

be set as maximum valid range.
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2.4.10. Setting Sampling Time

After setting the mirror speed and entering theie@rtscanning range to the
program, it calculates the “approximate samplimgeti. It should be noted that 1
degree of mirror turn gives 2 degrees of angle dataertical. For instance, if
mirror speed is set to 90 degree/min and enviromteelbe scanned is 60 degrees in
vertical, then the mirror should turn 30 degredser&fore approximate sampling

time will be 20 sec. This calculated value can lBdwss the sampling time.

2.4.11. Starting Sampling

After all parameters are determined in the prevsiaps, sampling can be started in
this step. These determined parameters should Iy siee library commands in the

correct order as follows:

Set azimuth encoder and elevation encoder count/rev
Set the data output format to metric units

Open output data file

Set sample rate

Set buffer size

Set callback threshold

Set the callback function

Set range offset

Set maximum and minimum valid ranges

Reset HSIF board

Clear library’s internal buffer

Set sampling time

Start continuously reading samples from HSIF

Stop continuously reading samples from HSIF

Get number of the remained data in library aftergarmg

Write the remained data in the library to file
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CHAPTER 3

DATA PROCESSING

3.1. Overview

This chapter consists of two main parts; surfacenstruction methods and data
processing programs. In the first part, basic stpshe surface reconstruction
process are explained. Then, detailed informatlmutsurface fitting methods are
given. In the second part, firstly preprocessinggpam is figured out. Then, main
processing program is handled with detailed explanaCalculating resolutions,

detecting noisy points, segmentation, triangulatgom line fitting processes are

given.

3.2. Surface Reconstruction Methods

Surface reconstruction from 3D range data coverarigty of methods. Figure 3.1
shows these methods used in the process of conyetinimaged scene into a

surface model [16].

The whole process consists of two main steps; atigumsif physical data from the

environment and processing these data with sureazmnstruction methods.
There are many technigues used in constructingaseirinodels. Each of these

techniques can be applied in combination or inotariorders. These techniques are

as follows:
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Registration and integration
Segmentation

Surface fitting

A

Mesh simplification

Segrmentation

Surface Fitting

Feqistration

Physical Data

Data Acuistion

Inte gration Mesh

Simplification

Surface Reconstruction

Figure 3.1. Process of Converting an Image Scdpeiisurface Model [16]

3.2.1 Registration and Integration

A single range view can only contain points in there that are visible to the data
acquisition device so it is necessary to merge iplaeltrange views into a single
point set to obtain a complete scene model. Thi®lwes registration and

integration

Registration is deriving and applying a transfoiiorato bring a pair of range views
into the same coordinate system. Registration ese&tdundant data which have to
be integrated to a less dense point set. Integratithe process of either removing
redundant data, that is points visible in both views averaging out common

points.

A summary of work in the registration area is givgrBesl and McKay [17], who
also present their own iterative closest point (I@Rjorithm. Most registration

techniques consist of two major components:
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1. Solving the closest point problem

2. Determining the transformation to register the data.

In the registration process, the task is to fintamsformation T, to apply to the
sourcedata P, to align it with thdestinationdata Q, such that the relatiop ¥ q
holds for any pair of pointsp( q), where pl P andgl Q. T is a rigid
transformation which consist of 3D rotation and station.

For real data, the relationpT= g cannot hold. Then the problem becomes
minimizing the expression JiT— q°. There is a need to establish a pairwise point
correspondence between P and Q. This is done bygtakpoint on P and finding
the closest point on Q. Besl and McKay [17] allow tegistration to be done on
various types of data representations includinggoisimple surfaces and implicit

surfaces and present methods for obtaining thesigmint on all of these.

3.2.2. Segmentation

The process of segmentation aims to group poingsrange image into regions of
homogeneous properties. Since these properties often surface based,
segmentation and surface fitting (described below)ctosely interrelated. Surface
fitting aims to extract geometric primitives andgsentation can group points

based on being a part of a single surface.

Segmentation can be used as a part of the sugaoastruction process, since the
segmented regions are often described in termsudéces. Also, if there are

unwanted objects in a scene, segmentation provide=aas to remove them.

Besl and Jain [18] give a summary of earlier sedgatam efforts. Segmentation of
a range data may be done on the basis that, mafgces in a scene can be

approximated by planar or quadratic surfaces aat rdmge data points exhibit a

43



local spatial or surface coherence. The segmentatiocess needs to balance the
aims of producing a minimum number of regions agfairaving a maximum degree

of coherence in each region.

Besl and Jain [18] describe their own iterative @agigrowing segmentation
method. Initially, each point in a range image asegorized according to its mean
and Gaussian curvature. The curvatures are compuatad3x3 neighborhood about
the points. These curvatures are chosen becaugeatbeanvariant to rotation and
translation of the data and that points of the saureature are likely to belong to
the same surface. A seed point in each region isechand a planar or quadratic
surface is fitted. Neighboring points are incremiytadded until the goodness of
fit of the surface is below a certain threshold. mheither the process stops or a

surface of higher order is used.
Premebida and Nunes [19] analyzed the segmentatome$s with a different kind
of algorithm. Schematic representation of a hypathe scan data is shown in

Figure 3.2 where r defines measured range andlefines the sensor angular

resolution.

Pnet ’ + Object

.’..
~ A

Figure 3.2. Schematic Representation of a HypothleEcan Data [19]
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If D(ri, r+1)>Dwg then, segments are separated, else segmentst @eparated.

Ding is the threshold condition and P(m.1) is the Euclidean distance between two

consecutive scanned points.

l(WME \/"i2 +15,- 25 1,,.cosDa 3.1)
A well known approach, uses the following threshmddition [20]:

Dy = Co + C.min{r, 1. } (3.2)

where C, =,/2(1- cosDa) = D(ri,riﬂ)/ri andCo is a constant parameter used for

noise reduction.

Based in the previous approach, Santos and fri¢htls have included a new
parameter () in the Eq. (3.2), aiming to reduce the dependefithe segmentation
with respect to the distance between the rangefiadd the objects, resulting the

threshold condition:

C,.min{r,,r.}
cot(b)[codDa /2)- sin(Da /2)

Ding =Co + (3.3)

where G and G are the same as in Eq. (3.2)

A simple method for segmentation is presented l®/[R€], where the threshold

condition is given by:

(3.4)

45



Another method, called Adaptive Breakpoint Dete¢BD) proposed by Borges

and Aldon [23] which specifies a new equation fa threshold condition as

sinDa

Dig =T, +S 3.5
ne = Sin(/ - pa) " (3.5)

where / is an auxiliary parameter argl is a residual variance to encompass the

stochastic behavior of the sequence scanned p{fa}sand the related noise

associated to,.

Premebida and Nunes [19] present the results usialgdata scanned by a laser
rangefinder sensor. In Figure 3.3, a typical sedat&m using Dietmayer’'s method
[20] is shown. Top view is segmentation result Bottom view is a snapshot of an
indoor environment. In Figure 3.4, a typical segtagon using Lee’s method [22]
in an outdoor environment is shown. The numberslenthe figures represent the
segments (Pidentified by the algorithms. In Figure 3.4, segnl is related to a
tree; segments 3, 5, 7 and 8 are related to wallistbe others are related to a

person’s legs.

Figure 3.3. Typical Segmentation Using Dietmayethdd [20]
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Figure 3.4. Typical Segmentation Using Lee Met[’#]

3.2.3. Surface Fitting

There are several ways of fitting surfaces to 3yeadata. Basic methods are as
follows:

1. Functional fitting

2. Triangulation Methods

3. Deformable Models

3.2.3.1. Functional Fitting

Functional fitting is one of the basic of all sudafitting methods. In this method,
surface representation is done by using surfacetiurs. These functions may be

either explicit functions (f(x,y) = z) or implicfunctions (f(x,y,z) = c) [16].

In this method, obtained point data is not useeatly; it is just reduced to a
functional description and this function is matthe existing physical models. In
order to do this operation, segmentation is necg$saeach object and this brings
the problem of time loss during mathematical openst Also, this method cannot

fit surfaces for objects with sharp edges correctly
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Surface fitting in explicit form often uses splimechniques, where the data is
sparse. The explicit form is usually not as usefsiithe implicit form in fitting

surfaces to range data.

Simple shapes such as planes, cylinders and spfadirésto the class of implicit
functions, as well as quadratic and conic surfa&msne of the basic quadratic

surfaces are shown in Figure 3.5.

Sphere Cylinder Ellipsoid
Paraboloid Hyperboloid Hyperbolic paraboloid

Figure 3.5. Basic Quadratic Surfaces

The equation of a quadratic surface (second degtbedahree variables) is;

f(X, Y, 2) = SIX°+S0y g2 + 25 XY+ 28 XZ+253y 2+ 25X+ 28y +2SigZ+Sua+ € = 0
(3.6)

In the above function [24], “e” is the error andedsin determination of the
coefficients. Given a set of N range data point8, £ (X, Vi, Z)}, where

il 1,2,3,...N, the coefficients of the above equatian be obtained by using least
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squares method. In this method, sum of the squareds is minimized. To find the
minimum value, partial derivatives according to tumstants are taken and set to

zero. The sum of the squared error function is:

2

€ =[S0+ +S57 +SXY, +SXZ +S0YiZ + SX + S, + SiZ +Su)
i=1 i=1
3.7)

To avoid a trivial solution (= = S3= Si2= SiI= 937 = S= Si3= 914=0), the
above equation can be normalized. There are mdfeyatit normalizations and the
comparisons of these normalization in the litemtR5]. Here, instead of
normalization, to avoid a trivial solution and tceadease the number of
undetermined coefficients, the above equation earhanged. It is assumed that
the whole equation is divided into one of the coeghts, lets sayss Although the
other coefficients also change by this divisior;, $ake of simplicity, names of

these coefficients are not changed and contintieetonethod with the same names.

n n ’
€= (600 + S0 + 57 ¥ S0V, +SXE TS B X ¥ SoY, + 8,7 +Su)

i=1 i=1

(3.8)

Partial derivative according t@;s

1 €&
s =2 )§2 (S_Ll)gz + Szzyi2 + %3Zi2 +SLXY TS3XZ +S3Y,Z +X +S,Y, +5,52 + S44) =0
1
(3.9)
S; X *S, XY ts, XZ'+s, XY +S, XzZ+s, Xyz+
S XYitSs Xzt+s, X=X
(3.10)
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After partial derivatives of other parameters akeh as 5, 9 equations with 9
unknown coefficients are obtained. These coeffisieare solved by a matrix

operation:

X X% X7 Xy Xz X%z Xy Xz X

X Y Y27 XY %Yz vz Y ¥z ¥ s, %Y
X2 7 74 xyZ %7 yZ Y% 7 7 s, X7
XN oxY  xyZ XY Xyz %%z XY XyZ X% s, XV
Xz x¥z xZ Xz X7 X¥Z X%%Z X7 X% .S.= X3
XYz Yz NF X7z X%Z XZ Y7 %7 Y7 Ss XY3
XYy, ¥ %2 X% XYz ¥z ¥ %72 Y S, XY
Xz ¥z AN ' S ¢ ' S % 7  z s;s %3
X ¥ Z XY X%z ¥z Y z N s, %

(3.11)
The above operation can be summarized as follows:
[A{S}={C} (3.12)
In order to find {S} ,inverse of [A] must be takamd multiplied by {C}:
{S}=[A] {C} (3.13)

After getting 9 coefficients, the quadratic functies obtained and matched to
existing models. The equations of the basic quadmirfaces are shown in
Table3.1.
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Table 3.1 Quadratic Models and Their Functions

MODEL FUNCTION
Sphere X2 +y?+ 2722 =r?
2 2
Cylinder X_2+g_=1
a
2 2 2
Ellipsoid X_2+;’_+Z_:1
a C
2 2 2
Cone X_z + ;'_ - Z_z
a c
2 2
Paraboloid X 4 % _Z
a c
2 2 2
Hyperboloid of one sheef % + % - % =1
Xy z
Hyperbolic paraboloid - ==
a- b c

3.2.3.2. Triangulation Methods

In triangulation methods, triangular meshes areaiobtl directly from the data.
These are purely interpolation methods and do ppraximate the data. These
methods are suitable where the noise in the dataadl.

Triangulation methods can be divided into two maamts; direct triangulation and
Delaunay triangulation.

3.2.3.2.1. Direct Triangulation

Surface reconstruction with direct triangulation theel is presented by C.

Oblonsek and N. Guid [26]. In this method, a newt filaree stage procedure for
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object reconstruction from 3D scattered points liespnted. The procedure is

divided into the following steps:

1. Triangulation of the scattered point set
2. Feature extraction

3. Improving the triangular mesh

The triangulation algorithm is based on an adagtegdrithm for 2D Delaunay

triangulation presented in [27] and later modified[28]. In order to obtain the

n

correct triangulation of the scattered point St{p}.,, the conditions given

below must be satisfied:

The maximal distance between each pomi S and the closest point
p;,j* i hasto be smaller than half the radius of the makicurvature at
point p,.

The point set must be isotropic, i.e., a coupl& dbsest points tgp, must
be on both sides of each normal plane thraeagth pointp T S.

No point on the opposite side of the object wittarel to pointp, I S must

be in thek-neighborhood of poinp. .

The upper three conditions for the point set muset datisfied, otherwise
triangulation procedure may fail to produce a prop®ngulation of the object

surface.

Figure 3.6 shows two point sets obtained by scanairshoe; a good point set in
Figure 3.6.b, a bad point set in Figure 3.6.a andaagular mesh (Figure 3.6.c)
obtained from the good point set [26]. The poiritisd-igure 3.6.a does not fulfill

the conditions so the triangulation algorithm faifshere are too many points on a

cross section, then allclosest points are also on that cross sectionigar€ 3.6.b
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there are not too many points on a cross sectipthabcase is better. After all, the

triangular mesh (Figure3.6.c) is produced usinggthed point set.

Figure 3.6. Bad and Good Point Sets and the Tuiand/lesh [26]

The triangulation algorithm consists of the follogithree steps:

1. Calculation of the-neighborhood for each poimt T S

2. Initialization of triangulation

3. Adding triangles into the triangulation

To calculate thek-neighborhood for each point; firstly, a boundingxbof the
scattered point set is calculated. Then, the dizecell and the resolution of a space
partitioning box is computed. All cells inside tiose ones intersecting the sphere

with radiusd, +s/2 (s = size of a cell) and with the center at ppjrare searched.

At the start, the radius is set to be infinite @then updated during the search. The
search begins with the cell containing pointlp each step, all adjacent cells that
are inside or intersect the bounding sphere arenpan order, so that they can be
inspected later. When all cells inside or thosesomersecting the sphere are

visited, all indices ok closest points are found.
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In the initialization of triangulation step, poipts: with the maximunz-coordinate
is chosen because, at this point, the surface nameator pointing outside an object
is oriented in thez-direction. This selection helps the algorithm Hate orient
properly normal vectors of approximate tangent @éarmhen, the closest point to
point pirst, denoted with Rconais found. These two points are used to creatéirste

edge in triangulation.

In the last step, all pointg, 1 S are added one after the other into triangulatiat. L
€currnxt = (Peurr ; Prxt ), Where nxt = nextr, be the current edge in the triangulation

border. The third pointp, that together with pointscp and px forms a new

triangle, must be found.

The triangle is added into triangulation in onetlué following three cases (Figure
3.7.):

Figure 3.7. Adding Triangles into Triangulation [26

This procedure is performed iteratively for edgestioe border of triangulation,
until all points are in triangulation and the barde empty (for closed surfaces).
Figure 3.8.a displays 1500 scattered points onrfaceiof a sphere, while, in Figure
3.8.b, the triangulation obtained by the describ@ghgulation algorithm is seen
[26].
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Figure 3.8. Scattered Points and Triangulation $phere [26]

In Figure 3.9, 2200 scattered points on a surface glass and the obtained
triangulation is displayed [26].

\ ‘“v WVM/,I,{;, /

\\\ 1 Y‘V‘V"///M/.
< \\\“ l
“\“\“\'W

/n’y,r{“ﬂik\
N/

. ////iﬁflr/ragmﬁi‘
rmmm‘s‘

VA

Figure 3.9. Scattered Points and Triangulation Gfass [26]

Second step in direct triangulation is feature aotion. In this step, both view-
independent (sharp edges and corners) and viewidepe features (silhouette
polylines) of the reconstructed objects are deted@mly view-independent features

are used in the phase of triangular mesh fairing.
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The edge swapping procedure described in [29]psiegpas a preprocessing step. It
corrects some unwanted deviations of triangulatiégure 3.10) and simply checks
both possible diagonals of concave quads (buithft@o triangles). Then it chooses
the one that minimizes the maximal angle betweenntbrmals of both triangles.

This procedure improves significantly the triangiala around sharp edges.

wrong triangulated sharp edge
Aarcas -
| B 5]
ey | e v )
iy S

1 .-\;. _- _'.E,' ¥
edge swapping

Figure 3.10. Edge Swapping Procedure [26]

After applying the edge swapping procedure asegrpcessing step, sharp edges

can be extracted. For sharp edge detection, tleiiolg condition is used:

Let e, =(p,,P,) be an edge in triangulation with two adjacent nigias
D(p,, p,, P.) and D(p,, p,, py ) with normals n and n. Edgee,, is then marked
as sharp if the angle between normalamd n is greater than 0.5 radians.

A corner is then simply defined as a point on tindase where three or more sharp
edges meet. In the last step of the procedurepstdges and corners are used as

constraints for mesh decimation and mesh refinemededures.
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Figure 3.11 displays the triangulation and wirexfeamodel of an object similar to
a screw [26]. In the wire-frame model, bold anahtlimes denote visible silhouette

polylines and sharp edges, respectively.

Last step of the reconstruction procedure is imipig¥he triangular mesh. In this
step, a number of triangles in triangulation auced in flat regions or increased
in curved regions. Since the condition that thetsoad point set must be isotropic
is respected, the density of the set in flat regjigrgreater than necessary for quality
presentation (but not for the triangulation procejluMoreover, the density of the
scattered point set in flat regions is increasedmie object is thin (owing to the
third condition for a scattered point set). Therefonany unnecessary triangles can
be eliminated there. However, in curved regions,dansity of the object triangular

mesh is often not sufficient for quality rendering.

Two procedures, mesh decimation and mesh refinemeant be used combined or

separately, depending on the specific application.

In the mesh decimation procedure, the number angles in flat regions are
reduced, so that the surface approximation quaitgot decreased significantly.
For this purpose, the decimation algorithm descrime Schroeder [30] is modified.
Each vertex in triangulation is checked by the méthFirst, it is classified as a
simple vertex, a vertex lying on a sharp edge, coraer. The vertex classified as a
simple one or a vertex lying on a sharp edge iaraidate for removal. A simple
vertex is removed if the distance between the xeatal the average plane is below
some threshold, which is set by the user (Figut2.8). Similarly, a vertex lying on
a sharp edge is eliminated if the distance betwleewertex and the line connecting
two incident points on a sharp edge is below aes@ifugure 3.12.b). When a vertex
is removed, all triangles which include it are agdioninated from triangulation as
well. The created gap is filled with 2D constrairtéddngulation. For this purpose,
all vertices on the loop that encircles the gappmgected on the average plane.

The projected loop is then filled with triangles diyiding recursively the loop into
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two smaller ones. The recursion is stopped whemtimeber of vertices in one loop
is equal to three.

average .
“plane

Figure 3.12. Test for Removal of a Candidate Vef2&}

In Figure 3.13, the number of triangles in flatioey on the glass mesh is reduced
from 4400 to 1800 [26].
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Figure 3.13. Decimated Triangular Mesh of a Gl2&§ [

In the mesh refinement procedure, the number ahdgites in more curved areas are
increased. For each triangB(p;, p;, p,) in triangulation, a test is made if the
triangle should be divided into four or even siktiangles. In each triangle corner,
the normal is calculated by averaging all incideiaingle normals (except those that

are separated with a sharp edge). Let these nobeats n ; and i . The triangle
is divided if the condition is satisfied,
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‘(ni B ni), (nk - N )‘ > dthreshold (3.14)

where @heshold IS @ user-specified parameter that controls thesitde of

triangulation. To split the triangle into four stiahgles D(p,,r,r, ) D(r, p;.r;),
D(r;, py.r) and D(r,r;,r,), new verticesir, I, and k must be calculated (Figure
3.14.a). If it is desired to split the triangle dnsix subtrianglesD(p,,r;,q ,)
D(r, p;,9), D(p;.r;,a9), D(rj,p.ad), B(py.",a) and D(r,, p,,d), an additional
point gmust be inserted (Figure 3.14.b). The decision whesplit a triangle into

four or six subtriangles can be made upon the owtcof the test (e.g., how much
the absolute value of the vector product in Eq4Bédxceeds the threshold). The
described division is used only when all three eelp triangles are split as well and
when no triangle edge is in the sharp edge lishefdtise, some subtriangles and
additional points are omitted (Figure 3.14.c arguFé 3.15.d) [26].

Figure 3.14Mesh Refinement Procedure [26]

Figure 3.15.a displays a magnified detail of thaioal triangular mesh of the
reconstructed glass. Figure 3.15.b presents the gpam of the mesh refined by the
four-subtriangle division procedure [26]. It can bpotted that the silhouette
polylines are smoothed as well.
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3.2.3.2.2. Delaunay Triangulation

The Delaunay triangulation is the dual structuretlué Voronoi diagram. The
Voronoi cell of a point separates it from its ndighr points. The edges of the
Voronoi cells are the bisectors of the connectioe lsegments of a point to its

neighbour points. [31].

If Voronoi cells are neighbours to each other, thgrronnecting the points of these
cells, Delaunay triangulations are obtained [32Figure 3.16 and Figure 3.17,

Voronoi diagrams and their Delaunay triangulatiares shown.

Figure 3.16. Voronoi Diagram and its Delaunay Tgiadation [31]
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Figure 3.17. Voronoi Diagram and Delaunay Triangafaof a Point Set [32]

The definition of Voronoi diagrams and Delaunayanigulation in 3D space is
straight forward [33]. Instead of triangles, theme tetrahedrals, besides Voronoi
edges there are Voronoi faces and the empty cpeerty translates in empty

sphere property.

Some basic properties of the Delaunay trianguladi@ as follows:

The number of triangles in the Delaunay triangolatis at most (2N-5),
where N is the number of vertices in the triangatat

The circumcircle (circumsphere) of every triangtetrahedron) does not
contain any other points of the triangulation.

Each line segment that connects a point to itses¢areighbour point is an
edge of a triangle.

The Delaunay triangulation maximizes the minimumglanover all
triangulations. (This property is related with thaximum-minimum criteria

which is explained in the following pages)

There are two criteria which constitute the basithe Delaunay triangulation. First

one is the circumcircle criteria, second is the imaxn-minimum criteria[31].
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The circumcircle (circumsphere) of each Delaunagntle (tetrahedron) cannot
contain any points of the triangulation. If four mrore points are on the same

circumcircle (circumsphere), this will be an exdepal case.

While determining the third point of a triangle,ist checked whether any other
points lie in the circumcircle of these three psirf so, then the point lying in the
circumcircle is a candidate for the third pointtloé triangle. This operation (Figure

3.18) is repeated until the circumcircle of thangle has no points lie in it [31].

To check the circumcircle criteria, r (radius oktkircle) is compared with d
(distance between a point to the centér). < r, then point E lies in the circle and it

is the third corner of the triangle.

B

Figure 3.18. Circumcircle Criteria Check [31]

The second criteria which constitute the basishaf Delaunay triangulation is
maximum-minimum criteria. In the maximum-minimuniteria [34], the diagonal
of each convex quadrangle should be selected digrefu is desired for the
triangles created by the diagonal to be nearly lagual. This is done by edge

flipping process. In Figure 3.19, edge flippindasically shown.

62



Figure 3.19. Edge Flipping Process

There are two possible diagonals for each convedig@ngle. The one which will
create better triangles should be selected. Eqgeasgllegal and p is legal if the

below condition is satisfied.

mina, <min a, (1 £i£6) (3.15)

Shortly, in order to obtain an optimal triangulati@ngles of the two triangles are
compared and the triangle that maximizes the mimnangle is selected.

3.2.3.3. Deformable Models

Another mesh generation method from 3D point cl@dreating an initial mesh
and deforming it to match the range data. Shrinkpped boundary face (SWBF)
algorithm [35] produces the final surface by itamly shrinking the initial mesh

generated from the definition of the boundary faces

Originally, the shrink-wrapping-based mesh generatechnique was proposed by
Kobbelt [36]. He introduced a deformable surfackesse for converting a given
unstructured triangle mesh into one having subidimisonnectivitybased on a

simulation of the shrink wrapping process.

Recently, Jeong [37] extended the shrink-wrappingcept to produce a mesh

model from unorganized points. For a given 3D poloud, a bounding box dfl,
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which consists of 12 triangles (two triangles packeface of a bounding box) is
computed (Figure 3.20.a). Then the box is lineadlgdivided up to a user-defined
level; i.e., each triangle is divided into four sidngles and new vertices are placed
at the middle of each edge. To simulate a shrirkpping processprojection
(shrinking) and smoothingoperations are applied repeatedly to metamorptizse
initial mesh into one similar to the surface of tmginal object. Since the initial
mesh is always a box shape, the reconstructed msesdstricted. This method
cannot be applied to objects containing holes sasch ring. Furthermore, for each
vertex of the initial mesh, this method has to find nearest point from all of the

input points during the shrinking process, whickiesy time consuming.

(a) (b) (c) (d) (e)
Figure 3.20. The Initial Bounding Box and Shrinkafdping Process [37]

The major difference in shrink-wrapped boundaryefdSWBF) algorithm [35]

from the method of Jeong [37], is the shape ofinit&al mesh. Instead of using the
six faces of a bounding box, cell boundary facesumsed as the initial mesh. This
idea enables to overcome the restriction of thevipus methods [35], [36] and
considerably improves the computational time efficy of generating a surface

mesh.

Let Oea be a real world object an®={p;, p, ....p} be a point cloud sampled
from Orea and also no connectivity information between pomt py, ..., iS given.
SWBF generatin!” (polygonal mesh) from an unorganized point cl®idcludes

the following four major stages:
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Partitioning the 3D space into a set of cubes
Defining a boundary face and generating an initiakh
Shrinking

Surface smoothing

A

3.2.3.3.1. Partitioning of the 3D Space into a Set of Cubes

Firstly, a bounding boBp of P is estimated. Then, from the bounding boxPpf
cell and cell space are defined. The cell sg&s¢ is a dissection oBp by three
orthogonal sets of equally spaced parallel plakash cube, a component of the

cell space, is called a cell and is denotea byc(i, j, k).

The size of each cell, or the resolution of thé s;ghce, should be carefully selected
according to the density &f . If the resolution is too low (compared with gheint
sampling density), the resulting mesh becomes eoargl cannot represent the
detailed topology of the object. If it is too highere may be some unwanted holes
in the resulting surface mesh. But its precise e/aginot very crucial compared

with the previous method of [37].

3.2.3.3.2. Generating the Initial Mesh

The cells inCp can be divided into two groups. Theundary cell( ¢, ), which
contains one or more physical 3D pointsPond theouter cell( ¢, ) which does
not contain any 3D points &%

The neighbors of cett are assumed to be cells which are adjacent to ot six

faces ofc and are denoted a¥c). The termO(1)-adjacencyfor this kind of

neighbour definition can be used.
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For boundary cell, six faces exist in the direciai the O(1)-adjacent neighbour
cells. A face ofc, is defined to be doundary face(yf) if the adjacent cell is an

outer one. Otherwise, the face is defined to bimaer face (if).

A boundary face can be interpreted as a simpleoappation of the actual object
surface, which is contained in the correspondingnblary cell. Consequently, the

initial meshdenoted as' is defined to be the set of boundary faces as

M'={" fb(cb)|ch Ce (3.16)

The initial mestM' in this method is a crude approximation of the aefofP for

further processing, but it usually preserves tipplmgy of the original object unless
the hole in object surface is too small compareth whe resolution of the cell
space. The crude surface is then iteratively metghosed into the original surface

by shrinking and smoothing operations.

PP P B Measured 3D point
. B L T
pelol el I,; | ‘_'*f s Vertex of initial mesh
L ¥ A '...-f'
E % SR D Boundary face
e peepRTe sy Boundary cell
. e ,I-l-‘-j} A
s g S S R Outer cell
b aaah bs ale a

Boundary cell
with boundary face

(a)

—
O
—

Figure 3.21. Conceptual lllustrations of the Deionis in [35]

3.2.3.3.3. Shrinking

Shrinking is applying an attracting force to ead@nt®x. The attraction force of a
vertex is a vector between the initial médhand the given point clouB. In the

method of Jeong [37], for each vertex of the bounding box, the nearest points is
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searched in the whole 3D point cloud. However, WBF algorithm this search
step differs. For a verteg; of M', there is a boundary ced) containing it. The
nearest 3D point i minimizing the Euclidean distance frognto that point is
searched. Unlike in the method of [37] requiringl@abal search for optimal results,
shrinking in SWBF can be done in a local manneslitain a similar result. Since
the nearest pointear should always be inside @f or inside of theO(3)-adjacent
neighbors ofcy, it is sufficient to search for only the 3D poimtside a total of 27
cells for the nearest one from a mesh vertex. gieatly saves the processing time

for the shrinking process.

After finding pnear the attracting force pushgstowardsppearas

G- q +a{ Prear - CIi} (3-17)

The weight (0.0 to 1.0) determines the amount of the attrgdiimce. Since there
is a possibility of sharing the same point by mibv@ two mesh vertices, the full
attraction force ( =1) may meet these vertices at the same positiasircg a non-
manifold region in the surface. To avoid this pesh|] a value less than 1.0;

experimentally chosen 0.5 should be assigned {86].

3.2.3.3.4. Surface Smoothing

Smoothing is relaxing the shrink-wrapped surfacedchieving a uniform vertex

sampling, and the method used in [37] is also use®WBF algorithm. An

approximation of Laplacian as in [38] is employed; this is the average veofor

1-neighbor edge vectors of a given vertex, andagplication usually results in

shrinkage. Thus, the tangential component (Figure 3.22.a) of , which is

perpendicular to the vertex normal is taken.
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The final tangential Laplacian; of a given vertex; and an iterative smoothing

equation are as follows:

)= ()-( (v)-n)n (3.18)
M=M+/ (3.19)

In Eq.(3.19), is the speed parameter that controls the conveegepeed of the
smoothing operation. If a small value foris applied (=0.5 in Figure 3.22.b), a
detailed result can be obtained but there are \Wa@nkince several vertices may
share the same position induced by the strong @rojeforce. Also, a uniformly
sampled mesh cannot be obtained . If a large Value is used (=0.8 in Figure
3.22.c), an opposite result is obtained becausthefstrong relaxation force; no
wrinkles exist and a uniformly sampled mesh is letd, but also the shrink-
wrapping procedure might fail to capture detailegions. Hence, finding the
appropriate speed parameter is important. In tiperxents, =0.8 is found to be a
reasonable starting choice[37].

Tangential direction
L =

== ! vertex normal direction -.-J': :
(a) (b)

Figure 3.22. Tangential Laplacian and the Compare&ddShrink-Wrapping with
Different Speed Parameters [37]
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Figure 3.23 illustrates the difference between SW&3} and the method proposed
by Jeong [37] for a ring data containing a holdéhea surface. The initial mesh in
SWBF (Figure 3.23.e) envelops all of the originBl Boints in Figure 3.23.a. As
shown in the resulting mesh (Figure 3.23.9), feerations of the shrink-wrapping
process would be sufficient in SWBF for generaksa8ut as Figure 3.23.d shows,
it is still not enough in [37] because the shapthefinitial mesh (Figure 3.23.b), is

far from the real object.

a) Input point cloud

;/66

) Initial mesh in [4]  (c) After 4 iterations  (d) Resulting mesh

(e) Initial mesh in SWBF () After 4 iterations ~ {g) Resulting mesh

Figure 3.23. Difference between SWBF Method[35] dadng’'s Method [37]

Figure 3.24 shows the reconstruction results ferGeneratiata [35]. SWBF works
well for generating a mesh even with only three occurrenédle shrinking and

smoothing process. Table 3.2 summarizes the racmtish results. The overall
processing time was less than 60 seconds on auRe@tD MHz PC. Since SWBF
searches only O(3)-adjacent neighbors in findirgrtbarespoints, it is much faster

than previous works [37], [39].
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{a) Input point cloud

{b) Result (mesh)

(c) Result (shading)

Figure 3.24. Reconstruction Result for the Genedh [35]

Table 3.2. Reconstruction Summary for the Gerdaitd [35]

Input point cloud Number of 3D points 1,658,574

Maximum resolution Y:200

Cell space Number of boundary cells 96,164
Avell'agwe number of points 17.2473

m a boundary cell
Number of vertices 198,267
Reconstructed mesh :

Number of triangular faces 398,784
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3.3. Data Processing Programs

In the data processing step, there are two prograhish are both compiled in
Microsoft Visual Basic 6.0. First one is a prepregiag program which makes

obtained sensor data ready for the main procegsogam.

Basic steps of the preprocessing program are lasvil

1. Checking whether there are discontinuities (junijEtjveen the consecutive
RawE1 values.

2. Determining repetitions for the same RawE1 valuestaking the averages
of range, angle2 and amplitude values for thatRawalue.

3. Converting polar coordinates into cartesian co@s.

Basic steps of the main processing program arellasvs:

Calculating Resolutions
Detecting Noisy Points
Segmentation

Triangulation

o M w NP

Line Fitting to Objects

3.3.1 Preprocessing Program

The preprocessing program firstly reads calibratedje data in mm, raw count (1-
6152) (encoder 1), angle (0-360°) (encoder 2) agbas amplitude (0-255) values
from the texfile which is created by the data asifjioin step.

After reading data, it is checked whether therejangps between the consecutive
RawE1l values. If the Eq. (3.20) is satisfied, thegre are not any jumps between

the consecutive RawE1 values.
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RawE1(k + 1) - RawE1(k) 1 (3.20)

=, DATA PROCESSING g@@
v 7] [CallbackTest 05.06.2006 - 45 2 degree A | Open DATA taken from the sensor :
SelectFile | |CallbackTest 05.06.2008 - 45 3 degree-— | Selected DATA after deleting rawE1=0 -
. 2| | CallbackTest 05.06.2006 - 45 degree t File
CallbackTest 05.06 2006 - 60 degrae tv DATA after deleting repeated rawE1 values:

Total tour number :
Total tour data :

Jumps :

START DATA PROCESSING Vertical scanned range - degree
Number of data in each tour [Jumps In Data Repeated raw(E 1) values Data with amplitude<50

umlkel]  rawlk) i)

Figure 3.25. Screenshot of the Data Preprocessogydm

Then, repetitions for the same RawE1l values arermgted. Table 3.3 shows a

sample data which has repetitions for two or thirees.

Table 3.3. Data Taken from the sensor

RawEl Range (mm) dangle) amplitude
1 279.853 0.000255924 23
1 275.338 0.000341232 24
1 262.107 0.000511848 24
2 268.722 0.000597156 24
2 255.491 0.000682464 24
3 266.603 0.000767772 23
3 268.722 0.000853081 24
3 266.603 0.000938389 23
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Table 3.4 shows the average range, angle2 and tadwldata for the repeated

RawE1 values.

Table 3.4. Data after Taking Averages

average RawE1l

average range average Q average amplitude
1 272.432 0.000369668 23.666

2 262.106 0.000639810 24

3 267.309 0.000853080 23.333

After passing the previous steps without any juinphie RawE1 values and taking

averages of the repeated values for each RawE1l,afioata is converted from

polar coordinates into cartesian coordinates. Télev equations are used for the

conversion:

Q, =rawEL

360

6152

ccx=rangecosQ,.cosQ,

ccy=rangesinQ,

ccz=rangecosQ, .sinQ,

y
A

range.sinQ: ¢ _

b

| range.cosQaiu.cosQq

range.cosQ2.sinQ;

0 |

z

e
' X

range.cosQ:

Figure 3.26. Converting Polar Coordinates into CarteS@ordinates
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As the final step of the preprocessing program, eacah With order number,
cartesian coordinates and amplitude are written to a teftfilthe main processing

program to use.

3.3.2. Main Processing Program

Main processing program calculates resolutions in bot&, vertical and diagonal

directions, detects noisy point, segments objects, creatsbes and fits lines to

< ongun CEX
Fle View Format Help
Surface type | Positions —~Move Zoom Rotate about axis Tour huundanes Hor. stepsize

x:[ 33 = 1 [1 [ 100 RESTART
I Point <E] A Bl 5= Bl ¥ B 10 VIEW
[ Noisypoint | ¥/ 341 X|  *X| Min-Max Amplitude

’7 = 28 158 constants Point information

¥ Mesh 0 adfiy = h[ o

I~ Shade

V[ 2 415w number
.

RESOLUTIONS—  » oblectno:] 1 EE EE
tour hor. vert. diag fit line:

1128 73 147
2 128 74 148 I point
3 128 76 149

DETECT
noisy points |/

detect edges in _—
umm v =
Lnnp detect Edge
I~ Mesh Object2

TEleE

v | mesh

Obled Detectio;

m
-

Figure 3.27. Screenshot of the Data Processing Program

3.3.2.1. Calculating Resolutions

Calculation of the resolutions in horizontal, vertical araydnal directions is very
important for the triangulation step because theseesaduwe directly used in the

determination of the threshold values in triangulatiep st
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First step is to calculate horizontal resolution. For eaah tain average range value
is calculated by dividing the sum of the range values inttha to the total points
in one tour(6152).

In the Eq. (3.24)i designates tour number andiesignates the order of the encoder

pulse in that tour number.

6152

rang€(i, j)

Average range (i ¥-= 6152
V4

(3.25)

Azimuth encoder gives 6152 pulses in each turn so the agigledn two pulses is:

_ 360
6152

(3.26)

Finally, horizontal resolution is calculated by cosineotiem:

Horizontal resolution( i )/(2.(averagerar_;e(i))2 - 2.(averagerage(i))2.cos@))
(3.27)

average range (i)

/ horizantal resolution (i )

Figure 3.28. Horizontal Resolution Calculation

After horizontal resolution, vertical and diagonal redohg are calculated. Vertical
resolution is calculated by dividing the sum of the atises between two
consecutive vertical points (point(i,j) & point(i+1,j}p the total points in one
tour(6152).
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" (poin(. - poim(+1.)

Vertical resolution (i F-— 615 (3.28)
Z

Diagonal resolution (i) =\/(Horizontaresolutiorf(i) +Verticalreso|utior12(i))

(3.29)

3.3.2.2. Detecting Noisy Points

Noisy points generally occur between objects which have ditfessmge values.
Laser light may focus on two or more different pointsle/trying to measure the
edges of objects. In these cases, an average range valuatfaredisurement is
calculated. This situation is shown in Figure 3.29.oMject is placed in front of a
wall and the medium is scanned with the laser sensor. \fioiets in the figure

show noisy data.

Figure 3.29. Noisy Points between an Object and Wall
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The main factor in the existence of noisy points is #mnge difference so, in order
to detect noisy points, range values of obtained data an@ared. This case is
shown in Figure 3.30.

(i+1, j-1) (i+1, j) (i+1, j+1)

(i, i+1)

(-1, j+1)

Laser

Figure 3.30 Range Values of Sampled Data
If one of the below conditions is satisfied, then fointj ) is said to be a noisy
point. Condition 1 checks the range difference betweentgaom horizontal

direction and condition 2 checks the range difference betwegs in vertical

direction.

Condition 1:

range (i,j)-range (i,j+1) > threshold(i) & range @nge (i,j-1) > threshold(i)
(3.30)
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Condition 2:

range (i,j)-range (i+1,)) > threshold(i) & range (@nge (i-1,)) > threshold(i)
(3.31)

In the above conditions, determination of the threskwlgery important. For each
tour, a different threshold value is determined because naaiges increase as the
tour numbers increase. Each tour's threshold value isaliegd to vertical
resolution in that tour which was calculated before. Ma#ason for this
equalization is that; during triangulation, it is dedirfor the triangles to be nearly
equilateral. After setting mirror speed and obtainingadatthe data acquisition
section, vertical resolution in the image cannot be changead srder to obtain
nearly equilateral triangles, range differences betweenirda pod its neighbour
points should be close to vertical resolution. As expldim condition 1 and
condition 2, if the range difference between a point anché@ighbour points in
either horizontal or vertical direction is greater thantizak resolution, then that
point cannot be included in the triangulation algoritand is said to be a noisy

point.

3.3.2.3. Segmentation

As explained in the previous section, most important @itefrthe segmentation is
the determination of the threshold value. If the distametween two consecutive

scanned points is greater than the threshold, then segmestgparated.

There are many different threshold conditions in the liteeatiietmayer et al.[20]
used the condition in Eq. (3.2), Santos et al. [21] dukedcondition in Eq. (3.3),
Lee [22] used the condition in (3.4) and Borges and A[@&h used the condition
in Eq. (3.5). None of the above conditions are suitidsli¢he segmentation process
in the thesis so a constant value is selected as the tliresimalition.
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3.3.2.4. Triangulation

After the data acquisition step, obtained data is ntthénform of point cloud like
other surface fitting methods. Number of data in eachandrnumber of tours are
known so arrays are created for each point. Arrays are ifothreof point( i, j)
wherei designates the tour number apdesignates the order of the encoder pulse
in that tour number. This situation brings a very am@nt advantage to the
triangulation algorithm; there is no need to search fon#ighbour points because

arrays give that information. Triangulation process isflyrishown in Figure 3.31.

(1+1, j+stepsize )

(i.3) —@(i.]jtstepsize)

Figure 3.31. Triangulation Process Used in the Thesis

Point (i,j) is connected with its neighbour points imibontal (point(i , j+stepsize))

and diagonal (point (i+1 , j+stepsize)) and point{istepsize) is connected with its
neighbour point in vertical (point (i+1 , j+stepsizeptepsize is the interval of
points in horizontal when output image is shown. For gxtarifia stepsize of 100 is
selected by the user, then in each tour only 61 poirgisasn as the output image

because there are totally 6152 points in each tour.

The meshing process of neighbour points is done acgpialia condition; distance
between two consecutive points in horizontal (distanocadt}jcal (distancev) and
diagonal (distanced) are compared with threshold valuedistdinces are smaller
than threshold values, then meshes are created. Thresleédsided in three

directions are as follows:
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Horizontal threshold shorresoluton(i). range(i) —.horconst (3.32)
averagerage(i)

rangdi)

— .verconst (3.33)
averagerage(i)

Vertical threshold =verresoluion(i).

range(i) diaconst (3.34)

Diagonal threshold =iaresoluton(i). .
averagerage(i)

In Eq.(3.32), horresolution (i) is the horizontal flesion for the 1" tour, range(i,j) is
the range value of the point which triangulation is starée@ragerange(i) is the
average range value of all points in thedur and verconst is a constant value for

the equation.

Fraction part in the threshold equations ( range(i) /agarange(i)) is useful for
closer objects to have a smaller threshold value and datgtts to have a higher
threshold value because distances between points in threeodisegéits higher for

the distant objects and smaller for the closer objects.

As the constants in the threshold equations are increasating meshes between
far away points becomes easier. Some different cases for@eletcthe constants

are shown in Figures [3.32-3.36]

In Figure 3.32, all constants are equal to 1 so there effaot of constants in the
threshold equations. In other figures, just one congastianged and other two are
kept constant in order to see the effect of the changestard. Horizontal constant
is increased into 1.5 (Figure 3.33), vertical constanhdseased into 1.2 (Figure
3.34) and diagonal constant is increased into 1.5 (Eigu85). As a final case all

three constants are increased at the same time (Figuje 3.36
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Figure 3.32. Output Image

(Horizontal Const: 1, Vertical Const: 1, Diagonal Cof3t:

[ ]

W
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A

Figure 3.33. Output Image
(Horizontal Const: 1.5, Vertical Const: 1, Diagonal €torl)
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Figure 3.34. Output Image
(Horizontal Const: 1, Vertical Const: 1.2, Diagonal €torl)
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Figure 3.35. Output Image

(Horizontal const: 1, Vertical Const: 1, Diagonal Codsh)
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Figure 3.36. Output Image
(Horizontal Const: 1.5, Vertical Const: 1.2, Diagonah€t: 1.5)

Advantages of the triangulation method used in the thagdsnst other surface

fitting methods:

1. Unlike functional fitting, obtained data is used directlg; approximation to
the data is applied in order to match with an existingsiglal model. Also,
surfaces for objects with sharp edges can be fit.

2. There is no need to satisfy any condition as in the direagulation
method and to search for nearest points for each point.

3. Obtained triangles are nearly equilateral and do not coatgirother points
in the circumcircle of triangles so there is no need to kcliec the two
criteria which constitute the basis of Delaunay triangoati

4. Unlike deformable models, triangulation algorithm is ginaiforward, it
does not contain so many steps like partitioning thesg&re into a set of

cubes, generating initial mesh and shrinking.
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3.3.2.5. Line Fitting

After segmentation and triangulation steps, linedherdetected objects can be fit
and the projections of the obtained points to these tiap$e taken. Then, by using
the projected points, new meshes are created for objeciectiRno process is

shown in Figure 3.37.

Laser

Figure 3.37. Projection of the Scanned Points to thkikét
The basic steps of the projection process are explagled/b

Equation of a line is:
z=a,+ax (3.35)

From least squares technique, the coefficients of the djnatien are:

_n (xz) % 3
nox- (0 x)

(3.36)
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(3.37)

Equation of a plane is:
Xx+by+cz=d (3.38)

If this plane passes through y-axis (sensor) goairat (%,y1,21), then new plane
equation is:
x-27=0 (3.39)
A

The intersection point £y,,2;) of the plane and the line is:

x, =0 (3.40)
_z &
2, =4 % (3.41)
X

Point (%,Y2,2,) is the projection of the point {y1,z1) on the linez = a, + a,x.

This projection process is applied to each poiat tfelongs to an object. Then, by
using the projected points, new meshes are creltdeigure 3.38, a flat object is
placed in front of a wall. After detecting and cleg noisy points, object is ready
for line fitting. In Figure 3.39, the surface ofettobject is created with normal
triangulation process but in Figure 3.40 the swfeccreated by line fitting. The
surface created with line fitting is smoother thiha surface created with normal

triangulation.
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Figure 3.38. A Flat Object Placed in front of a Wal

Figure 3.39. A Flat Surface before Line Fitting
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Figure 3.40. A Flat Surface after Line Fitting

In Figure 3.41, an object which has a sharp edgéaed in front of a wall. Violet
points between the object and the wall are noisgtpoln Figure 3.42, the surface
of the object is created with normal triangulatmocess whereas in Figure 3.43 the
surface is created by line fitting. In the casdirué fitting, triangles on the surface
are smoother than the triangles in Figure 3.410 Aliss easier to detect the sharp

edge in Figure 3.43

Figure 3.41. An Object with a Sharp Edge
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Figure 3.42. An Object Surface before Line Fitting

Figure 3.43. An Object Surface after Line Fitting
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CHAPTER 4

CASE STUDIES

In this chapter some case studies are done aralitpat images of these studies are
figured out. Parameters that are set during dagaisition for these case studies
are; mirror speed of 100 degree/min, scanner spd80 degree/sec, sample rate
of 15000 samples/sec, buffer size of 800000 sampkdiback threshold of 1000
samples and sampling time of 10 sec. In Figure & flat object which is placed
perpendicularly to the laser rangefinder is scanredFigures 4.2 and 4.3, a
cardboard is tilted 45° to the back and in Figutgsand 4.5, it is tilted 45° to the
front. In Figures 4.6 and 4.7, the same cardbaatittéd 45° to the right. In Figures
4.8 and 4.9 a cylindrical object is scanned. Figud® is the top view of the first

tour of cylindrical object scanning.

Figure 4.1. Output Image ( A Flat Object )
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Figure 4.2. Output Image ( A Flat Object Tilted bd&°)
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Figure 4.3 .Output Image ( A Flat Object Tilted bd&°)
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Figure 4.4. Output Image ( A Flat Object Tiltedrft@5°)

Figure 4.5. Output Image ( A Flat Object Tiltedrft@5°)
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Figure 4.7. Output Image ( A Flat Object Tiltedhtigt5°)
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Output Image ( A Cylindrical Object )
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Figure 4

Figure 4.9. Output Image ( A Cylindrical Object )
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Figure 4.10. Top View of the First Tour of Cylindal Object Scanning

In Figures 4.11 to 4.17, two cardboards are consbineorder to make an edge
towards the sensor. In Figures 4.11 and 4.12 abegteeen the surfaces of the
cardboards is 45°, in Figures 4.13 and 4.14 argyl@OF and in Figures 4.15 and

4.16 angle is 90°. In Figure 4.17 two differenteattg are placed in the same
environment.
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Figure 4.11. Output Image ( Angle between Surfads° )
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Figure 4.12. Output Image ( Angle between SurfaEds° )
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Figure 4.14. Output Image ( Angle between Surfas€§° )
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Figure 4.16. Output Image ( Angle between Surfa89° )
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Figure 4.17. Output Image ( Two Objects )

It can be seen from the Figures 4.11 to 4.17 theatriangulation algorithm used in
the thesis can create meshes of object’s sharsdoyga an angle of 45° up to 90°
successfully. Also two different objects locatedtli® same environment (Figure

4.17) can be sampled and 3D view of these objectde constructed.

Figures 4.18 and 4.19 are the front and back vieteescanned corridor from two

different views. Output images created in theseidor are shown in Figures 4.20

and 4.21. To protect the user from the laser beamardboard seen in Figure 18 is
located in the environment. This cardboard candem @s a flat surface in Figures
4.20 and 4.21. In the environment, there are toses which are coated with shiny

paint. One is at the back of the laser as seenguré 4.19 and others are at the
right and left sides of the protective cardboardages of these doors cannot be
obtained but instead, noisy data as in the foripoafit cloud are obtained.
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Figure 4.18. Front View of the Corridor

Figure 4.19. Back View of the Corridor
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Figure 4.21. Output Image ( Corridor )
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Figures 4.22 and 4.23 are the front and back sifld®e scanned corridor from two
different views. In this case, a big cardboard leced at different distances. In
Figures 4.24 and 4.25 distance is 5 m, in Figur@6 4nd 4.27 distance is 7.5 m

and in Figure 4.28 distance is 10 m.

Figure 4.22. Front View of the Corridor

Figure 4.23. Back View of the Corridor
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Figure 4.25. Output Image ( Big Cardboard is at)5 m
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Figure 4.26. Output Image ( Big Cardboard is &trif)

Figure 4.27. Output Image ( Big Cardboard is atrid)5
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Figure 4.28. Output Image ( Big Cardboard is a0

When the big cardboard is placed 10 m away fromstresor and the scanned
points are shown in a stepsize of 50 points irptieeessing program, the cardboard
can not be recognized in the view. If all points shown one by one (stepsize of 1

point) in the processing program, then cardboandbearecognized.

Three scanning cases are done with 8 m, 8.5 m andrOorder to find the closest
range that the object can be recognized. In Fig28, distance form cardboard to

the sensor is 9 m, in Figures 4.30 and 4.31 dist&& m and in Figures 4.32 and
4.33 distance is 8.5 m.
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Figure 4.29. Output Image ( Big Cardboard is at)9 m
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Figure 4.30. Output Image ( Big Cardboard is at)8 m
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Figure 4.32. Output Image ( Big Cardboard is atr§§.5
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Figure 4.33. Output Image ( Big Cardboard is atrB8)5
After scanning the big cardboard in different distes, it is seen that for distances

greater than 8.5 m and a stepsize of 50 pointiserprocessing program, an image

for the cardboard cannot be recognized.
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CHAPTER 5

CONCLUSION

5.1. Conclusions

In the previous study [15], data acquisition prograas run under DOS and 2D
surface reconstruction program under Windows. Ha&wein this study, a new
system is set up and both data acquisition andepseg software are developed to

collect and process data within just one applicattanning under Windows.

The developed and implemented data acquisitionpgadessing interfaces in the
thesis are capable of creating 3D image map andiroby the view of scanned

environment in a short time with high accuracy @ine efficiency.

The data acquisition algorithm used in the study aequire data in helical way. If
optimum sample rate for each scanner speed isfiguedorrectly and enough
buffer size for the sensor data is determined, & acquisition program runs
efficiently. Afterwards, by using the basic triategion algorithm for consecutive
points and threshold conditions for noisy data cl&ia, segmentation and line
fitting, 3D views of basic objects in simple envirnents are obtained. As explained
in the previous section, if more powerful data pssing algorithms and threshold
conditions are developed, then more complex objezisbe sampled in complex

environments.

108



In the thesis, a simple segmentation is appligti¢cacquired data in order to detect
objects basically and pass to the line fitting stéfor objects of either flat surface

or edged surfaces, successful results are obtairtbeé end of the line fitting.

Results of the case studies show that tilted objecthe front, back and right with
45° and cylindrical objects can be sampled andudutpages for these cases can be
obtained successfully. Also for a big cardboardifferent distances, it is seen that
for distances greater than 8.5 m and a stepsiZe0gboints in the processing

program, an image for the cardboard cannot be rered.

5.2. Recommendations For Future Work

During the thesis, it is assumed that scanner andmnotate at constant speed but
in real, there can be deviations in their speedsalmse there are not servo controls
on the DC Motor A (for scanner speed) and DC M&dfor mirror speed). Servo
controls to the both of the motors can be included control algorithms for these

systems can be developed.

Since a single range view can only contain poimté scene that are visible to the
data acquisition device, environment can be scarred at least two different
points and multiple range views can be merged angingle point set to obtain a
complete 3D model. By this way, invisible partstie environment for one view

can be seen in the final 3D model.

Data can be acquired in different ways. In theithé®lical data acquisition is used.
There may be two other ways for this process. Ifjrstata can be acquired in
different planes. In this method, after each tufrthe scanner, mirror height is
increased in the amount of desired vertical resmiuso all environment can be
scanned. In the second method, data can be acdyiredeeping the environment
in vertical direction with a preset angle valuer Fstance, all environment can be

scanned in six steps where each step scans a metiaof.
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The whole data acquisition process can be speepdaly wsing a more efficient
hardware system and developing the interface. ¥amele, using a higher capacity
computer may result in shorter sampling and praegssmes so in the same

period, more accurate results can be obtainedigieehvertical resolutions.

Data processing interface can be developed in otdework under complex
environments. Distant and close objects can beadeww the same resolutions by
determining the stepsize in an adaptive way. Alstangulation threshold
conditions can be improved and noisy points carelbrinated more effectively;
projections of the noisy points can be taken ansl meeshes can be created with

those projected points.

Segmentation process can be handled with develibpeshold conditions to detect
objects in complex environments. Also, after segai#on, object recognition
process can be applied to objects in order toifyab®m in basic types like sphere,

cube, prism, etc.
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APPENDIX A

ACCURANGE 4000 LASER SENSOR

A.1l. General Description

The AccuRange 4000 is a laser diode based distapasurement sensor for ranges
up to 50 feet, with 0.1 inch accuracy. Type AccufaA000-LIR uses near infrared
light (780 nm wavelength) and it is a Class lllisdaproduct, available in power
levels of 8 mW (standard), or up to 20 mW with thigh Power Laser option. It

also has lower measurement noise and greaterisgnsind maximum range.

The AccuRange 4000 operates by emitting a modylat@timated beam of laser

light and converting the distance to the targetaserto an RS-232 or RS- 422/485
output. The range may be read via the serial cableligital data, or from the

optional analog current loop output. A second cablpplies power to the

AccuRange 4000 and brings out other signals whiatiude reflected signal

strength, sensor temperature, and backgroundléght. A photo of the AccuRange

4000 is shown in Figure A.1.

Figure A.1. AccuRange 4000 Laser Sensor
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Key features of the AccuRange 4000 laser sensasafellows:

Zero to 50 feet operating range for most surfaces.

0.1 inch (2.5mm) accuracy, 0.02 inch (0.5mm) skema repeatability.
Optional RS-485/422, 4-20 mA current loop and pwisdth outputs. RS-
232 serial output standard.

Reflected signal amplitude output for grayscalegesa

Fast response time: 50 KHz maximum sample rate.

Lightweight, compact, low power design.

Tightly collimated output beam for small spot size.

Three output beam configurations are availableiblés infrared, or eye
safe infrared for reflective tape targets.

Ideally suited to level and position measurementacimme vision,

autonomous vehicle navigation, and 3D imaging aptibns.

The laser beam is emitted from the center of thetfpanel, and the central 2.5 inch
diameter of the front panel is a collector for ratlight. The bottom of the sensor
has 4 blind holes which are threaded for 6-32 bimitsmounting the sensor. The
back of the sensor has a switch for configuratiod eeset, LED, and two 6 foot
cables. The first is for RS-232 communication, #eEond contains power and
analog signals. The weight of the AccuRange 400@Zsounces. Mechanical

dimensions of the AccuRange 4000 is shown in E4.2.
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Figure A.2. Mechanical Dimensions of the AccuRa#Age0

A.2. Operation Guidelines

Use protective eyewear whenever there is a riskenfig exposed to the
output beam of the 4000-LIR.

Do not point the sensor at any person, particukgrson’s eyes or face.
Do not attempt to disassemble the sensor.

Do not operate the sensor in areas where the seaseris exposed to direct
sunlight for more than a minute or where the aingerature is more than
45°C (113F).

Do not point the sensor at the sun or other intbese sources.

Avoid excessive vibration and shocks.

Do not scratch the front face of the sensor, paldity in the central area.

A.3. Signal and Power Interface

The AccuRange 4000 has 2 cables. The cable wetB fhin connector is a standard
RS-232 serial connection to the sensor which carcdmected to an IBM-PC
compatible serial port (Table A.1). The other cabl@an 8 pin power/signal cable
(Table A.2). If the 4000 is ordered with a poweply, the power/signal cable will
pass through the power supply.
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Table A.1. RS-232 Serial Port Wiring

Table A.2. AccuRange 4000 LIR Power Supply Sigrahl€ Wiring

The optional AC to DC power supplies for the AccoBa 4000-LIR supply
operating power and temperature stabilization mgaieer to the sensors. They are
housed in NEMA-4 polycarbonate enclosures and armanently attached to the
AccuRange 4000 power/signal cable, with 6 feetalfle between the sensor and
power supply. An additional 4 feet of cable extebdgond the power supply for

reading the sensor’s optional current loop andrathéputs (Figure A.3).
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Figure A.3. AccuRange 4000 LIR with Power Supply

When power is applied, the green LED on the bacgtepahould come on. After
approximately 6 seconds, the LED will flash briediyd the laser will come on. The
beam will be invisible or just barely visible. Uaa IR viewing card in the path of
the beam for viewing. The sensor should give reasienrange information after
the 6 second delay has passed and the laser torratbough it will take 5-10

minutes for the range readings to stabilize fully.

A.4. Performance and Measurement Accuracy

The AccuRange 4000-LIR will detect diffuse reflects from objects of any color

with the greatest sensitivity falling at about 8&tfealthough short distances right up
to the front face of the sensor can be measurebel§ensor is configured with the
close focus optics options, the greatest sengitwili be 3 to 4 feet from the sensor
unless adjustments have been made for a speciieccafon. The sensor has no

trouble picking up walls, floors, carpets, and egemfaces such as CRT screens
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from almost any angle. Shiny surfaces such as glpkstic or paint can be more
difficult to detect, depending on the angle at White beam hits them.

The sensor is calibrated with the temperature obattive and set to 95° F. Lower
laser settings and operation at other temperatesreduce the accuracy of the
measurements taken.

One of the configuration options for the AccuRad@®0 is the maximum range
expected. This allows the sensor to obtain readmtisthe best possible resolution
and accuracy. Internally, the time required to tak&ingle sample depends on the
distance being measured and the resolution uséakethe measurement. If the
ranges are known to be short, better resolutionaautdiracy at high sample rates
may be obtained by reducing the maximum rangentast applications the default
of 650 inches should be adequate. If you are meggstanges greater than this, or
ranges much shorter in situations where maximumwiwugen and high sample rates
are required, your maximum should be specified guisire Set Maximum Range

command.

Most significant of the factors that affect the iocaded range output is the
amplitude of the return signal, or the reflectivitf/the target. Indicated range can
vary as much as 3 inches between very weak sigmalsvery strong ones. The
sensor has a signal strength output, which is atogrsignal that ranges from 0 to 4
volts and is approximately logarithmic with recalight intensity. The calibrated

output compensates for varying reflectivity. Thepéitnde output can also be used
to create grayscale images of objects over whieh bbam is scanned, and to
determine whether a signal is valid or too weakeaeliable. Temperature and the
ambient light level also affect the measuremerghdly. Analog temperature and
ambient light outputs allow these effects to be pensated for in software, but
typically they are not significant unless the sensaised in an environment where

they vary widely.
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A.5. Command Set

All configuration of the sensor may be done via omands sent over the serial port
or by using the push-button switch and acknowledgni&D on the back panel.
The serial portcommands are ASCII commands that may be entereerund
computer control or from the keyboard of a termimahnected to the port.
Configuration information may be stored in nonvidaEEPROM with the Write
command, and is then retained through power cyclidgmmands are shown

below:

Set Sample Interval

Set Maximum Range

Set Zero Point

Laser Power On / Off

Enable / Disable Serial Data Output

Set Baud Rate

Set Serial Output to ASCII / Binary

Set Analog Zero Current

Set Span

Set Analog Output Mode

Read Configuration Data from EEPROM
Write Configuration Data to EEPROM
Reset Configuration to Factory Defaults
Set Temperature Hold Level

Take Single Sample (Serial Entry Only)
Set Minimum / Maximum Valid Amplitude

Show Version Number
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APPENDIX B

ACCURANGE HIGH SPEED INTERFACE

B.1. General Description

The AccuRange High Speed Interface (HSIF) is aerfate board that takes
samples from the AccuRange 4000 optical rangefinb@o models are available.
One model plugs into an IBM-PC or compatible ISAEKISA bus and the other
model is PC/104 compatible. In the thesis, the modmpatible to ISA bus is used.
Samples come over the bus in an 8 byte formatitichides a 19 bit range value
and 1 byte values for signal strength, ambienttlighd sensor internal temperature

as well as status and general purpose input bits.

The interface board operates by measuring the rdagendent pulse width output
of the AccuRange 4000. To use the 4000 with théntigeed Interface, the Current
Loop option must not be installed in the sensorchEpulse on the pulse width
output is timed on the Interface board by a timeghw clock rate of 80 MHz. The
sample rate of the interface is therefore contdolig the sample rate for which the
4000 is configured. Since the pulse width output ba set to repeat at up to 50

kHz, that is the maximum sample rate of the int&fa
Other features of the interface include memorydrugimpty, half full, and overflow

status indicators, external sample start/stop obrdand three general purpose input

bits that allow synchronous recording of eventsleveampling.
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Figure B.1. AccuRange High Speed Interface

Key features of the AccuRange HSIF are as follows:

Sample rates to 50,000 samples per second.

Samples distance, amplitude, ambient light and &zatpre outputs.
Supplies 8-byte samples over the standard PC ISA bu

2K byte or optional 16K byte buffer for sample datéoard.

Buffer empty , half-full and overflow indicatorspé half-full interrupt.
Start/stop sampling control input.

3 general purpose input data lines for event reogrd

Improved resolution and higher sample rate capghilian the AccuRange
4000 alone.

Supplies power to the AccuRange sensor.

Optional motor power control and shaft encoderirgadapability .

B.2. Motor Power

The AccuRange High Speed Interface can be ordeithdwo motor power control
and encoder reading channels. Each motor may beosehe of 64 software
controlled power levels via commands to the bo#rdhe motors have encoders

which are connected to the encoder inputs, twa &ddues from the encoders are
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decoded and inserted into the data stream, givireg position of each motor,

modulo 256. If the encoders provide index puldaessé can be applied to two of the
general purpose input lines and used to deterntieeabsolute positions of the
motors. The description of the 25 pin I/O connedétorencoder connection details

are shown in Table B.2.

If motors are to be driven by the power amplifier the board, the motors and
motor power must be connected to P2. Motor 1 shbaldonnected between pins
14 and 16, and motor 2 between pins 1 and 2. Aragppower supply is required
to drive the motors. Connect the motor power supplyin 3 and the power supply

ground to pin 15.

B.3. I/O Connectors

There are 2 connectors on the High Speed Interfetoe.9 pin connector supplies
power and receives signals from the AccuRange 400€.25 pin connector is used
for powering the motors and reading the motor eacnydgeneral purpose inputs,

and sample control input.

B.3.1. 9 Pin Power and Signal Connector P2

The line descriptions for P1 are same as the ge&ors of the power and signal
lines in the AccuRange 4000 Power and Signal Caile Description section.
Pins 1-4 supply sensor power and sensor heater rpame ground lines. The
remaining lines are inputs for the signals fromAlseuRange 4000. Pins 5, 7, and 8
are the inputs for the analog signals, with 2K idgrgce. Pin 6 is the input for the
pulse width range signal (Table B.1).
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Table B.1. Power and Signal Connector Wiring

B.3.2. 25 Pin I/O Connector P2

P2 includes general purpose input lines, a samatdstop control line, quadrature

encoder input lines, and power for encoders orrapplications (Table B.2).

Table B.2. I/O Connector
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B.4. 1/O Port Interface
The High Speed Interface is accessed as a seDqgbdfts on the ISA or PC/104

bus. The board occupies a group of 8 contiguous guiiress locations starting at
the address determined by the port address jump@rable B.3).

Table B.3. Port Address Base Jumper Map

Any one of 16 locations between 0 Hex and 3CO Hey ive selected for the port
base. A location that does not interfere with otperipherals in the system can be

chosen.

B.5. Interrupt Driven Operation

The interface board may be jumpered to generatatarrupt when the on-board

data buffer is half full. One jumper pair in Jumg@rmay be closed to activate the
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corresponding interrupt as shown in Table B.4. ifterrupt can only be cleared by

reading samples until the buffer is less than fdilior by issuing a Reset command
to the board.

Table B.4. Interrupt Enable Jumper

B.6. Interface Resolution and Sample Rates

The resolution for the high speed interface is 38%tier than the resolution of the
sensor data transmitted over the serial port oreatirloop, and the maximum
possible sample rate is much higher, since thelsand current loop output rates
are limited by the 4000’s on-board processor.

At relatively low sample rates, the 4000 sets anduignternal rate and averages
multiple samples for best resolution. Since théhhégeed interface sample rate is
the same as this internal rate, setting a combinaif low sample rate and short
maximum range will result in a higher than expedtégh speed interface sample
rate. The slowest sample period with a max ranggngeof 650 inches is about
2250 microseconds, or 440 Hz, and rises to 5.4(®8% microseconds) with a max
range setting of 1 inch. To obtain a lower sampte,rset the max range to a larger
value, and then set the sample rate desired, dxefsiraccuracy sample at the higher
rate and average multiple samples in software.
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APPENDIX C

CTI-HSIF SOFTWARE LIBRARY

C.1. Product Overview

CTI-HSIF software library is a set of kernel driseDynamic Link Libraries
(DLLs), object files and header files that providehigh-performance, high-level
interface to the functionality of the Acuity Resdarinc. AR4000 series laser

distance sensors, using the AccuRange High-Spéeddoe card.

The CTI-HSIF library allows the user to select anfwer of formats for the acquired
data. English or metric output, calibrated or uicated data, or both, may be
selected. Additional information (signal amplitudenbient light, temperature) may

optionally be returned.

The HSIF card’s onboard memory may be augmenteal user configurable buffer
within the library, which will be filled as datarares over the HSIF. When a
predefined number of samples is available, theathpsets a queryable status flag,
or calls a user-defined callback function, enabtimg application program to easily

determine when a desired number of samples is rfeaghyocessing.

C.2. Library Conceptual Overview

The CTI-HSIF library is an interface layer betwebe Acuity Research AR4000
sensor hardware and the application program(s)libreey communicates with the

sensor via the computer’'s serial port, and the H&F, while the application
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program communicates with the library via functaails. All commands sent to the
sensor by the application program pass throughilihery, and all data sent by the
sensor is processed by the library and made alaifab use by the application
program.

Figure C.1. Communication Scheme of the CTI-HSIRare Library

One of the major functions of the library is to raga the flow of data to and from
both the serial interface and the HSIF card, arsbenthat both outbound data
(commands sent to the sensor), and inbound datgegisamples from the HSIF) are
properly processed. To accomplish these tasks,libhary consists of several

distinct functional blocks. These are shown pietityiin Figure C.1.

C.2.1. Commands to Sensor

When an application program calls a library functtbat sends a command to the
sensor or HSIF, the outbound data is passed diraxtihe computer’s serial port
for transmission to the sensor or is sent diretctlyhe HSIF card. The library will
not return control to the application program unitie command has been sent.
Inbound data however, goes through a more commerssof steps as explained
below.
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C.2.2. Background Processing Thread

A key design concept of the CTI-HSIF library is eparation of responsibilities —
the library is responsible for reading data from sensor, and translating that data
to range samples, while the application programesponsible for processing those
samples, once read. To accomplish its task, thearibuses a background
processing thread. The background thread is stamedhe library when the
setCommOpen function is called, and runs continiyouwstil the setCommClosed
function is called. Without any interaction by tla@plication programmer, the
thread reads data from the computer’s serial pattthe HSIF card, as it is received
from the sensor and passes it to the other parttheflibrary for subsequent

processing.

Since, during use, the AR4000 sensor is typicalipotting a continuous stream of
data samples via the HSIF, this ensures that thaswles are captured and stored
for use by the application program. Because thekdraand thread runs
independently of whatever else the application gmwgmay be doing, this design
permits the application programmer to concentratgpucessing samples already
retrieved from the library, while the backgroundetid assumes the responsibility

of acquiring any new incoming data simultaneously.

C.2.3. Interrupt Handling and Data Acquisition

This functional block implements the low-level drivthat handles hardware
interrupts from the HSIF card, and reads samplas fthe card’s hardware buffer

into the library’s internal memory.

The HSIF has the capability of generating a hardwaterrupt whenever the card’s
onboard buffer is half-full. Through a Windows kekmode driver, the CTI-HSIF
library recognizes when this interrupt occurs, asihg a high-priority background

thread reads the data from the buffer. Using thdFI4Sinterrupt generation
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capability is the preferred mode of execution, sinaly when the interrupt occurs,

indicating that data is actually available, doeslihrary’s background thread run.

Alternatively, if the HSIF’s interrupt capabilityaonot be used (for example, if no
free hardware interrupts exist on the computegntthe CTI-HSIF library can poll
the HSIF to determine when its buffer is half-fdihis method is not preferred, as
the continual polling may impose excessive loadtlo® computer, potentially
slowing down other portions of the library, and eelly reducing the

responsiveness of the system.

C.2.4. Data Calibration and Filtering

This functional block converts the raw encoder megsl and range samples into
angular measurements and calibrated samples. Wheaaples from the HSIF are
calibrated using the data from the calibration fpeovided with the sensor
hardware. Any filtering and transformation rules Isg the application programmer

are then applied to the data samples.

C.2.5. Sample Buffer

All samples that pass the data filtering stagestoeed internally in the library’s
internal data buffer. When an application progragquests samples, they are
retrieved from the buffer and returned to the agapion. If sufficient samples are
not currently available in the buffer, the libramyll wait until additional samples

are inserted in the buffer by the background prsiogsthread.
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C.3. Using the Library

C.3.1. Library Functions

All interaction with the AR4000 sensor or the HSkd is done through one of the
functions provided by the CTI-HSIF Library. Thesmyde for configuring the

library itself, and configuring and acquiring ddtam the sensor. Each function is
explained in detail in the CTI-HSIF Software LibrdReference Manual [40]. The

functions fall into five main groups:

Library Configuration Functions

Sensor and High Speed Interface Configuration Fomst
Data Acquisition Functions

Data Format Functions

Data Filtering and Transformation Functions

© g M 0w NP

Error Handling and Miscellaneous Functions

The library configuration functions are used fonfiguring various aspects of the
CTI-HSIF library itself, such as which serial potthe library will use to
communicate with the sensor, which I/O addresssedufor the HSIF card, the

library’s internal buffer size, the callback threkh etc..

The sensor and HSIF configuration functions intenaith the AR4000 sensor
hardware and HSIF card to configure the sensorceSthe AR4000 sensor and
HSIF hardware do not provide means of determiniagy tcurrent settings, the CTI
Library tracks the current state of each setting, ¢dasy determination by an

application programmer.

When using the AR4000 sensor and HSIF card, mossoseconfiguration

commands are sent to the sensor via the serial pomwever, some operations
(such as setting the motor power and direction leartng the HSIF's buffer)

require interacting directly with the HSIF board.
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The data acquisition functions are used to turnléiser on or off, set the sensor
sampling rate, acquire data from the sensor, tarrooff continuous sampling,
etc..

The data format functions set the sample unitsrigligh units (inches) or metric

units (millimeters), and the angle measuremengmotar or Cartesian coordinates.

The data filtering functions allow filtering thewasamples from the sensor based

on any combination of range, amplitude, ambierit]igr temperature reading.

The error handling and miscellaneous functions goerf various miscellaneous
operations, such as querying the library’s versiomber, the sensor’s firmware

version, and retrieving error messages.

C.3.2. Data Reading

When acquiring data from a hardware device, suclthasAR4000 sensors, the
application program must have some means of datergiivhen data is available
to be read from the device. Broadly speaking, theeethree ways in which this can

be done:

1. The device can be polled (queried) to seehfid valid data available. If so, the
application program reads the data, otherwise pipication program can perform
some other function (such as process already red¢elata) and loop back at a later

time to poll the device again.

This method has the advantage of being simple wmgram. However, its

disadvantages are:

The application must poll the device frequentlyomler to ensure that no

data is lost while the ‘other work’ is being done.
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It is typically inefficient, since the majority dghe time it is likely that no
data is yet available, and the frequent pollingptynwastes CPU time that

could be used by other processes.

2. The application program can perform a “blockiegd” in which it starts a read
operation that does not return control to the apgilbn program until the device has

the desired amount of data ready.

This method is also simple to program, and is gibycmuch more efficient than
the polling approach. However this method suffecsnf the disadvantage that the
application cannot do other work while waiting fdata to be available from the

hardware device.

3. The application program can install a ‘callbdakction’ that is called by the

hardware device, or the device’s driver softwaremvtata is available.

This method can be more complex to program thanother two approaches,
however it has the significant advantage that #h@agtells the application when it
has data available, rather than the applicatiogrpra having taaskthe device if

data is ready.

In general, the last two methods are preferred;espolling the library’s sample

counter is typically inefficient.

C.3.3 Data Filtering

Once data samples have been read from the libifaeydata acquisition program

typically processes those samples according to ribeds of the particular

application.
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The CTI-HSIF library permits filtering of the ravamples from the sensor, based
on any combination of range, amplitude, ambientitligemperature reading, or

angular measurement.

C.3.4. High-Speed Interface Interrupt Usage Considerations

When using the CTI-HSIF library with the HSIF's éntupt generation capability,
samples will be read from the HSIF card only whae talf-full interrupt is

triggered. Each time the interrupt is triggerede @®TI library reads a block of
samples equal to one-half the card’s hardware busiee. Thus, the CTI library
acquires samples from the hardware in half-buffauhks’.

The above behavior affects the results of any fanstthat query the amount of
data available from the library. For example, assgna 16KB hardware buffer
(1024 samples per half-buffer), the getNumSamplésgction will return zero

samples until the first interrupt is received frtme HSIF, after which it will return

1024 samples until the second interrupt is receiaf@r which it will return 2048

samples, and so on.

Similarly, although any arbitrary callback threshohay be set, the callback will
not be called untiboththe callback threshold has been exceedadenough half-
buffers of data have been read to provide sufftceamples to the CTI library.
Again assuming a 16KB hardware buffer, if the cadlothreshold is 500 samples,
the callback will not be called until 1024 samplese-half buffer) have been read.

C.3.5. Encoder Support

The HSIF provides two 8-bit encoder counters tleard the encoder position

simultaneously with the range data measurement.
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The 8-bit count captured by the HSIF will wrap arduo zero after reaching 255,
so the CTI-HSIF library manages this wrap-aroundoider to return the full

encoder counts per revolution to the applicatiamtifermore, the CTI-HSIF library
converts the raw encoder count and returns to fipdication a standard angular
measurement, using the encoder index pulse agtbeangle point. From the index
pulse point, the angular measurements will incréadke direction that the mirror

or scanner is rotating.

C.3.6. Performance Considerations

To achieve the best performance from the CTI-H#$Faty and HSIF hardware,

the user or application programmer should congluefollowing:

Use the interrupt generation capability of the H8#fd especially at high
sample rates (above 5000-10,000 samples/second).

Use a sample rate only as high as required to aeliee desired application
results. A higher than necessary rate imposes iadditoverhead on the
library, increasing the chance that the applicaposgram may not be able
to process the data fast enough. Calculate thelsaatp required carefully.

Whenever possible, use the library’s filtering ftioes to discard unwanted
or ‘out of range’ samples. This can result in aqrenance improvement by
avoiding relatively time-consuming operations (sush calibration of the
raw range) that would otherwise be done on thedata.

Use the setBufferSize function to allocate as lasgduffer as can be
accommodated within the available memory of the mater used. A large
library buffer gives the application programmer mégeway in processing
samples from the library without being concernethwine library’s buffer

overflowing. (Note however that allocating too larg buffer may use up all
the physical memory on the computer, and resufiaging to disk as the
virtual memory manager takes effect. This will caus severe loss in

performance.)
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In general, at high sample rates, application perémce will be better from
C or C++, rather than Visual Basic or Visual BdsicApplications (Excel).

Although the internal performance of the CTI liyras identical regardless
of the language used, the overhead of the VisualcBand VBA runtime

systems can be avoided by using C or C++.

When using the library from Visual Basic or Visigdsic for Applications

(VBA), it is strongly recommended that interrupte bsed, instead of
polling the card (i.e. specifying interrupt=0). Tbeerhead resulting from
the Visual Basic runtime system may cause poomopadnce if polling is

used.
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