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ABSTRACT

For achieving a sustainable and smarter transportation system, sensor technology needs to
be combined with transportation infrastructure. Traffic sensorsarggni f i cant i n
world since the conventional visual inspection is inadequate for steering quality control
and traffic safety efficiency beingof utmost importancehigh-speed and accuracy

automated inspection becomes crud¥d system is perfecandLidar is no different.

Although Lidar sensor has gained its popularity with its @@&@ree monitoring and
visualization being a relatively new technology, it has its frail spots too. Mainly, on
roadside, factors like surface obstacles or environamheobndition, influenceits

performance with uncertainty of cloud point movement from its true value

Therefore, throughhis study,a standard methobased on the difference of offset is
proposedto check the quality of datéor real roaddeploymentand answer a very
foundation question from traffic engineerjradpout theobstacles recognition on lidar glass

housesandhow often to clean the sensor increasing confidence on such systems

In this study, miltiple experiments, comparing difent conditions of sensor surface was
conducted where real time frame was compared to standard frame and the frame offset was
used to define a threshold value and over threshold offset time. The experiment was
conducted with varied beams, scenaaosl futher the method was validated with real

time traffic dataSensor itself may have many cavities; we only rdéalknow the limiting

rangeto accommodate real traffighis study therefore contributed by developing method

to find out influence of stain aensolutomaticallyandnotify related agency, the time to

clean the sensavithoutvalidation from engineers at intersections at every small ifterva



ACKNOWLEDGEMENTS

The completion of this study was not possible without the support of several pedgple. W
endlesdove and appreciation, | would like to extend egrnesgratitude to thepeople

who helped me during this research.

| would like to express the deepest appreciation to my thesis advidda®Xu,who has
the attitudeof aleader. His expertiséjrection andinstructionshelped mdlourishduring
my journey at theTransportationEngineering progranat University of Nevada, Reno
(UNR). I am also veryhappyandgratifiedthat | got to work with him on other research
projeds that made my background veamgsortedand gave menvolvementin various

challenging topics.

| would also like to express mgppreciativenesand truly gratefulness to DZong Tian,
for his constantsupervision reassurangeandboundlesssupport dumg thetwo years of

study:.

| would like to express theincereappreciation to DrRichard Kellyfor serving asa

member in mylhesiscommittee.

| would like to express my heartfelt thanks to EHgmant Sapkotéor helping to make

this study a welbloneachievement.

My special thanks to all myontemporarieand friends athisprogramfor theirinspiration

andethicalsupport which made my stay at UNR mpteasing



iii
Finally, | must express my very deappreciativenes® my family.| want to give main

gratitudeto my parentsspouseandmy child for providing me with unfailing support and

unceasingnspirationthroughout my years of study



TABLE OF CONTENTS

AB ST RA CT ittt ————— i —————— i.
ACKNOWIEAQEMENLS.... ..ot e e e e e e rennn s ii
Table Of CONLENLS......uueiiiie e eeeeeeees iv
LIST OF FIGURES. ... .ottt emrnnnan) Vil
Chapter 1. INTRODUCTION ......uuuiiiiiiiieeeeeeeetieeeie s e e e e e e e e mnne e e e eaeeeeeennnnnns 1
1.1 Brief Overview of Sensors in Transportation and Challenges Associated.2
1.2 ROAASIHE SENSQALS.......cciiiiiiiiiieiiiiemmr e emr e e e e e e eaeaeeaan 3
|5 S [ To 18 [ox 1)Y= o To ] R OO 4
1.2.2 MagNEtiC SENSOLS ....cceiiiieiiii i eeee e eeeea bbb ee e 5
1.2.3  PiezZO0EleCtriC SENSAL.......iiiiei e e eeeeei e 5
1.2.4  PneumatiC tube SENSAL..........uuiiiiiiii e 6
| T VA To [=To =10 4[] = LRSS 6
1.2.6 RAOAI SENSOLS....ccoviiiiiiiiiii i e e e e ceee e s e e e e e e e e e e e e e e e aeeesaaeaeaaeaaaeeeeeererannnnd 8
1.2.7  INfrared SENSOIS........covuviiiiiiiie et e e e areers e e e e e e e e aaeeees 8
1.2.8  UKRIaS0NIC SENSOIS. ... i eiiiiiiiieeee et e et e e e e et e e e e e e earaaaas 9

1.3 ONVENICIE SENSOLS....cciii e e ettt 9

| T O O 11 411 = USRI 9
1.3.2  Ultramagnetic ad electromagnetiC SENSALS.........cccevvvvviviiiieenreeeeeennnn. 10
0 20 S 1N T - T SO PUPPRSRPPRPIN 11

1.4 Problem Statement and Objective of Study.............cccooviiiiieeeei i, 15
Chapter 2. LITERATURE REVIEW.........ccoiiiii it eee e 18
2.1 Maintenance of ROad SENSQAIS........ccooeiviiiiiiiiiceeie e 18
2.2 Sensor Maintenance Research and PractiCes..............ccoovvieeeiiiiiieeeeee 19
2.3 IN ROAAWAY SENSOIS.....cciiiiiieeeiiiii i 20
23,1 INAUCTIVE LOOP . ceiiieiiiiiiieieeee et 20
232 MAQNELIC SENSOLS....uuuuuiiiii e e e eeeeeeerae e e e e e e e e e e e eeeeaetnnne e s e e e eeeeeeenneee 23

2.4 OVEr ROAOWAY SENSOLS .. .uuuiiiiiiiiiiiiiiiiieeeeeeeeeeetee e e e e e e e e e e e e s s e srmmme e e e e e e e 25
3 B VA To [=To  OF= T =Y = 1 RO SSORR 25

B A 2 ¥ T b= TS  E{ o) =S 25

243 1) =1 g=To TP 25



2.5  ON VENICIE SENSOIS.....uuuiiiiiiiiiiiiiiiii ettt ettt e e st e e e e 26
B 0 B O 11 0[] = 1 ST ORI 26
s T8 N T - USRI 26

26 DOT6s and Thei r ..Ma...nt.ena.nc.e..l.s.s.lR&s
2.7 Studies Related With Lidar.............ouuuiiiiiiiiieeeiii e 28
28 Findings from Literature REVIEW...........uuuiiiiiiiieeeceeeiieeee e eeeeeeeeeee s 34
Chapter 3.  METHODOLOGY .....cctiiiiiiiiiieieeeee e eeee e 37
3.1 Experimental PIan. ... 37
3.2 Elements of Experimental Program.............cccuuvvieiimemiiiiiiiiiiieieieeeeeee e 39
Chapter 4. DATA PROCESSING, EXAMINATION AND RESULTS..................4 41
4.1 EXPeriMeNnt NO.L.....ooiiiiiiiiiiieiie e 41
411 APPAratuS SETUD......ceveiiriiiiiiiiii i s enenn e e e e e 41
4.1.2  Data ProCESSING....cciiiiieiiiiiieiiiiiiimeme e e e 41
4.1.3  Analysis and RESUILS..........uuuiiiiiiiiiiii et 42
4.2 EXPEriMENT NO.2.....ooiiiiiiiiiiiee e e 48
T S [ 011 oo U Tod 1] o WSSO UPOPPPPPPPPPP 48
4.2.2  APPAratUS SETUD......ceeeririiiiiiiiiie it semenn e e e 48
423  Data ProCeSSING.....cciiiiieieiiiiii i e e 50
424  Analyss and RESUILS...........uuuuuiiiiiiiiiiieeriiiiiiiiiieeeeeee e 52
4.3 EXPerimMent NO.3.. ... i eeeeeen e 6.7
580 T N | 11 o o (3o o) WP 67
4.3.2  APPAratlE SEIUP. ....uu i eeiieiiiie et e e e e e e nme e e e e eeeaaas 67
433  Data ProCeSSING....ccciiiiiiieiiieie e e ee e 67
434  Analysis and RESUILS.........uuuuiiiiiiiiiiii et 68
Chapte 5. CONCLUSION AND DISCUSSION..........coooiiiiiiiiiiienen s seseiiinenennn 6
5.1 INFEIENCE.. ..ot ane e 76
5.2  ReCOMMENTALIQN . ......uuuueuiiieieee e e eeeeieeas e e e e e e e e e e e e eeeeernesseaeeeeaeeeeereeeennnnnnes 78
5.3 FUMNEr SHAY.......cooiiiiieeeee e et e e e e e e e e e e aeee s 78

Chapter 6. REFERENCES..........coooiiiiiiii e 80



Vi

LIST OF TABLES

Table 1: Measurement of cloud point every week with same laser beam............ 47

Table 2: Different month of average offset Analysis..........ccccceeeiiiiiiiiiccciiicciinenn, 71



Vii

LIST OF FIGURES

Figure 1: Outline of the STUAY............uuiiiiiiiiii e 16

Figure 2: Flowchart of Proposed Defect Detection Method for Compact Camera34

Figure 3: Lidar being influence by surface obstacle at intersection...................... 39
Figure 4: Flowchart describing the procedure of the experimental program......... 40
Figure 5: Lidar testing site of McCarran Blvd and Evans Ave............cccccvveeeeee 41
Figure 6: Location of coordinates on single day at different timing..................... 43
Figure 7: Extension of specific area with offset and variation...................c..c.cceee. 43
Figure 8: Location of coordinates on same day every month from ApriDuly ......... 44

Figure 9: Extension 1 of specific area with offset on same day every month.......: 45

Figure 10: Extension 2 of specific area with offset on same day every month.....45

Figure 11: Lidar testing site of McCarran Blvd and Evans Ave...............c.cccuvee.. 46
Figure 12: Change in cloud point in 4month period ............cccuviviiiiiiiiieeeiiieeeeeee a7
Figure 13: Experimental SIMulation...............cccoiiiiiiieemeeee e 50

Figure 14: Different simulated scenarios comparison with well controlled scenarios

Figure 15: Deviations of points at differenthorizontal angle for each beam........... 53
Figure 16: Surface obstacle influence on all laser beams in different scenarios..54
Figure 17: Alignment of beams in VLRL6.........cooovieiiiiiiiiiiiie e 55

Figure 18: Varied influence on beams compared to standard frame in same scenario

Figure 19: Different scenarios comparison with base frame................ccccvvvivieennns 58



viii

Figure 20: Data reliability in different scenarios with laser id 13...................oeeee. 59
Figure 21: Data reliability from well controlled and simulated (dust and water)
scenaio of different [aser DEaMS.............oovviiiiiiiiieee e 61
Figure 22: Data Influence of surface obstacle getting minor with time (Laser id 61
Figure 23: Average, Max, Minim. offset for individual horizontal angles (ID 13)..62
Figure 24: Verification of band by band offset with different beams..................... 64
Figure 25: Threshold of offset with 85th highest and 15th lowest with one scenafb
Figure 26: Scatterplot of deviations for McCarran and Evans (Laser no.13)........ 69
Figure 27: Scatterplot of deviations for McCarran and Evans (Laser no.13)........ 70
Figure 28: Maximum, minim. and no change in offset per ranth of individual beams
............................................................................................................................... 74
Figure 29: Total change in offset distance every month....................cccevveeee. . 74



CHAPTER 1.INTRODUCTION
The growth and expansion of any country are closely tiedmprovements in nation's
transportation system. Different statistics from past to present, clearly exemplify, the strong
need of improvement in safety and efficiency in the transportation sector. As per the recent
data and estimatésom, U.S. Departmendf Transportation, the annual economic cost of
crashes is $242 billion with a total of 36,096 motor vehicle deathsshes in 201fL].
Not only safety becomes an issue, problems like congestion have triggerad @assed
now and thenAccording to a report by the Texas Transportation Institute, in the United
States, commuters spend approximately 42 hours stuck in traffic in a year. This not only
distresses the consumption of time of the consumer but vice versaahaationwide
influence, wasting more than 3 billion gallons of fuel, with a price tag of $160 billion,
almost equivalent to $960 per commui@l. Even, prior statistics holdup the same fact,
with an instance in the Unitedeies, from 1987 to 1997 where highway miles traveled
increased by 33 percent, while public road mileage increased by less than 2 percent
worsening congestiof3] [4]. The increase in deman@ative to the limited construction
of new roads, has caused such issues in the United States and throughout the industrialized
world. Being unobservant with the downsides associated, addition of facilities is always

measured as a comeback and a resalutio

Thus, a substitute to expensive new constructionregsred, which would promotaore
efficient utilization of current transportation facilitieed was initiated through, Intelligent
Transportation Systems (ITS), that encompassed a large area Spottation sector

including electronic surveillance, communicationgaffic analysis and control



technologies resultingraffic managementsafety to transportation system users and

manager$s].

1.1 Brief Overview of Sensors in Transportation and Challenges Associated

Traffic Sensors are promising technology offering solution for design and development of
a good deal of traffic control system applications consisting of a sensor and gateway nodes
[6]. The calling of nodegguaranteesraffic monitoring,gagingphysical traffic parameters

like flow, density, volume, headwawaiting time. Whereas, gateway node collects the

traffic information andyuidesequivalento base station.

Initially sensors weremployedfor signalized intersection contrddut now they stream
reattime data for traffic adaptive signal control aretlice recurring congestion. The
relative comfort is, sensor performance reports are provided with convenient access to
public and private librariefor bettertraffic management strategiéghe commercial way
of mobility service and transportation has chahgih facilities likeMaaS (Mobility as a
Service) likeUber and Lyft, and TaaS (Transportation as a Selvi&ensors convey a

massive part of it and are being applied, either in vehicle or on flads

One of the mairchallenges faced by intelligent transportation systems, is the monitoring
range of sensing devigeduces, beingpcated on the roads, vehicles, and transportation
infrastructuresgetting affected by various external facto®ptical stability is mainly
affected, everif dirt or water clings to sensor lens but being mounted on exterior surface
this becomes a challengeénvironmental parameters both rain and fog as reflectors

and producemissedalarms duringstaindetection. Glint from sunlightesultsunwanted



and confusing signals. Atmospheric particulates and inclement weather can scatter or

absorb energy that would otherwise reach the focal p&ne

According to S. Hasirliogl u etempardturedanid r e s e ¢
visibility is in inverse proportion during foggy weatlét. In lower temperatures, the fog

causes more loss of the detecting range of the laser s¢b@pmBesides theindesirable

impact on the environment, exhaust from th@éomobilesalso have @ effect on the

performance of the obstacle detection technology.

Additionally, current sensing systems are faced with damagfedstructure sensor
reachabilityproblem blurry or erased transit lines. Processing of large amounts of real time
traffic data, the run time and reliability are ttiéficulties to be solved tguaranteeeal

time demand of the urban traffic management system through sensors. Everlgsscket

canhapperatchangegphasesnd sensor can malfunctiontmeakdown

These are some of the general issues with numetical sensors but according to their
type i.e. roadside or on vehicle, the sensors vary with the characteristics, applications, pros

and consspecificissues related with them.

1.2 Roadside Sensors

Traffic data collection usingnstrumentsalong the roadsidehas become one of the
important parts for intelligent transportation systemfState and Federal reporting
requirementslike vehicle detection, incident detection, commercial, and emergency
information servicesare delivered throughrdffic sensors on roadsid€ameras, video

image processing, microwave radar, laser radar, magnetometer, and inductsensms



are implemented on roadside, by governmental institutimnscollect data about

environmental and traffic conditions.

Roadside sensors are classiisdntrusive oNon-intrusive sensors based on their location

[11]. Intrusive sensor@in roadway sensorsire most used in traffic control systems and

are installed on pavement surfaces. Whereasintamsive (over roadway sensorsire
installedoverdifferent places on the roads, as for example smastnted, bridge mounted

or across roadside and provide mamy the intrusive sensors?o

difficulties technologies[12].

Although have high accuracin roadway sensorsre correlated with hightting and
maintenance costs. Passive magnetic sensors, pneumatic tube sensors, inductive loops,
piezoelectric sensors are widely used intrusive sensors in terms of traffic related

applications.

1.2.1 Inductive Loop

This sensor is one of the magidely usedsensorm traffic management. It consists of a

long wire coiledto form a loop which is installed into or under the surface of the road and
measures the change in the electrical properties of the circuit when a vehicle passes over
the sensor, producing an elecétli curren{12].

The technology of inductive loolpas good performance on detecting volume, presence,
occupancy, speed, headway, and gagis very mature. Thericeof loop sensors ieks

but somedownsidesare associated with iUnder rain,poor pavement surface condition
worsens the situation since water penetrizidise sawcut resultingdetector failures

Challenges relatedwith maintenance



Being very delicateto the installation procesthesedetectoramust be reinstalled every
time a road is repavethey can only be installed in good paveméisruping traffic,
damage to the road surfacggfety risk to the installerare some of the drawbacks

associated with installation and maintenance-abadway sensor

1.2.2 Magnetic Sensors

It contains of a coil of wire enfolded around a magnetic core but moraotgein much of

the same way as an inductive loop deteddoth vehicle presence and passage detection
can be executed through €hange in the magnetic field caused by the passage of a vehicle
is measured through. iThe advantage of both types of magnetic detedemsve and
passive)s that they can be usedhere smaklarea location of vehicle isssential They

have large detection range dod obsening multiple lanes of trafficthis tends to be one

of the best solutiongOne of their disadvantages is that multiple detectors need to be

installed to detdcsmallervehicles

Challenges relatedwith maintenance
Though these sensgtheycan give accurate volume courisjngintrusive and are known
to be affected by extreme weather conditiohemperature change and extreme air

turbulence cahave arimpacton itsperformance.

1.2.3 Piezoelectric Sensor
The piezoelectric sensa@an be flushed with the pavemertnsising of a long strip of
piezoelectric materiallThe detecor detectresence of a vehicle, only if the vehicle has

stopped although these areonsideredvery accurate. Tlse sensors ardine detector



perpendicular to the path of the vehialedhave the advantage of indicating exactly when

and where a vehicle passed by

Challenges relatedwith maintenance
A drawbackassociateds that for a permanent installation, they must be embedded in the
pavement.The sensor nesdo be replacedvith everytime pavanent is pavedor if a

potholeappears.

1.2.4 Pneumatic tube Sensor

When a vehicle passes ovieese tubesend a burst of apressur@ndproduce an electrical
signalwhich is furthetransmitted to the processing uitiises one or several tubes placed
across traffic | anes all owing for number o
[12]. For permanent and temporary data recordiogh, it has good portability The

accuracy othesedetectors igjuestionable and gelsw when truck and bus volumes are

high because of the physical characteristics of these vehicles.

Challenges relatedwith maintenance

The only major problem linked isid easily influenced by weather.

Non-intrusive sensors(over roadway sensors) are installed at different places on the
roadsand coul d detect a vehiclebds transit and
lane coverage. Recent evaluations have shown that modefroaderay sensors produce

data that meedhe requirements of many current freeway and surface street applications

[12]. Climatic conditions such as: snow, rain, and foghly affect werroadway sensors

The nonintrusive sensorare as follows:

1.2.5 Video cameras



Thesesensorsare placed at the roadside to collect and analyze images from a traffic scene
to determine the changes among successive frames using traffic parameters such as flow
volume and occupandy?2]. For freeway sites, video detection techniques are considered
highly reliable in comparison to urban arelse primary advantage of video detection is

the wide range of data it canovide like volumepresence, occupancy, density, speed and
classification other data such as vehicle identification, incident detection, and origin

destination information can be obtained.

Challenges relatedwith maintenance

VIP are vulnerable tbad weather conditions, shadows, and reflections from the roadway
surface and give reduced performanceighting, wind precipitation are various
environmental factorshat affect the video detection performanc&lore maintenance
effortsare requiredo assure reasonably good performar®eme of the major problems
that affectVIP are, nclement weather, shadows, vehicle projection into adjacent lanes,
occlusion, dayto-night transition, vehicle/road contrast, shaking of camera by wind, and
water, salt, dirt, grimeon camera lensOne of thefactorsthat reducedlexibility of
utilization of VIP is the height restrictioms cameras need to be typically mounted at
heights of 50 to 60 feet

As for instance1998 report to the TRB Freeway Operations Committee, the New York
State Department of Transportation (NYSDGTated that one VIP model had difficulty
detecting vehicles on a roadway lightly covered with snow in good visil#litgilarly, a

2004 evaluation of VIP performance by Purdue University described significant false and
missed vehicle detections as congghwith loops, even when the cameras were installed

at vendoirecommended locations at a wigdjhted intersectiof5].



1.2.6 Radar Sensors

Low-energy microwave radiatiois transmitted by radar sensors asdeflected by all

objects within detection zone. There are different types of radar sensor systems: (1)
Doppler systems that use the frequency shift of the return to track the number of vehicles,
and determine speed ryeaccurately, (2) frequenayodulated continuous wave radar
radiates continuous transmission power such as a simple continuous wave radar and is used
to measure flow volume, speed, and pres¢h2g In generalthe good featureof these

are easy installation and accuradyhey also support multiple detection zonesith

operaion during day or nightShort range (24 GHz) radar applications enable blind spot
monitoring, lanekeeping assistance, and parking aids, whereas long (@AgsHz) radar

sensors include automatic distance control and brake assigt&8hce

Radar systems typically have no troubleestognizingsubstanceduring fog or rairunlike
camera sensar§hrough theirangefinding ability radar devices can intellect the presence

of motionless vehicles and sense multiple zones

Challenges relatedwith maintenance

Their main disadvantage is high susceptibility to electromagnetic interferences.

1.2.7 Infrared Sensors

Such sensors can be mounted on sides of road and overhead configurations and can be
operated during both day and nighhergy generated by vehiclssdetected by the sensor

and converdto electrical signaland finallyto the processing unit. They aivided into

two categories: Passive Infrared detects vehicles based on emission or reflection of infrared

radiation and are used to collect data from flow volume, vehicle presence and occupancy.



Active Infrared sensors use Light Emitting Diodes to measheereflection time and
collect data on flow volume, speed, classification, vehicle presence, and traffic density.
The main advantage of infrared devices is that they can cover multiplsiandgsneously

[12].

Challenges relatedwith maintenance
Air conditions may influence the reflection of the infrared beath thus thesdetectors
aresensitive to inclement weather conditions and ambient llgtgy require periodic lens

cleaning and lane closure for maintenance.

1.2.8 Ultrasonic sensors

Ultrasonic sensors calculate the distance between two objects based on the elapsed time
between a sound wave transmitted at frequencies between 25 and 50 KHzeatelr &l

the sensor by an object. The received energy is converted into electrical energy which is
sent to the processing urft2]. Dat a about vehicle flawew and
collected through these sensorbey aremounted directly overhead or from a sifilee

position, these devices can provide surveillance on multiple lanes ipigpéduitably

accurate counts.

Challenges relatedwith maintenance
The main disadvantage of this kind of sensors is its bajisitivity to environmental

effects.

1.3 On Vehicle Sensors

1.3.1 Camera
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Vehicles equipped with cameras provida@erpictureof roadtraffic conditions around
upholding360° view of theirexteriorsetting These image sensors automatically detect

objects, clasfy them, and determine the distances between them and the \jéBicle

Challenges relatedwith maintenance

The camera sensors in taetomobilesare stilldistantfrom beingfaultless Rain, fog, or

snow, such poorweather situationscan stop cameras fromclearly sighting the
complicationdgn the roadway, increaxy thechancs of collisions Additionally, there are

often conditionswhereimageriesf r om ¢ a me r a s adeyuatelgdecgnt fara e n 6 t
sensorto make a god verdict about what the car shoultb [13]. Thereare real time

incidents which clarifies these instances.

As for example2004 survey conducted by the Urban Transportation Monitor contained
responses from 12{urisdictions. The survey results were summariziedt 66% of
respondents indicated that they would increase their application of video detection while
12% indicated that they will decrease their applicat[fhdVost frequennegative replies

had to do with thencapability of video detection to providgatisfactoryresults (or any
results at all) during inclemenlimate(fog, heavy snow) and when the sun shstesight

at the camera.
1.3.2 Ultramagnetic and electromagnetic sensors

Ultrasonic sensorsan identify how faioff the vehicle is from saidodyusng echotimes

from soundwvavesandget the driveconsciousvhenthenextvehiclegetscloser
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Whereas, lectromagnetic sensors create an electromagfielticaround the bumper, and

offer an alert whenever objects entdi].

Challenges relatedwith maintenance
Environmental conditions such as temperature change and extreme air turbulence can

influencethe performance.

1.3.3 Lidar

Lidar stands for light detection and ranging, and it is most often used to create high
resolution 3D pointlouds mapping the surroundings to create a full -8@&@ree map.
Thesesensors are weknown for, their association withtaonomous vehicleg.o ensure

passenger safetit can be integrated into the sensing system oftsaling passenger cars

Although Lidar systems has always been expensive and cumbersome, the use of it dates
back since the 1990s for commercial purpoaed,the technology dates to §@04]. Lidar

is changing the world because it bridges the gap between the digital and physical.

In mid-1980s, the lack ofonsistenimarketableglobal positioning system solutions for
sensoaligning presentedholdupsfor further development. Companies that offered ground
GPS survey services and equipmeammencedvolving with new airborne kinematic

GPS solutions.

By the mid1990s,producersof laser scanners wedistributingLidar sensors thatould
send 2,000 to 25,000 pulses per secondclienteleswho intended to use them for

topographic mapping applications. delideough p
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were deliveringgompressedata sets, which couttbtbe achievedyground survey. ldar

featurel data thawere generallyjormedby photogrammetry.

In the last 20 years, tlarhas significantlychangedwith firing 1 million points per second
within 5 mm accuracy. Technologiaavolutionin Lidarhas catapult thdevebpmentof

the Lidar. The application of ldar has impacted the social, health, environmental and
economic spheres of human lifEhe majorareaswhere sensors are being usedtime

worldwide marketare:

1 Environmental mapping and automobile safety are two application segments where

Lidar is immensely used.

T Access to Ldarhas the ability to create 3i@presentationsf existing space and build
digital plans on the real spacés construction teamd-or instance, art historian,
Andrew Talon, saw thenapping of Notre Damé exact detail using a Leica laser
scannemwhich after the great fire in 2019 was immediately turned up as a safe road
mapfor restoration. The availability of LIDAR mapping thus has saved heritage site

from the dustbin of historfi4].

T It has an important usage in agriculture and forestrgletermine the best ways to
increase crop productivity, along with determining impact of human activities on

forests.

T Not being limited to that, it proves its usage in mining applicajigi@ermining

material volumes in open pit mines, as well as exposure to risks.


https://www.grandviewresearch.com/industry-analysis/lidar-light-detection-and-ranging-market
https://www.geospatialworld.net/blogs/laser-scanning-the-notre-dame/
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T It can provide scans of different areas to assist city planners with blueprints. As an
archetype, Ldar scans of the 12thentury Cambodian temple complex Angkor Wat
revealed whole swaths pfeviously unidentified roadways, canals, urban areas,

temples delivering new insights into the history of the Khmer Enjipéte

1 These scanners were used for disaster inspection, ageing facility inspection, remodeling
progress inspectiol superior contribution was, after the Earthquake of 2011, in the
Great East Japan base map data could be provideé eatliest, by surveying large
affected areas quickly with higthensity scans, using 3D scanners and incredbking

operational efficiency15].

The reason that the number oflar applications has ballooned in recent yearsltipla

Lidar scans are made arsgwedtogether in an alignment which accelesatee scan
registration by40%-80%, and removed the need for manual oversight protesz019,
Shenzhen Urbaiiransportation Planning and Design Research Center took the lead in
applying the RSIDAR-V2 R f or use in <city roads for

Infrastructure System

Although various advantages of Lidar technology have come upright, it is paired mvggh so
faults that challenge this technology and its interface. Before discussinliffibelties
associated, there is a need to have a thorough knowledge of elementary terms related with

this sensar

Cloud points: Lidarare also called laser scanners asésutimeof-flight measurements
to gauge distances with pulse lasers. These can fire up to 1 million pulses per second in a

sweeping pattern, each point striking the closestdirgght object[14]. Light that is


https://www.geospatialworld.net/article/mapping-ancient-sites-using-lidar-tech/
https://vercator.com/technology/
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reflected tahe scanner is thus measured and a distance is calculated based on the speed of
lightt Each of these points is arranged and tc

produce a highly detailed 3D image.

Surface obstacleSensors typically look at the wid through a relatively small fixed lens.

One chall enge, after being installed, s t
of the world becomes obscured, through water or dirt or a single bug splat, in the
environment.This makes it tough fothe scanner to differentiate between a real object

beyond the Ldar, and elements that are right on thddnwindow [16].

When the system is launching photons over hundreds of métgrg to capture an
overview, the rakedehs bounces back returning light off in all directions prompting
hindrances, and ensuing miss or false detection, such obligation on surface of Lidar lens

are categorized as surface obstacle.

Noise: Noise are irregular fluctuations that accompany a tratetnelectrical signal but
are not part of it and tend to obscure it. It is simply produced as an unwarbeoldogt
of other activities and can block, distort, or change the meaning of a message in both human

and electronic communication.

Noise basicajl leads to anomaly and deviates something from normal, standard, or
expected. For an example, rain can be considered as a periodifligigeLidar sensor
usually performs the detection of targets, and measures characteristics of those through
laser beam propagation, energetic modeling of the received signals, geometry of the
illuminated objects. Different weather condition or environmentataatbes limit the field

of view degrading the powers of reflection, diffraction, absorption, resulting noise.
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Challenges relatedwith maintenance

It is much more expensive than radar sensors and another problem is that snow or fog can
sometimes blockidar sensors and negatively affect their ability to detect objects in the
road The Chinese Academy of Social Sciences reported that issue of haze and fog in
northern China has becorhethermost serious problem since 196&]. Due to the coal
powered heating systems and low standard of vehicle emissions, the visibility was below
50 m in Harbin during the worst periods].

Experimentavere conducted in both real foggy environments and simulationdsdies,

which proved that sensors likedarand vision cameras had trouble in accurately scanning
driving environment and surroundings to some eX@0it An experiment using a smoke
machine was conducted, which showedcghpland oitbased evaporation weakened the

performance range for LIDAR sendéi.

Although these are reviewed as on vehicle technoltggse can be used for roadside
detection topso it becomes an important part of gtedy.As an archetype, sensors like
Lidar can convert vehicle data into information about vehicle and pedestrian trajectory,
showing how vehicles slow down, stop, speed up and go through an intersection during a

light cycle.

1.4 Problem Statementand Objective of Study

Every ITS system requires different frequency of maintenance, due to the variance in
location, city, weather, environmeriechnologyetc. Mainly, on roadside, factors like
surface obstacles or environmental condition, influence performartoe sfnsordn both

extreme weather conditions (rain, snow, fog) and some specific situations in urban areas,
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although quite advanced, the current technological developments are not sophisticated

enough to guarantee 100% precision and accuracy of obdeelsion

Specially in case of Lidar, because if its glass surface, and no good protectioonutethe

shell, it gets easily influenced by different factors making the accuracy or reliability
guestionable. Accurate traffic data is of utmost importanceake informed decisions to
improve traffic conditions. Beyond the threat of being condensed from fog and road spray
that can prove as difficult to remove quickly as solid material, a significant concern for
lidar surfaces is being knocked out by dirt, amad debris. In such cases, validation would
always be required through associated traffic agencies or engineers. Maintenance
requirements, such as camera lens cleaning, lane closures at night and traffic diversion for
installing or repairing irroadway snsors could be a part of the process with an uncertainty

in theregularity of upkeep required.
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The primary objective of this research is to provide automatic methodder engineers
or agency, th@recisetime to clean or maintaithe sensor. Ths, thismethod can answer
a very foundation question from traffic engineering, as to when we shaiidaim the
Lidar sensoron roadside It would provide a standard notification and would avoid
checking omaintenancérom engineers at intersections at every small interval.

This technigue can thusicreag confidence on such systerasd the data procesdand
solve problem of how often to clean the senshrr addition, this effortalso led to

development gfmalfunction detectionf Lidar sensoevenbefore its installation.
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CHAPTER 2.LITERATURE REVIEW
If maintenance is not provideeven with greaterdesign and installation, systems do not
function as envisionedfor protractedperiods.Therefore,scheduledand regularsensor
maintenancé&elpsprolongedprocedureof traffic signal control systems and management

systems

2.1 Maintenance ofRoad Sensors

The maintenance of sensors, include fully burdened costs for technicians to prepare the
road surface or subsurface (for inductive loops or other surface or subsurface sensors),
install the sensor and mounting structure, purchase and ir@tdllit, close traffic lanes,

divert traffic, provide safety measures where required, and verify proper functioning of the
device after installation is complefg]. These devices are either installed in, below, or
above the radway. Making installation and maintenanéer overroadway sensors
relatively easyeven beinggompacted and mounted above or to the side of the roadway
Some relative issues associatederroadway sensor@e sometimes prohibited certain

locationsand wherexisting structures are not available

Based on different operating technologies there are cost differences in maintaining sensors.
The sensocleaning maintenanceopic is fundamentallyprice driven Maintenance and

life cycle costs may bedetermined, in part, by published values of the mean time between
failures. Some overoadway sensors are designed with mean time between failures of

64,000 to 90,000 hours.

Thus, maintenance and replacement costs for these devices may be signifisarttigre

for inductive loops over a 1@ear period, especially if commercial vehicle loads, poor
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subsaoil, inclement weather, and utility improvements frequently require road resurfacing

and loop replacement.

Adherence to appropriate installation and upkepegedurescandefinitely reduce the
incidence of failure and the number oéedlessmaintenance call§=or example, the
passagaletecting magnetometer detector, with its limited application, has managed to hold
popularity with minimum maintenance. Theproved reliability and functionality in
inductiveloop detector electronics units have shifted the main sources of loop detector

failure to the wire loop in the pavement

2.2 Sensor Maintenance Research and Practices

Globally or for Stateso such guidelineare present for maintenance of sensors whereas a
comprehensive reference document is provided in coordination with FHWAd the
practicing traffic engineer, planner, or technician in selecting, designing, installing, and
maintaining traffic sensors fasignalized intersections and freeways from Lawrence A.

Klein calledTraffic Detector Handboo}8].

Installation and maintenancequire taffic needs to be managed accordance&vi t h A Par t
60 Temporary Tr af fiddn the dMarual onl Uniformarsfficf Conirol

Devices (MUTCD)[21]. Design engineers and those responsible for installation and
operations should be fully aware of the caasdeffect relationship between their
activities and maintenance issu8gnsor maintenance issues have changed considerably
over the yearghosewhich formerly accounted for a considerable portion of malfunctions,

has matured to the point where many currently available digital models sexgpemence

failure.
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2.3 In Roadway Sensors

2.3.1 Inductive Loop

The analysis of a malfunctioning inductiiaop detector can be a difficult task. The root
cause of the failure may be associated with environmental conditions or other factors
attributed to installadn. The technician analyzing a faulty inductieep system should

consider all causes of failures.

The hostile street environment makes the loop wire most vulnerable component of an
inductiveloop detector system. Therefore, a scheduled visual inspexdttbe roadway at

and around sawcut should be conducted every 6 months to determine if the integrity of the
pavement, sealant, or slot has been violated. The inspection should include looking for
wires that have floated to the top of the sealant. Lodfis exposed or shallowwuried

wires needs to be replacddinstable, cracked or deteriorating sealant should be removed
with a blunt instrument. The slot should be blown clean with compressed air and new
sealant poured over the old. This is especially itgparin areas where snow removal

equipment is used, and salt applications are prevalent.

When visual inspection does not immediately disclose the problem, systematic
troubleshooting is required. An experienced technician is frequently aplagoint the
troubled area or faulty part by visual examination. Procedures for identifying and

correcting malfunctioning inductivieop detector systems are discussed below

A. Operational Checkof Malfunctioning Detector

Several operational checks can benducted to expedite analysis of malfunctioning

inductiveloop detector system. These checks can be performed utilizing a maintenance
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vehicle and a vehicle simulator that analyze adjacent lane detection, motion in the loop

wire, intermittent detection, arggnsitivity of the loop systefB].
1 Adjacent Lane Detection

At locations where adjacent lane detection is suspected, one technique is to maneuver the
maintenance vehicle close to the lane and monitor the electronics unit. Fiteviseims

then adjusted so that the maintenance vehicle does not cause an output.

1 Intermittent Operation

To identify this problem, the operation of the inductive loop is observed while the
maintenance vehicle is driven over the various lospspected of having intermittent
operation. Another approach to identifying sources of intermittent operation is to visually
inspect all connections and test them with a-80® megger and a lovshm midscale

ohmmeter.

1 System Sensitivity

A simulated vehi@ that represents the smallest detectable vehicle can be used to determine
if the inductiveloop system sensitivity is in balance and to determine the minimum
sensitivity required of the system. The same procedure can also be used to test new
installations The simulated vehicle is utilized to measure change in inductance, which is a
measure of the sensitivity. For this purpose, a frequency reading is made with no vehicle
present; then the simulated vehicle is introduced into the detection area and a new
frequency reading is taken. The difference between the two frequencies provides a measure

of the change in inductance
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B. Sequential Test Procedure

The six steps described below assist in isolating the causes of indlotipedetector

system malfunction

Step 1. Conduct Visual Inspection

Check for indication of broken or cut loop or leiadwires. Check for open leads within

the controller and for the connection of the power source to the electronics unit.

Step 2. Check Operation of Inductilzeop ElectronicgJnit

To eliminate the electronics unit as the source of the problem, replace the existing unit with
one having a known sensitivity. If the operation is not considerably improved, remove the

substituted unit, replace the original unit.

Step 3. Measure Paneters Needetb Determine Quality Factor Q

Measure and record the following data on the quality factor data form. With the electronics
unit disconnected and power removed from the loop, measure the resistance from either
loop terminal to the bus or condwround. With the loop test meter attached to the
controller tie points and the electronics unit disconnected, measure the inductance of the

loop system.

Step 4. Determine Q
To determine th&) of the loop system, follow the procedure described beloavrecord

the results on the quality factor data form:
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Attach theQ test unit to the existing cable or adaptor cable as requednect ac
voltmeter and digital frequency counter to @test unit to read loop voltage and frequency

in kHz. Adjust freqency for maximum voltage across the loops; record the frequency as
fr and the voltage across the loops Elps Successively increase and decrease the
frequency to obtain the frequency points having 70 percent of the resonant voltage value.
Record these asigherfh and lowerfl. Calculate and record the bandwidhV and Q,

whereBW =fh 1 fl andQ = fr/BW [8].

Measure Sensitivity of Inductiveoop SystemPerform the analysis by comparing the
measured values for each of the items with riskerence tableDetermine required

maintenance from suggestédrrective Actiong8].

2.3.2 Magnetic Sensors

Magnetic detectors have an extremely djopaintenance record. As they are installed
under the road surface and all léadwires consist of cable encased in underground
conduit, the opportunity for failure is relatively small. Some of these devices have been
installed for more than 20 years wotlt a failure.

In the rare case where a magnetic detector fails, the first step is to examine the electronics
unit. When false responses occur (the electronics unit output relay closes when no cars are
crossing the detection area), the existing unit neete replaced with another tested unit,
tune, and monitor. If the system then works, it can be assumed that the original unit was at
fault. If the system still does not work, a series resistance test followed by a resistance

ground test is requird@®].
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1 The total circuit resistanea®-ground of the detector should be measured after
disconnecting all the jumpers to ground and the leads to the relay. In cases where leakage
is between detector cables and signal cables, proper cable layout and good splicing ¢
avoid this condition.

1 If the voltmeter needle moves erratically when there are no vehicles passing the probes,
it generally indicates surges in nearby power wires. If the probe can be located closer to
traffic, the sensitivity of the electronics uniérc be decreased to reduce the effect of
power lines. Changing the orientation of the detector axis can eliminate or minimize the
effect of a particular power line

1 If line voltage changes are suspected of causing the voltmeter needle to behave in an
erraticmanner, the "Magnetic Detector Plus" and the "Magnetic Detector Minus" leads,
needs to be disconnected. If the voltmeter needle is still erratic, the trouble is due to line
voltage changes. In this case, examine the power service connections to mékeysure
are properly soldered and insulated. If there are no obvious problems, the power
company checks the regulation of the power being supplied and makes any necessary
modifications to their equipment.

1 Fluctuations on the neutral power wire with respecigtound might also cause
intermittent response. A connection to a conducting rod driven into the ground
(required in most modern installations) can stabilize this condition.

1 Other problems could involve induced voltage response, which can occur when the
detector leads are placed in the conduit with the power supply leads. Induced voltage
can cause false responses. Consequently;imeadble should not be inserted into

conduit withanothersignal wiring[8].
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2.4 Over Roadway Sensors

2.4.1 Video Cameras

Periodic cleaning of the camera laagshemost pervasive maintenance operation for video
image processord he cleaningegularitydiffers from six months to one year, depending
on thecharacteristics of the monitored areamera mountingpeight, the truck traffic
volume, and precipitation and dust. Cleaning mayctetractedor performed by the
agency responsible for traffic managemespecialized boom trucksre required for
cameras mounted on the tallest poles (e.g., (21nmgomecases, like for wer-roadway
sensordane closures are requirédr bucket trucks to be parked on the mainline. This
disruptsroad traffic posinga safety risk to the installers. Staffing concerns related to
numbers and skill levels of maintenance persbnaeds to be realistically maintained by

available agency personnel or local contractors.

2.4.2 Radar Sensors

Radar sensors do not appear to require much maintenance. For an instance, EIS Electronic
Integrated Systems Inc., the manufacturer of the RTMS, sefiat of 624 units shipped

to one North American client, 10 (or 1.6%) were returned for repair from April 1994

through June 2003].

2.4.3 Infrared

A rule of thumb for gauging when an infrared sensor may have trdat#eting a vehicle

in inclement weather is to note if a human observer can see the vehicle under the same
circumstances. If the observer can see the vehicle, there is a high probability the infrared

sensor will detect the vehicle
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2.5 On Vehicle Sensors

2.5.1 Cameras

Digital cameras have featured ultrasonics to remove dust and dirt from internal surfaces
since Olympus introduced the feature in 2003. Ultrasonic cleaning works well on sensors
because of their relatively small area to clean. The technology emplogseteeironics

(PZT) to generate an ultrasound frequency of around 35 kHz. Rather than presshirey

the dirt with a liquid jet, a thin film of water or cleaning fluid is applied. The vibration of
the lens transfers the dirt into the fluid. It then atmesithe fluid from the surface, taking

the dirt withit [22]. It is the most effective mechanism for removing surface crud from a
sensor A challenge with using ultrasonic PZT actuators is in determining how hard the
actuator meds to be driven for effective cleaning, difficult to accommodate many different
sensor geometries; need for a large fluid tank on the vehicle, and addition of multiple wiper

systemg22].

2.5.2 Lidar

Keeping lidars clean is cruci&h the operation of an lonomousVehicle (AV).1 t 6 s a

technical challenge that has the industry engaged in finding solutions.

Valeo and Continental are among industry suppliers that have developed fully automatic
cleaning systems for AV lidars and cam@®r The technologies typically use retractable
liquid-jet nozzles that spray a precise amount of cleaning fluid (stored in an onboard

reservoir) onto the sensor lens or face. Some include drying acchgdeater$22].

LiDAR, Innoviz One,is a new technology that teesigned with a blockage algorithm that

enabl es the sensor atoss inavailabiity roi degradatidn oft her e



27

performance due to loss of light passing through the obg28jleThis unique sensor can
classify the different types of blockage to use the right cleaning scheme, such as cleaning
with water spray, air pressure, heating, etc. Finally, based on input coming from the
vehicle,the sensor can decide whethercntinue to function with limited availability or

to enable the cleaning

Fordbés oOtiarad sensor suite funnels air ol
debri s, the air flowing out of the niara |
addition to choosing the correct cleaning solution, there is also a need to decide when best

to apply it[24].

26 DOT6s and Their Mai ntenance | ssues

lllinos Department of Transportation [23]

In Chicago, IL, IDOT maintains more than 18,000 inducto@p detectors. Because of

their experience with loop failure, they initiated an active inspection and maintenance
program to monitor each loop. This program hasiced replacements to about 35 recuts

per year. They report that no more than 5 percent of their loops are inoperative at any given
time [4].

lowa Department of Transportation [23]

lowa DOT typicaly does not install only a single pavement sensor on a roadway or bridge
deck. There are usually multiple sensors installed, which can be compared to one another.

In addition, both bridge and road sensors are attached t@ashViReatherInformation

System station. Slight differences between sensors that are close to one another are
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expected due to location variation and road direction. However, if there is a more
pronounced variation in temperatures, then staff go out and take a reading with a handheld
infrared monitor to see if it matches what the pavement sensor is reporting. A lot of lowa

roads are rural enough that they dondt neec

Minnesota Department of Transportation [23]

Typically, RWIS sensors are embedded flush in the roadway surface. Their installation and
maintenance require a lane of traffic be temporarily closed while work is performed. These
sensors must be moved if a road is resurfaced or reconstructed. Schedukng done
during nonpeak traffic hour@ndcan be difficult for roadway managers, especially when
work is often performed by sensor vendors or specially trained persdmmeOT has

used data from multiple sources to adjust traffic alerts triggeredntyedded sensors.

2.7 Studies Related with Lidar

A. Using huge amount of Road Sensor Data for Official Statistid25]

Big data is a very interesting, but the quality of the data is a challenge. Most of the time,
the quality ofeach data element in a ldgta set is poor, which makes it hard to decide on
the usability of the data set as a whadlee paper focus on datallected by 20,000 sensors

on the Dutch highwaydor the period 2010 until 2014 a total of 115 billion recamith a
volume of 80TB. Although the data is very structured in a technical sense, the content of

the datavasnot that weHlstructured.

For instance, in 98% of the sensor data collected daily, at least 1 minute of measurement

was missing due to signal bbetween the road sensor and the central database. In addition,
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sensors regularly fail to function and the relationship between the data of adjacent road
sensors is not as evident as it should be. Since vehicles pass sensors at different speeds and
the sanpling frequency is limited to only one sample per minute, one does not find a large
correlation between the data of two sensors, even if they are 250 meterBeqearte the

arrival times of the vehicles at a sensor fluctuate, the data are very ¢heincimber of

vehicles passing a sensor at a particular minute strongly etiffesm the number of

vehicles passing subsequent minutes.

Through this papem cleaning processas developedhat removd the high frequency
component in the data amagsable to fill in the gaps induced by missing data. Smoothing

the signal by removing high frequency components incdeastcorrelationsThis also
increagd cross correlations between adjacent sensors, due to a decrease in the variance of
the datalt wasassume that (i) vehicles arrivé independently at a road sensor, (ii) one
vehicledid not alter the probability distribution of another vehicle and (iii) two vehicles
could notpass a road sensor at the same time. Hence the observation noise was modeled

by a Poisson distributian

B. A study on Recent Development and Issues with Obstacle Detection Systems

for Automated Vehicles[17]

This paper reviews critical issues with obstacle detection systems for automated vehicles.
The curreh review looks at technology and existing systems for obstacle detection.
According to the World Health Organization, in 2015, there was a total of 1.25 million
traffic accidents, 270,000 people fatalities, resulting in over 700 life losses each day on

aveaage. It was reported that over 90% of crashes were based onedrovelr 0 improve
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this situation, governments, car manufacturers and municipal departments have considered
a large amount of investment to support the development of various technological

solutions

The focus of this work is to discuss current developments and existing technologies for
obstacle detection that can make autonomous drisarfigty possible in the near future.
Discussionswere on how different technologies perform in differentuations during

daytime or at night

Radar: Performs mapping at medium to long range. Better than cameras and LIDAR in the

worse weather possible, but lacks the fine resolution required for object identification.

Lidar. Provides 36@legree higfresolution mapping, from short to long range. Limited by

harsh environments with low reflective targets.

Ultrasound: Low cost and shows good performance in-shoge measurement. Suitable

for parking assistant in parking lots due to its fast response in aeglathort range.

Camera: Provides a complete picture of the environment in a variety of situations, as well
as able to accurately read road signals and color buttons, but are limited by the visibility

conditions within the driving environment

Infrared (R): Gives excellent support for night vision among all sensors. LIDAR can also

be used during nighttime because of its capabilities to work ifvisiwility environments

Combining different technologies gives a more accurate detection, surveillance and

recognition of the driving environment and all surroundings, including vehicle and
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pedestrian, lane, and other objects; but, still, further effort is required to develop more

precise sensor fusion system.

Like human drivers, the autonomous vehicles (AVs)treasure a continuous observation

of the driving environment and alurroundingsFive key elements are involved: the
obstacle, the road, the egehicle, environment, and driver. Amongst these, the obstacle
with its different propertig, size, shape, wght, material, frequency of appearamns¢he

most significant element to focus on. To provide AVs with the abilities to detect an obstacle
and obtain information about its properties, sensors are integrated and installed in and

around the vehiclelhis paper highlights the advantages of Lidar over other sensors.

The laser path and reflection rate on material surface changes of LIDAR performs well in

rainy environments with rain intensity lower than 20difference.

C. Lidar Sensor Simulation in Adverse Weather Condition for Driving

Assistance Developmeni26]

This research project fills the need by developing testing methods for pavement sensors
and it seeks to establish guidelines for practical testing methods thatalilhtsswhether
the pavement sensor is providing an accurate representation of actual conditions at the

installed site

In this project, the authors used their findings to automate the process of identifying
malfunctioning weather sensors in real time. Thihars analyze the weather data reported
by various sensors to detect possible anomalies. Their interface system allows users to

define decisiormaking rules based on their rembrld experience in identifying
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malfunctions. Since decision rule parametetdy the user may result in a false indication

of a sensor malfunction, the system analyzes all proposed rules based on historical data and
recommends optimal rule parameters. If the user follows these automated suggestions, the
accuracy of the softwar® tdetect a malfunctioning sensor increases significantly. This
report provides an overview of the software tool developed to support detection of sensor

malfunctions.

D. A hybrid defect detection method for compact camera len@7]

When several types of defects exist in an inspection region, the most efficient approach is
to treat each type of defect separatéifis study proposesan automated inspection
method for camera lerfer identifying problems likecircular texture and & nonfixed
position of the inspection regioand getting the issues resolved througbugh
transformation, weighted Sobel filter, and polar transformafibe.metha developeds
thusdivided into four steps: (1) locating a circular inspection regionp@far coordinate
transformations, (3) candidate defect detection, and (4) the SVM classification method.

This enables real defects to be identified for an accurate detection result.

If the circular inspection region can be converted into a rectangukartba defect
detection problem can be substantially reduced, and a real defect can be easily detected.

The equation for converting between Cartesian and polar coordinatefined as follows

CFECH COS—EXOH Sin—
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where (X, y) is the position in the circular inspection region and therange &f 071 36 0
degree Through polar coordinate transformation, the circular texture changes to horizontal

texture

According to the manufacturerods specificat]
0.01 mm can be ignoredo compute the gradient while reducing the effect of the texture,
a weighted Sobel filter is usedth two weights, Wx and Withat are addetb the vertical

and horizontal components of the gradient, and most textures are noted as being horizontal

Many small and narrow edges remain in the gradient image, and these edges are too small
to be defects. to remove these ndike edges morphologitaperationsare applied

opening and operations are combination of erosion and dilation operation.

To enhance remaining edge regions and remove small gradient edges, a thresholding
methodis applied Only larger gradient values are considered candidefiects, because
defects always accompany a high contrast in the local regmitdentify the location of

the candidate defective region, watershed segmentation msthpplied The idea is that

if the distance to nearby candidate regions is too srhaligtcandidates belong to the same
candidate defective regio@entroid points of each candidate defective regimocated

by averaging all coordinates of the pixel in a defective region.

While the candidate defective regions were detected, the featere extractedrom
candidate defective regions for recognition of real defect regions using classification
method. The main idea ttis methods trying to find the optimal separating hyperplane

by maximizing the margin between the hyperplane anddtee
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Figure 2: Flowchart of Proposed Defect Detection Method for Compact Camera

2.8 Findings from Literature Review

Varied literatures and studies were used for getting a comprehensive knowledge about
sensors. Although all these studies are not directly related with the scope of work, but they
have given a background or foundation to know the basics of sensor, thgiratzssing

and analysis of results\fter reading all the literatures and studies, it clarisesisor
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performancecan be influenced by varied factpsich as environmental parameters like
fog or snow, temperature, weather or some obstacle like ddstbois.But the research

gap is, be influence of the stainsnot quite well studieth sensorgxcept cametavhich
might result in degradediata quality Thus,these sensotseing positioned on roadside, it

is veryimportant for related agemsto knov when to clean or maintain their sensors. So

t hat §my resdarch will focus on automatic detection of those stains and notification

for cleaning.

The study of cameralthough,prompteda concept for automatic detection of defective
region but no aatal guideline is presens to when the sensors should be maintained, at
what time what should be the frequency to get the real time traffic data. Especially in case
of Lidar, although ithasbeen very advantageous in autonomous vehicles, its use on
roadside have not been much touched upon. Some pap@reseat about ibut analyze

very limited data. The justification of data associated with it, validation and maintenance
has not been there in any literature or guidelines. This pushes the lifecycle costs, operating
issues, technical people to make untimely visits to check the sertsds danctioning.
Studieseventalked about anomaly se&nth sensor datéut theautomatic measures for
finding the influence and timely maintenanadyich can reduce cost and cause operation

efficiency of Lidar is noputon.

Even testing methods arekloped by researchers for pavement sensors for accurate
representation of actual conditions, but in case of Lidar, being a new but versatile
technology not much exploration has been executecutonomous vehicles for safe

perception system, Innoviz oniglar has developed blockage algorithm but that says which
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cleaning method to be usdalut does not put about frequency of maintenance required,
which will also starits production in 2021.

Our purpose is to put Lidar sensor on roadside for long ternenvgensors are installed

on roadside, wéaveno idea, the data is influenced by time or not. This is the current
knowledge gap. For real road deployment my method helps to check the quality of data
and give qualitative data. In other wordsy study fils this gap and develops a method
using real time traffic data collected through Lidar and verifies the malfunction or obstacle,
and alarms engineers about the frequency of maintenance required for roadside Lidar used

for collection of traffic information.
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CHAPTER 3.METHODOLOGY
3.1 Experimental Plan
Regardless of all the benefits and specifications revealed through the literatures, there is
still a need to assess the reliability of the sensor to determine the impact of surface obstacles
prior to installationof Lidar and even after implementation on the field, to validate the
monitoring and capturing of the terrain and objects. While there is prolific list of purposes,
where Lidar is applied, being a relatively new technologyi, it has its frail spots todyMain
on roadside, factors like surface obstacles or environmental condition, influence
performance with uncertainty of cloud point movement from its true value. Therefore,
through this study an automatic method would be developed that triggers a wathiag to
engineers when obstacles are detected on lidar glass houses, reaching a predefined

threshold, and notifies the frequency of maintenance required.

This study followed the procedure of first analyzing the data of intersection and getting a
knowhow of tle quality of data and then developing a method for surface obstacle detection
and verifying the method for real time traffic data. Three assessments were conducted at
an intensely busy intersection of Reno, and a testing facility at University of Nevada Re
(UNR) and for each tryout, a criterion was used, and scenarios were tested. Through this
study technologies are not compared, however with same technology different conditions

are compared.

Our purpose is to put Lidar sensor on roadside, for longer term. When data is collected, we
have no idea, whether the data is influenced by time or not, it is the current knowledge gap.

For real road deployment, thus, a real time traffic data collectadebgensor, which in
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this case is set to be on the intersection of McCarran Blvd and Evans Ave, is used to
validate and check the quality of data. The quality of data thus can be affected by various

definite reasons like weather, environment, surface olestaor sensor itself.

To know the precise reason of the influence and rule out the effect off outside
environmental factors, the data needed to be consequently tested incontrelled
environment. Experiment No. 2, consisted of simulation of diffeseenarios of varied
surface obstacle and used the continuous data of 10 mins for every scenario in a controlled
environment of a lab, in Applied Research Facility (ARF) building, in University of
Nevada, Reno premises. The different simulated surfaoditmmns (dust, humidity,
precipitation, mists) in a controlled environment and smaller area helped checking the
actual reason of influence and to ensure which of the factors, are affecting the drift of the
cloud points. This analysis accordingly wouldhéb identify a method for automatic
detection, which leaded a path for the third and foremost crucial process where the data on
road; at intersection would be used to validate this method or model for real time traffic

scenario.

Further to finalize, an emination would be carried out at the same intersection, where it
initiated with real time traffic data. To justify outputs, this would be a practical test case
where results of this study would be compared with experimental results published
previously Experiment No. 3, accommodated traffic influence with soreal
environmental conditions on the same interseafdvicCaranBlvd and Evans Ave using

the data ofLO minutes- 6000 frames)rom April 2020January 2021This eventually
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would answer the agstion, how often do sensors surface need to be cleaned when used for

traffic data collection.

Figure 3: Lidar being influence by surface obstacle at intersection

3.2 Elements of Experimental Program

Figure4 illustrates the flowchart of the experimental program. Three major analyses were
carried out. Analysis | consisted of a comparison of different days data betweeduhpril
considering time as a variable, to see the influence of dust, since dust acesrimukat
longer period while analysis Il verified pattern of drift or offset of cloud points is consistent
or erratic for both experiments and evaluated in the laboratory. The measured performance
characteristics and distribution of points were studiedthansg would be compared with

the recital at intersection with road users.

Finally, the findings from analysis | and analysis I, 11l of the experiments were used to
present the final threshold that could be a point for alarming the engineers to defimerwhet

maintenance is required or not.
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Figure 4: Flowchart describing the procedure of the experimental program
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CHAPTER 4.DATA PROCESSING, EXAMINATION AND RESULTS
4.1 Experiment no.l1.
4.1.1 Apparatus Setup
Lidar Sensor with 32 channels (VL32C)was setup at North East corner of McCarran

Blvd and Evans AveReal time traffic data was collected and used for this process.

A &
Figure 5: Lidar testing site of McCarran Blvd and Evans Ave

4.1.2 Data Processing

The firstmethod/experiment numbér analyzed short time versus long time changes in
the cloud points captured bydar, taking standard or baselingata in clear surface and
environmental conditionThe data that was used was from April-10ul 31, 2019.The

gualty of data thus can be affected by various definite reasons like weather, environment,

surface obstacles, or sensor itself. Some of them demonstrate immediate effect in short
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time whereas factors like surface obstacle would take a longer period. Ifebeigfin
short period, it is basically related with sensor but if in long time it must be related with
surface obstacle like dust. So, for this, the influence is checked by taking time as a variable,

short time versus long time changes, through thegesst

1 Checking single day data
1 Considering same day data of every month

1 Consecutive same day every week until the month of data collected

4.1.3 Analysis and Results

a) Study of single day data

At first, a single day data of 10th April was consideredanalyze streaming and the
changes in different times of a day. Dataweénty-threehours is used with frequency of

every twohours that is eight hours data was examined

Figure6 shows theloud pointan the real databasBiff erentcolor herandicatedifferent
frames or different times of a dayd the circles means different labeams. The center
of X-axis and y Axis or O, here represents the position of Lidar. X araxi represents
distance of objects from Lidar which is in meter. Figaie an extension of figuré Both
the figure illustrate,ni a day, shift of the cloud pointsf the static objects, which in this
case needs to be called as offset, nevertheless in due tooksplacein a patterned
manner and at the end of thel2durcycle the offset was insignificant, as the cloud point,
almost returedto theoriginal position.Streaming in a single day dagéxecutecand thee
werechanges in different times in a ddyt it was nominal, which could be related to the

motion causedi the sensor. To justify this, data of every month was checked further.





















































































































