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EXECUTIVE SUMMARY

Lane Departure Warning System (LDWS) and the Advance Curve Warning System (ACWS) are two critical
elements among several other Advanced Driver-Assistance Systems (ADAS) functions, which have
significant potentialto reduce crashes. The Majority of these crashes involve crossing of an edge line,
centerline, orotherwise leaving the intended lane or trajectory. Generally, LDWSs use image processing
or optical scanning techniques to detectalane departure. Most of the camera-based systems use
differentimage processingtechniques such as linear paraboliclane model orthe extended edge-linking
algorithm, which extract the lane markings from consecutive pictureframesto calculate lateral shiftof a
vehicle. Some of the LDWSs can also detect the lane markings undervarying lighting conditions such as
nighttime. Similarly, optical scanning systems, which comprise of alinear array of infrared transmitting
devicestoscan the lateral area of the highway for lane marking, are inherently independent of the
varying lighting conditions. Although cameraand optical sensor-based systems work wellin favorable
weatherand road conditionsin day or nightlight, their performance deteriorates when the road
conditions are not favorable, such as an absence of or irregular/broken lane markings or harsh weather
conditionsresultingin aninaccurate lane departure detection. Moreover, othersystems use a GPS
receiver with accesstothe lane-levelresolution digital maps to improve efficiency of acamera-based
system but make the overall system more complexand expensive toimplement. Onthe other hand,
majority of the ACWSs use a standard GPS receiver, aspeed sensor, and access to the digital maps of
lane-level resolution to detect the curve ahead. Some ACWSs are also equipped with Bluetooth Low
Energy (BLE) technology along with the GPS receiverto transmitthe curve information tothe onboard
unit. Once a curve aheadis detectedandits degree of curvature is estimated, asafe distance and an
advisory speed s calculated.

The authors propose alane departure detection algorithm and an advanced curve warning algorithm
using a standard GPS receiver with only road-level information, which are availablecommonlyinany
navigation device. Although the errorin absolute position accuracy of a standard GPS receiveris larger
than the Lane Width (LW), the error inits relative accuracy is much less (< LW). This phenomenon
provides an opportunity to potentially detect alateral lane drift of the given vehicle. Previously, the
authors developed a methodology to accurately identify the relative lanes of the surrounding vehicles
on freeways by utilizing the relative accuracy of a standard GPS receiver.

Using the similar concept, the authorsfirst propose alane departure detection algorithm to perceivean
unintentional lane drift of avehicle. The proposed algorithm compares the vehicle’s trajectory to the
reference road direction to determine the lateral shift of avehicle for potential lane departure
detection. The reference road direction of agivenroad can be obtained from a standard digital mapping
database containing only road level maps without lane-level resolution, which are commonly availablein
any navigational system. While the vehicleis moving, the GPSreceiveracquiresits position coordinates
periodically. Atany giventime, the algorithm determines the vehicle’s headingand comparesit with the
reference road direction to estimate the instantaneous lateral distance. The instantaneous lateral
distance accumulates overtime and if the accumulative lateral distance crosses a certain threshold, a
lane departure is detected, and an audible warningisissued.



Moreover, the authors also propose an advance curve detection algorithm that utilizes referenceroad
directionto detectthe possible curves ahead and warns the driver about the advisory speed foragiven
curve at a safe distance before the curve starts. The safe distance is assumed to be the distance needed
to reduce a vehicle's speed fromits current speed to the advisory speed of the curve by applying normal
braking with a safe deceleration rate. Usually, before applying brakes, adriver needs a buffertime,
called reactiontime to adjust to the warning. Therefore, adriver’sreactiontime will also be includedin
determiningthe safe distance. The first sub-task of ACWSisto determinethe advisory speed of agiven
curve. In this project, two methods are explored for determining advisory speed foragiven curve. Inthe
first method, an advisory speedis determined using reference road direction foragiven curve toissue
the lane departure warning. However, in the second method an advisory speed value foragiven curve is
directly acquired from a map database. The second sub-task of ACWS is to determine the safe distance,
whichis calculated using the vehicle's current speed and the advisory speed for the curve, and a safe
decelerationrate. If the vehicle’s current speedis higherthan the advisory speed, the proposed ACWS
will issue the advance curve warning at a safe distance. The warning message comprises two important
pieces of information: acurve ahead warning and the advisory speed of the given curve so that the
drivercan adjust the vehicle’s speed accordingly.

The implementation of the proposed lane departure warning and advance curve warning algorithmswas
done by programing the Dedicated Short-Range Communication (DSRC) devices for performance
evaluation. Extensive field tests were performed to evaluate the system’s efficiency on both straight and
curvedroad segments. The field test results showed that the proposed system can detectand warn the
driverof a true lane departure with the accuracy of almost 100% on both straightand curved road
segments. Although no true lane departure was left undetected, occasionalfalse lane departures were
detected about 10% of the time when the vehicledid not truly departits lane. A Majority of these false
alarmswere issued on the sharp curved sections of the road. Along with lane departure warning, the
system alsoissued the advance curve warning about the advisory speed of agiven curve if there was any
curve detected. Additionally, a modification in the lane departure detection algorithm was tested, which
has significant potentialto reduce the frequency of false alarms on curved road sections.



CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

An increasing number of modern vehicles include different Advanced Driver-Assistance Systems (ADAS)
to assistindriver'ssafety (1). Lane Departure Warning System (LDWS) and Advance Curve Warning
System (ACWS) are two important ADAS features, which can prevent high-speed accidents on highways
and freewayswhen avehicleis aboutto unintentionally drift away fromitslane orthereis a sharp curve
ahead with an advised speed. According to American Association of State Highway and Transportation
Officials (AASHTO), almost 60% of the fatal accidents are caused by an unintentional lane driftingof a
vehicle on majorroads (2). Similarly, in a Minnesota crash study, it was reported that 25 to 50 % of the
severe road departure crashesin Minnesota occuron curves, even though curves accountforonly 10 %
of the total system mileage (3). Systems that predict the driver’s attentive state and intent of lane
change (4-6) and provide map-based route guidance and/or warning about unintentional lane departure
(7-8) are all useful to reduce majorroad crashes. The Majority of these crashesinvolve crossing of an
edgeline, centerline, orotherwise leaving the intended lane ortrajectory (9). Accordingto a recent
study which compared crashes with and withoutan LDWS, it was found that an in-vehicle LDWS was
helpfulinreducing crashes of all severities by 18%, withinjuries by 24%, and with fatalities by 86%
without considering fordriver demographics (10).

Most available lane departure warning systems typically use asingle cameraand a processortoidentify
the imminentlane departure (11-14), while other modern systems use optical scanning and Light
Detectionand Ranging (LIDAR) sensors (15). A careful view of camera-based systems reveals that the
calibration of a camerais an important element. However, there are systems available that can detect
the lateral offset of a vehicle even with an uncalibrated camera (16). Most of these camera-based
systems use differentimage processing techniques such as linear paraboliclane model (17) orthe
extended edge-linking algorithm (18), which extract the lane markings from consecutive pictureframes
to calculate lateral shift of avehicle. Earlier camera-based systems werevulnerable to lighting
conditions, hence not capable to accurately recognizing the lane markings at nighttime. However, image
processing techniques have advanced overthe past couple of decades overcoming the limitati on of
diminished lighting conditions to successfully detect lane driftingevenin low lighting or nighttime (19).
For example, aVideo-Based Lane Estimation and Tracking (VioLET) system, which uses steerable filters,
isan efficientmethod for detecting solid-line and segmented-line markings undervarying lighting and
road conditions for robust and accurate lane-marking detection (20). Similarly, optical scanning systems,
which are comprised of alineararray of infrared transmitting devices to scan the lateral area of the
highway forlane markings, are inherently independent of the varying lighting conditions (21). Although
camera and optical sensor-based systems work well in favorable weather and road conditionsin day or
nightlight, their performance deteriorates when the road conditions are not favorable, suchasan
absentorirregular/brokenlane marking orharsh weather conditions resultingininaccurate lane
departure detection. Moreover, there are also some systems thatintegrate Global Positioning System
(GPS) data with a camera-based LDWSto increase the reliability of lane departure detection in adverse



road and weather conditions. However, such systems require GPS technology, inertial navigation sensor,
and access to digital maps of lane-levelresolution to correct the GPS position (22), making such systems
more complex and expensivetoimplement.

On the otherhand, a majority of the ACWS use a standard GPS receiver, aspeed sensor, and access to
the digital maps of lane-levelresolution to detect the curve ahead (23-25). Some ACWS are also
equipped with Bluetooth Low Energy (BLE) technology along with the GPS receiverto transmitthe curve
information tothe onboard unit (26). Once a curve ahead is detected and its degree of curvature is
estimated, asafe distance and an advisory speed is calculated. The safe distance foragiven curve is
defined as the distance required foravehicle toreduce its current speed to the advisory speed of a
curve. Some available systems alsoimpose the speed control mechanismto the vehicle inorderto
achieve asafe speedincase the driver could not achieve it (27). If a vehicle is moving on a straight
section with speed higherthan the advisory speed of acurve, itis beneficial to warnthe driverwell in
advance so that the driver can adjust the speed accordingto the advisory speed of the curve ahead.
Based on the advisory speed and the current speed of the vehicle, the proposed method willwarn the
driveraboutthe advisory speed of agiven curve at a safe distance before the curve starts.

In thisreport, lane departure detection and advance curve detection algorithms are proposed that use a
standard GPS receiverwith only road-level mapsinstead of lane-level maps. Although the errorin
absolute position accuracy of a standard GPS receiverislargerthan the Lane Width (LW), itsrelative
errorismuch less (<LW), providing an opportunity to potentially detect lateral lanedrift of avehicle
(28-29). Previously, the authors developed a methodology to accurately identify the relative lanes of the
surrounding vehicles onaroad by utilizing the relative accuracy of a standard GPS receiver (30). Using
the similar concept, the authors have now developed an algorithm to detect an unintentional lane drift
of avehicle. The proposed algorithm compares the vehicle’s trajectory to the reference road direction to
determine the lateral shift of avehicle for potential lane departure detection. Simultaneously, the
system also calculates the degree of curvature based on curve geometry and asafe distance fora
possible curve ahead warning. If avehicle is moving on a straight section with speed higherthan the
advisory speed ofacurve, itis beneficialtowarn the driver well in advance so that the driver can adjust
the speed accordingto the advisory speed of the curve ahead. Based onthe advisory speed and the
current speed of the vehicle, the proposed method will warn the driver about advisory speed of agiven
curve at a safe distance before the curve starts. The reference road direction of agivenroad, whichis
required by both LDWS and ACWS, can be obtained from any standard digital mapping database
containing only road-level maps without lane-level resolution. Such maps are commonly available in any
navigational system.

A prototype system was developed toimplement both proposed algorithms (lane departure detection
and advanced curve detection) and extensive field tests were performed to evaluate the system
efficiency on both straight and curved road segments. The field testresults showed thatthe proposed
algorithm can detect and warn the driverof a true lane de parture with an accuracy of almost 100% on
both straightand curved road segments. Although no true lane departure was left undetected,
occasional false lane departures were detected about 10% of the time when the vehicle did not truly
departitslane. A Majority of these false alarms were issued on the sharp curved sections of the road.
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Along with lane departure warning, the system simultaneously issued advance curve warning with the
information of an advisory speed foragiven curve at a safe distance, if there was any curve ahead.
Additionally, amodificationin the lane departure detection algorithm was tested, which has significant
potential toreduce the frequency of falsealarms on curved road sections. Both LDWS and ACWS
algorithms are explained in great detail in future chapters.

1.2 OBJECTIVES

The major objectives of the projectinclude design and development of two algorithms; lane departure
detection algorithm and advanced curve warning algorithm.

1.2.1 Lane Departure Detection Algorithm

Previously, the authors developed a methodology to accurately identify the relative lanes of the
surroundingvehicles onaroad by utilizing the relative accuracy of a standard GPS receiver. Using the
similar concept, the authors now propose alane departure detection algorithmto detectan
unintentional lane drift of avehicle. This proposed algorithm compares avehicle’s trajectorytoa
reference road direction to determine the lateral shift of avehicle for potential lane departure
detection. The reference road direction of agiven road can be obtained from a standard digital mapping
database containingonly road-level maps without lane-level resolution. At any given time, the algorithm
determinesthe vehicle’s heading and comparesit with the reference road direction to estimate the
instantaneous lateral distance. The instantaneous lateral distance accumulates over time and if the
accumulative lateral distance crosses a certain threshold, alane departure is detected, and awarningis
issued.

1.2.2 Advance Curve Detection Algorithm

Proposed advance curve detection algorithm utilizes reference road direction to detect the possible
curves ahead and warn the driver about the advisory speed foragiven curve at a safe distance before
the curve starts. The safe distance is assumed to be the distance needed to reduce avehicle's speed
fromits current speedtothe advisory speed of the curve by applying normal braking with a safe
decelerationrate. Usually, before applying brakes, a driver needs a buffertime called reaction time to
adjustto the warning. Therefore, adriver’'s reactiontimewill also be included in determining the safe
distance. The first sub-task of ACWSis to determine the advisory speed of agiven curve. Two methods
are explored fordetermining advisory speed foragiven curve. Inthe first method, an advisory speed is
determined using referenceroad direction foragiven curve toissue the lane departure warning.
However, inthe second method an advisory speed valueforagiven curve is directly acquired fromthe
map database. The second sub-task of ACWS isto determine the safe distance, which is calculated using
vehicle'scurrentspeed andthe advisory speed forthe curve, and a safe deceleration rate. If the
vehicle’s current speedis higherthan the advisory speed, the proposed ACWS will issue the advance
curve warning at a safe distance. The warning message comprises two important pieces of information.



Thefirstis aboutthe curve ahead and the secondis about the advisory speed so that driver can adjust
its speed accordingly.

1.3 Methodology AND SYSTEM ARCHITECTURE

The proposed lane departure detection systemrelies on
standard GPS receivertoacquire the position of avehicle
and a basic processorto execute necessary calculations to
find lateral shift of the given vehicle. Generally, the absolute
position accuracy of a standard GPS receiverisinthe range
of 3-5m, whichis not sufficientto determineany lateral
lane-level drift of avehicle’s trajectory needed forlane
departure detection (28). However, the relative GPS
accuracy is much higherand can be used for determining
relative trajectory of asingle vehicle (29). This conceptis
illustratedin Figure 1where afew adjacent GPS coordinates
of a fast-movingvehicletaken by a GPS receiverare shown
as red dotsfor a straightroad in (a), and for a curved road in

(b). The true positions of the vehicle are shown as green \ /o Pposition obtained by regular GPS
dots. Due to the GPS error, estimated location of the vehicle ® True position of vehicle

. . . . > Error vector between GPS and
could be anywhere in the biggerdashedcircle (Figure 1). true positions

However, the bulk of GPS error is caused by atmospheric

. . . . Fi 11C tual di howi
disturbancesand will remainthe same forall adjacent GPS sure onceptual dlagram showing

. . . . relative GPS accuracy versus absolute
estimated positions because atmosphericdisturbances will . .
. ) ) position accuracy for (a) a straight and
remain constantovera wide area (32). Therefore, any residual
GPS relative error will only be due to device-specificsources and
confined to smallerdashedcircles asshownin Figure 1. Additionally, in the absence of any multipath
interference, most of the device specificerror will also not change much in adjacent GPS readings overa

short period of time. Therefore, the relative accuracy of a standard GPS receiver with no multipath

(b) a curved road section.

interference turns outto be reasonable to determine lateral drift due to lane departure.

The conceptual architecture of the proposed system using astandard GPS receiverisshownin Figure 2.
The GPS receiver periodically obtains longitude and latitude of avehicle’s current position. The onboard
processor calculates the direction of travel of the vehicle utilizing two or more consecutive positions of
the vehicle acquired by the GPS. Aroad reference direction extracted from a digital map database with
onlyroad-level resolutionis also stored in the onboard processor. By comparing the vehicle direction to
the road reference direction, the processor calculates instantaneous lateral shift of the moving vehicle
perpendiculartoits reference road direction. Please note thatthe system does notrely onlane-level
resolution maps for referenceroad direction butinstead only needs road-level maps, which can be
obtained from any mapping database of commonly available navigation systems. With every new
acquired GPS coordinates, the system keeps accumulating the lateral distance and issues awarning to
alertthe driverif the accumulative lateral distance exceeds a certain threshold. There are several ways



through which the driver can be alerted such as a hapticin-seat feedback, system display warning, oran
audible warning.

Reference Road

Direction
GPS Antenna

Warning Signal Processor GPS Receiver

Figure 1.2 Block diagram of the proposed lane departure detection and advance curve
warning detection systems.



CHAPTER 2: LANE DEPARTURE WARNING SYSTEM

2.1 LANE DEPARTURE DETECTION ALGORITHM

A movingvehiclecandriftaway fromits lane if its yaw or steering angle is not aligned with the ref erence
road direction. Figure 2.1adepictslane departure scenarios due to a misalignment of yaw angle (blue
solid line trajectory) or steering angle (red dashed line trajectory) with the reference road direction.
Both yaw and steering anglesresultin the vehicledriftingaway fromits lane causing the lateral distance
of the vehicle with respecttoits reference road direction toincrease. Whilevehicle is moving, its GPS
receiver periodically acquiresits position coordinates. Atany given time, n, usingthe current position P,
of the vehicle and its previous position P,_;, the algorithm determines the vehicle’s heading 4, using
forward azimuth equation as well as the distance between two consecutive positions D, using haversine
equation (26). Once the 9, isdetermined, itis used to calculate the deviation angle 6, by subtracting 9,
fromthe reference road direction U. Subsequently, 6,isused to determinethe instantaneous |lateral
distance D, by using Equation 2.1.

D; = D, sin(8,) (2.2)

The instantaneous lateral distance is calculated upon acquiring every newset of GPS coordinates and is
accumulated overtime. If the accumulative lateral distance crosses a certain threshold, alane departure
isdetected. This phenomenonis depictedin Figure 2.1b, where the accumulative lateral distance of a
vehicleisshownversus traveled distance. When the vehicle departs fromits lane fromright to left, its
accumulative lateral distance increases in positive direction and vice versa. Avehicle is considered to
have departedits lane when the absolute value of accumulative lateral distance increases beyond a
certainthreshold. The intentional lane drifting (lane change scenario) can be distinguished with a
presence of a lane change indicatorsignal. When avehicle intentionally changesitslane, asin the
scenariodepictedin Figure 3b, the increase in lateral distancesaturates, i.e., upon completion of lane
change, any furtherincrease in lateral distance becomes negligibly small becausethe vehicle starts
travelingin parallel tothe reference road direction. This phenomenon can be used to reset the
accumulative lateral distance to zero for detecting a potential unintentionallane departure afterevery
lane change. In case of unintentionallane departure due to drowsiness or some other negligence, the
warningisissued wheneveraccumulativelateral distance increases beyond certain threshold and
warning remains active until the vehicle’s direction of travel becomes parallel to reference road
directioni.e., O..

The proposed lane departure detection algorithm requires areferenceroad direction ,and
accumulative lateral distance threshold to reliably detect lane departure. Both of these aspects are
furtherdiscussed below.



Threshold

»

. »
Road Distance

Threshold

Accumulative Lateral Distance

Figure 2.1 (a) Typical trajectories of a vehicle with misaligned yaw angle (blue) and steering angle
(red), and (b) Schematic diagram showing lane departure detection algorithm.

2.1.1 Reference Road Direction (&)

To estimate the instantaneous lateral distance, U,is needed which can be extracted from Google maps
or any other navigational mapping database e.g., OpenStreetMap. Typically, in any mapping database,
roads are represented in several segments of individual links, each having unique characteristics such as
speed, road curvature, number of lanes etc. All these links have an associated link identification (ID) that
isglobally unique in the mapping database foridentifying and processinginformation aboutany given
road segment. These mapping databases can provide road-level orlane-level information based onthe
quality of the survey and required services. Forthe proposed algorithm, only the road -level information
isneeded. Aroad-level map of agivenroad segment with a unique global ID has associated set of
geographiclatitude-longitude points placed somewhere in the middle of the road, which represent the
shape of the actual physical road with some lateral error. These shape points are sparse if the road is
straightand are dense wheneverthe road has curvature, for the obvious reason that a curved road will
require more shape pointsto accurately represent the road curvature. The distribution of these shape



pointsona givenroadisdirectly proportional to how acute the road geometryisalongthatroad
segment.

A crucial element forthe proposed lane departure algorithmis the accuracy of U, as thisbecomesthe
basis of determininginstantaneous lateral distance. Ideally, 8.sshould remain constant throughoutany
straight section of a road. However, in any practical mapping database, there will be some lateral
deviation of the shape pointsresultingin 6.to deviate from one road link (formed by two consecutive
shape points) toanotheras shownin Figure 2.2a. To minimize the errorin 6., a path average heading
overthe entire length of straight road sectionis taken as .. To find path average 6.y, lateral shift
between two consecutive links (combined by three shape points) is calcul ated. If the lateral shift
between the two-consecutive links is <}4LW, a path average heading of the two linksis calculated and is
usedto find the lateral shiftin the followinglink. Similarly, the lateral shiftin the subsequentlinkis
calculated one ata time with respect to the path average heading of the previous links. Aslongas the
lateral shiftinany subsequentlink with respect to the path average heading of the previous linksis
<)5LW, that linkisincludedin calculation of the path average heading whichisusedas 8., forthe entire
straight section (Figure 2.2a). However, if the lateral shiftin some of the links is >%5LW, the
corresponding shape points are considered spurious and are skipped in calculation of path average
headingfor 0., to minimize its lateral error as shownin Figure 2.2a where the fourth shape point from
the leftisnot includedin calculating path average 0.

A similartechnique is used for the curved section of the road to minimize the lateralerrorin 6. (Figure
2.2b). For a normal curved section of a road segment, the lateral shiftfrom one link to the next link

Path Average Heading

(@)

e e e e e e e e e

Path Average Heading

O Shape Point
2 Spurious Shape Point

Figure 2.2 Schematic geometry showing shape points for (a) a typical straight, and (b) a

typical curved road segment along with the path average heading used as a reference

heading.
should be uniformly increasing or decreasing depending upon the direction of the curve. However, due
to inherentlateral errorin database shape points, the lateral shift between some of the consecutive
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links could fall outside of this norm. Such shape points are considered spurious and are excluded to
calculate path average 0. for the curved section of the road (Figure 4b). If the lateral shiftof a
subsequentlink remains <%2LW, that link will be included in calculation of the path average slope of 6.
to minimizeitslateralerrorasillustratedin Figure 4b.

In practical scenarios, aroad is a combination of straight and curved sections. The above -mentioned
strategy works on straight or curved sections of any given road segment. For example, acommon
practical scenariois a straight road section followed by a curved section or vice versa. In such cases, 6.
isconsidered as path averaged heading for the straight road section and path averaged slope forthe
curvedsection. Thisisillustrated in Figure 2.3awhere the heading between available shape pointsis
plotted versus road distance in solid black line fora 3 km section of Rice Lake Rd in Duluth, MN. The
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Figure 2.3 Database heading between consecutive shape points (black) and calculated reference heading (red
dashed line) versus road distance for (a) a 3 km segment of Rice Lake Rd in Duluth, MN, and (b) a 4 km segment
of Interstate I-35. The Google maps of the corresponding road segments with shape points are also shown for

reference.



portion of Rice Lake Rd shownin Figure 2.3a has one curved section surrounded by two straight
sections. The number of shape points on the straightroad sectionisless thanthe numberof shape
pointsonthe curved section as expected. The calculated 6.;usedforthisroad sectionisalsoshownin
Figure 2.3a as red dashedline.

Similarly, amore complex curved segment on Interstate I-35 near Duluth, MN is shown in Figure 2.3b
where reference heading between consecutive shape pointsis plotted versus road distance as solid
blackline fora 4 km longroad segment having many curved sections as well as some straight sections.
Figure 2.3b also shows calculated . using the strategy described above as dashed red line.

2.1.2 Threshold

Once 6. isdetermined, itcan be usedto calculate the accumulative lateral distance of agiven vehicle
overtime to detectlane departure by comparingittoa certain threshold. The accumulative distance
threshold choice is critical because alarge threshold can minimize false alarms but at the cost of delayed
lane departure detection. One obvious choice of the accumulative lateral distance threshold is half of
the vehicle width subtracted from half of the lane width as shown in Figure 2.4a. The typical width of
most common vehicles ranges from 1.6 to 2.0 m and the typical highway lane widthis 3.6 m. Therefore,
the threshold choice ranges between 0.8and 1.0 m. This threshold works fine to detectatrue lane
departure in eitherdirection aslongas a vehicleisdriveninthe middle of the lane in perfect alignment
with the 6. whichis notalways the case inreality. Instead atypical vehicle isdriveninarandom
trajectory withinitslane. Therefore, during normal driving within alane, the lateral distance keeps
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Figure 2.4 (a) Schematic geometry showing accumulative taéyral distance threshold for the proposed lane
departure detection algorithm, and (b) accumulative lateral distance versus traveled distance for three typical

trials of normal driving.
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accumulatingin positive or negativedirectioninazig-zagfashion. To evaluate anormal driving
behavior, avehicle was driven on Interstate I-35near Duluth, MN in the same lane, multiple times. The
accumulative lateral distance versus traveled distance is shown in Figure 2.4b for three typical scenarios.
During this test, no attempt was made to departthe lane. However, as expected, the test vehicledid not
necessarily travel parallel tothe road. Instead it traveled in aslow zig-zag patternresultingin lateral
distance toaccumulate in one direction orthe other. Despite slow zig-zag pattern, the accumulative
lateral distance does not cross the threshold of 1 m in all three trials except once near 2,700 m pointfor
a short period of time whichwouldresultinafalse alarm (Figure 2.4b). Therefore, the normal driving
behaviorillustrates that 1 m thresholdisa reasonable choice to detect lane departure usingthe
proposed algorithm. If the threshold isincreased, probability of the false alarm can be minimized but
actual lane departure warning will be delayed.

2.2 FIELD TESTS, RESULTS AND DISCUSSION

To evaluate the efficiency of the proposed algorithm, it was implemented using a dedicated short-range
communication (DSRC) device as an onboard unitbecause it has a built-in GPSreceiverand the required
processing power needed toimplementthe proposed algorithm. Please note that the proposed
algorithm can be implemented in any navigational device havinga GPSreceiverand necessary
processing power. Forthe field tests, the communication aspect of DSRC device was not required so was
disabled. The proposed algorithm was programmed in the DSRC device, which acquired GPS dataat 10
Hz frequency to decide about potentiallane departureevery 100msec. Once a lane departure was
detected, awarningviaan audible sound wasissued. Foraudible warning generation, a Linux laptop was
used which also helped to monitorother parameters duringfield tests.

The field tests were performed by driving the test vehicle multipletimes on two different road
segments, a3 km longsegment of Rice Lake Road in Duluth, MN, and a 4 km long segment of Interstate
I-35 near Duluth, MN. Many back-and-forth lane changes were made intentionally on both road
segments duringthe field tests. The intentional lane changes were used to evaluate the effici ency of the
proposed lane departure algorithm.

First, the field tests were performed on Rice Lake Rd segment, which is single laneroad with awide
shoulderwhich was used as a second lane forback and forth lane changes. One typical set of results
involving multiple lane departures (lanechanges) on Rice Lake Road is shownin Figure 2.5a where
accumulative lateral distance is plotted versus traveled distance. Overthe length of 3 km road segment,
a total of 6 lane departures were made. Two of these six lane departures were made on the curved
section of the road. The positive accumulative lateral distance represents the lane departure on the
rightside and vice versa. During each lane departure, an audible warning signal was generatedin real
time as soon as the absolute value of accumulativelateral distance increased above the threshold (1m).
Upon successful completion of lane change, the vehicle’s direction of travel became parallel to .. At
this point, the accumulative lateral distance was reset to zero and the audible warning was turned off. In
the proposed algorithm, avehicle is considered to be travelling parallelto ., when 5 consecutive
instantaneous lateral distances become negligibly small. A digital mask of the audible warning signal is
also superimposed in Figure 2.5aas dashed black line showing the startand end of lane departure
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warning duringlane changes. If the lane was changed quickly with abigger steering angle, the audible
signal was heard for a short period of time and if the lane was changed slowly with asmallersteering
angle, the audible signalwas heard fora longer period of time. Each of the 6 lane departures of the trial
of Figure 2.5a were accurately and timely detected. However, during multiplefield tests conducted,
sometimesthe systemissued adelayed lane departure warning. This occurred during some slow lane
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Figure 2.5 Accumulative lateral distance versus traveled distance of field trials on (a) 3 km section of Rice Lake Rd.,
showing 6 lane departures and (b) 4 km segment of Interstate 1-35 showing 9 lane departures. The dashed black line
representsthe digital mask for the duration of audible warning signal. The Google maps of the corresponding road

segments are also shown.
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changeswith a very small steeringangle. During the period of such slow lane change, afew times,
vehicle’s heading became parallel to the 6. causing the accumulative distance to be resetto zero
before crossingthe threshold. This mainly occurred on the straight portion of the road section and was
an artifact of intentional attempt of slow lane change. Inreal scenario of unintentional lane departure,
this behavioris notlikely, so atimely lane departurewarningis expected tobeissued usingthe
proposed algorithm.

Similarly, the tests wererepeated many times on Interstate I-35as shownin Figure 2.5b where
accumulative lateral distance is plotted versus traveled distance. Overthe length of 4 km segment, a
total of 9 back and forth lane departures were made. During all these 9 cases, lane departure warning
was accurately generated, exceptonce around 3,100 m distance (Figure 2.5b), where afalse alarm was
detectedfora brief time period (about less than half asecond). This false alarm occurred at the sharp
curved section of the road where the vehicle remainedinits own lane but deviated too much fromone
side of the lane causing the accumulative lateral distance to cross the threshold. This false alarm
phenomenon varied with driving behavior.
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Figure 2.6 (a) Schematic of different potential trajectories of a given vehicle during multiple trips on the same

road, and (b) Accumulative lateral distance versus traveled distance for a typical field trial on Rice Lake Rd,
Duluth. A digital mask of audible warning signal is also superimposed as dashed black line.
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Overall, the field tests were repeated at least 10 times on each of the two road segments making
approximately atotal of 200 lane changes and the proposed algorithm detected and issued the warning
duringall 200 lane changes. However, during some of the lane changes (~10% of the time), the lane
departure warning was issued but delayed because of deliberate attempt of a very slow lane change.
Moreover, we noticed that false alarms occurred about 10% of the time and the duration of false alarm
varied between % second to ~3 seconds.

One of the reasons forfalse alarms during the curved sections of the road is due to inhe rent lateral error
incommonly available maps with road levelresolution which were used to extract 6.y. Thiserror
becomes more pronounced onsharp curves. The reference road direction can be furtherimproved by
usingthe past trajectories of avehicle onagivenroad to generate 6.y Such 6. could be much more
accurate both on straight and curved sections of the road. Generally, avehicle travels repeatedly on the
same road overtime. If a vehicle tends to unintentionally departits lane on thatroad where it has
traveled before, its own previously recorded trajectory can be used as 6. to accurately detecta future
unintentional lane departure due to driver’s negligence or drowsiness. Normally, avehicle is expected to
take slightly different trajectory in each new trip on the same road as shownin Figure 2.6a. A more
accurate .5 can be obtained by averaging multiple past trajectories. However, itisimportant to exclude
any intentional lane changes of agiven vehicle within those trajectories before including them to obtain
average O, (Figure 2.6a). To evaluate the potential advantage of this method, avehiclewas driven
normally on one of the two test sites, Rice Lake Road, to generate 6.y. Using this ., the testvehicle
was driven again onthe same road and made lane change multiple times to evaluate lane departure
detection. The results of one such trial is shownin Figure 2.6b, where accumulativelateral distance is
plotted versus traveled distance. In thistestrun, a total of 10 lane change attempts were made and two
of the 10 lane changes occurred on the curved section of the road. All these lane departures were
detected accurately and timely. During multiple runs, the frequency of false alarms was significantly
reduced. More details on this method will be discussed in a future manuscript.
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CHAPTER 3: ADVANCE CURVE WARNING SYSTEM

An advanced curve speed warning system has tremendous potential to avoid vehicle accidents on sharp
curves. Ifa vehicle is moving on a straight section with speed higher than the advisory speed of acurve
ahead, itis beneficial towarn the driver well in advance sothat the driver can adjust the speed
accordingto the advisory speed of the curve ahead. Based upon the advisory speed (V) and the current
speed of the vehicle (V(), the proposed method will warn the driver at a safe distance (Ds) before the
curve starts as shown in Figure 3.1. The safe distance isassumed to be the distance needed toreduce a
vehicle's speed fromits current speedto the advisory speed of the curve by applying normal braking
with safe deceleration rate including standard perception and reaction time. The system would calculate
this distance specificto each vehicle based onthe current travel speed and required speed reduction
before the start of the curve. Usually, before applying brakes, adriver needs a buffertime ora reaction
time to adjust vehicle’s speed to the advisory speed in the warning. Therefore, driver’s reaction time will
be includedin determining the safe distance.
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Figure 3.1 Conceptual diagram showing advance curve speed warning system
The proposed advanced curve speed warning system has following three important aspects:

Determination of the advisory speed for the specificvehiclein advance of the curve: Anadvisory speed
needsto be determined by the vehicle well before itapproaches the beginning of the curve.

Safe distance determination: Based uponthe current speed of the vehicleand the advisory speed of the
curve, a safe distance needs to be determined so thata warningto the driver can be issued at the point
which allows the driverto adjust speed safelypriortoreachingthe start of the curve.

Issuingthe warning: After determining the advisory speed for the curve, when avehicle reaches within
the safe distance from the start of the curve, an advance curve speed warningisissued.

In the following sections, the above three aspects are further explained in detail.
3.1 ADVISORY SPEED FOR THE CURVE

We have explored two methods for determining advisory speed foragiven curve. Although, various
vehicles have different capacity to handle speed on curves, for this project, we will assume justone
advisory speedforall vehicles. To estimate the advisory speed, both methods obtain specific
information fromthe same digital map database as we previously used to develop lane departure
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warning system as discussed in Chapter 2. In the first method, an advisory speedis determined using
shape points fora given curve which we previously used to determine the reference road direction
(Bref) fora curvedroad to issue lane departure warning. However, in the second method an advisory

speedvalue foragivencurveisdirectly acquired fromthe same map ping database. These two methods
are furtherdescribed below.

3.1.1 Calculated Advisory Speed

As discussedin Chapter 2, LDWS uses shape points to estimate the Gefand due to constant change of
Bref, proposed system can differentiate the straight and curve sections of the road segment. ACWS uses

Gref to determine the degree of curvature forany given curved section of the road segment. A degree of
curvature will later be used to calculate the advisory speed for that curved section. Figure 3.2
schematically describes the methodologyto determine the degree of curvature needed to calculate
advisory speedforanadvance curve warning system. Please note that thisisthe same methodology
which we previously used to determine the Gefforthe lane departure warning system. Ourlane
departure detection algorithm already detects the beginning and ending points of a curve ahead. By
determining the beginningand ending points of acurve, we can determine the total length of the curve
(L) as well as the differential heading which is the difference of initial heading (h1) at the beginning of
the curve andfinal heading (h2) at the ending of the curve. Finally, the degree of curvature (D) whichis
defined asthe change of heading (in degrees) over 100 ft, is calculated using equation 3.1, where Lis the
curve lengthin feet.
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Figure 3.2 Schematic diagram showing methodology to determine beginning and ending points of a curve ahead.
This will be needed to determine advisory speed of the curve.

16



An advisory speed (V)foragiven curve not only depends on degree of curvature butalso rely on other
factors including super-elevation (e) and road friction factor (f) and can be calculated from equation 3.2.

(3.2)

V= \/5729.578;15*(e+f)

Use of equation 3.2 requires determination of the super-elevation as well as friction factorin addition to
the degree of curvature of the curve. Both super-elevation and friction values can be estimated
empirically. According to MnDOT road design manual, the specificdegree of curvature corresponds to a
specificlimiting friction factorvalue foragivenroad (33). It contains specificfriction factorvalues fora
few discrete values of degree of curvature ranging from 2 to 21 degrees (33). We have curved fitted the
specified friction factorvalues to generateagenericformulato determinefriction factorvalue fora
givendegree of curvature as shownin Figure 3.3 where friction factorvalues are plotted versus degree
of curvature.
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Figure 3.3 The friction factor vs. degree of curvature

Although friction factorvalue is fixed foragiven degree of curvature, the super-elevation value fora
givenroad can vary between Oto 6 percent forthe same degree of curvature. There is a possibility that
roads with the same degree of curvature can have different super-elevation value or vice versa. Most of
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Figure 3.4 An Estimated advisory speed vs. Super-elevation values
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the highways and freeways in Minnesota use 6 percent of super-elevation value (maximum
recommended), butafew highways especially the old ones use asmaller super-elevation value. Figure
3.4 shows calculated advisory speed versus super-elevation values for two curved road segments (Rice
Lake Road and Interstate I-35), which is also used for demonstration purposesin lane departure warning
system (Chapter2). The calculated advisory speed forthe curved section of Rice Lake road ranges from
55 to 70 mph. However, the posted advisory speed for that curved section is 55 mph. This indicates that
a super-elevation value of 0% is used for the Rice Lake Road. On the other hand, forthe Interstate
section I-35, the posted speedis 70 mph which indicates that the 4% super-elevation value is used for
that segment. Without having the super-elevation information in advance, we cannot reliably calculate
an advisory speed foragivenroad. Although the safest value of super-elevationis 0% resultingin the
leastadvisory speed, we used asuper-elevation value of 3% to calculate advisory speed asamid-range
value. An advisory speed using one fixed value of super-elevationi.e., 3% could differ from the actual
posted advisory speed forthat road. To mitigate this factorand to warn the driverappropriately, itis
best to obtain the actual posted advisory speed from the digital map database as explained below.

3.1.2 Acquired Advisory Speed

This method directly extracts posted advisory speed from the digital maps database which we have
previously used for extracting shape points to determine referenceroad direction. Digital maps
database also has road level information including advisory speed. Previously, we used OpenStreetMap
(OSM) data whichisentirely opensource and any user can directly obtain actual data with the help of
OSM-common library by using JAVA programming language. Similarly, some commercial mapping
databases, e.g., Google maps have provided several Application Programming Interfaces (APIs) to obtain
theroad level information. However, there is alimitation on getting the amount of data per day, free of
charge, from commercial databases as opposed to open source databases.

Afterextracting the advisory speed directly fromthe map database, it is be compared with the
calculated advisory speed as explained in first method (section 3.1.1). To be on the safe side, we used
the loweradvisory speed whetheritis from the map database or from the calculation method for
issuingthe warning. After determining the advisory speed, next step would be finding the safe distance
before issuingthe warning.

3.2 SAFE DISTANCE

Safe distance is calculated using vehicle's current speed, the advisory speed of the given curve, and a
safe decelerationrate. The current speed of the vehicle can be calculated from the GPS coordinates and
advisory speedis determined usingthe methodology explained above. As far as the safe deceleration
rate is concerned, according to AASHTO, approximately 90% of motorists brake with the deceleration
rate of more than 3.4 m/s?(34). This rate enablesdriversto reduce theirspeed safely without losing
control. Therefore, 3.4m/s?is used as a safe deceleration rate for reducing speed. Using current speed,
advisory speed, and safe deceleration rate (a), the safe distance is calculated by using Equation 3.3.
However, Equation 3.3 does not accommodate driver’s reaction time. Therefore, an adjustment is made
to include the driver's reaction in calculating safe distance using Equation 3.4, where Tis the reaction
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time forthe driver. Accordingto AASHTO, a person can take 0.9 to 2.5 seconds to react to a warning
sign.To be on a safe side, we are usingthe longestreaction time (2.5s) for safe distance calculations.

o 2-v?

Safe Distance withoutreactiontime = (3.3)

2x*a

2
Safe Distance with reaction time = VCZ*: +V.*T (3.4)

Figure 3.5 shows the safe distance vs. vehicle’s current speed for three different values of deceleration
(3.4, 6 and 8 m/s?) for each of the two advisory speeds (55and 70 mph). Although system uses 3.4m/s?
as deceleration rate, the higher declaration rates (6and 8 m/s?) have beenincorporated for reference
only. Itis to be noted that the higher deceleration rates show the usage of emergency brakes while
reducing speed. When the vehicle isdrivingat the same speed as the advisory speed (V=V), safe
distance only accounts fordriver’s reaction time and will have some non-zero value (Figure 3.5).
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Figure 3.5 Calculated safe distance vs. vehicle’s current speed.
3.3 SYSTEM WARNING GENERATION

Finally, an advance curve speed warningisissued usingthe same equipment as used forLDWS, i.e., a
DSRC Device which has a builtin GPS as well as the processing power. Based on safe distance analysis,
our algorithm ensuresto scan a curve ahead at least half a mile in advance to ensure thatadvanced
curve warningcan be issuedintime. Half amile criterion gives 30seconds buffertime atthe speed of 60
MPH. Once the advisory speedis determined and asafe distance is cal culated, the two following cases
are possible priortoissuingthe warning.

e Vehicle’scurrentspeedis higherthanthe advisory speed.
e Vehicle’scurrentspeedislessthanorequal tothe advisory speed.
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In both cases, we recommend the same warning, however, the safe distance will be differentin both
cases. Once vehicle approaches the safe distancerange, the following warning will be issued.

Curve Ahead

Advisory Speed: XX MPH

The warning message comprises of two important pieces of information, the existence of curve and its
advisory speed. By giving the warning within the safe distance, system ensures that the driver has
enoughtime to adjustvehicle’s speed comfortably. Although LDWS generates an audible warningif the
vehicle departsitslane, ACWS displays awritten warning on laptop screen for demonstration purpose.
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CHAPTER 4: INTEGRATION AND SUMMARY

4.1 OVERVIEW

This chapter emphasizes the integration of the LDWS and ACWS and highlights the summary with
conclusions and future work. Both the algorithms are integrated in such away that if the vehicle is
departingitslane andisalso nearto the beginning of acurve, an audible signal will be issued due to lane
departure and the system will show the curve speed warning. The overall system performs calculations
for both lane departure detection and advance curve detection algorithms every 100 msec. The
executional flow of both LDWS and ACWS are described below.

System
Initialization and
Data Processing

Calculate Lateral Deviation <

Lane
Departure
Detection

Yes

< Audible Warning >

Curve
Detection

Yesi

Calculate Safe Distance and
Advisory Speed

/ Issue Advance
\ Curve Warning

Figure 4.1 Flow diagram shows the complete functionality of LDWS and ACWS. The system
updates its decisions every 100ms.

Y
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4.2 INTEGRATION

The functional flow of the implementation of the LDWS and ACWS isshownin Figure 4.1. The system
periodically (every 100 ms) calculates instantaneous lateral distance and accumulatesit overtime. If the
accumulated lateral distance crosses a certain threshold, the system will issuean audible warning to
alertthe driver of unintentionallane drifting. In addition to lane departure detection, the system also
checksifthereisany curve ahead. The developed system has the capability to differentiate between
curve and straight sections of the road inreal time. If there isa curve ahead, the system calculates a safe
distance, based onvehicle’s speed and an advisory speed foragiven curve (Chapter 3). The safe
distance calculation determines whentoissue the advance curve warning. If the vehicle’s current speed
isgreaterthan the advisory speed, the system will issue the advance curve warning ata safe distance.
The ACWS displays the first message indicating the driver of the imminent curve and its advisory speed
with the text “Curve Ahead and #Advisory _Speed”. Atthe time of the warning, the vehiclewillbe ata
safe distance away from the curve, so the driverwill have enough time to reduce the vehicle’s speed.
Once the vehicle approachesthe curve, the message changesto “On Curve” and whenitleavesthe
curve, the message changesto “Curve Ended”. This whole cycle of calculationis repeated every 100 ms
and appropriate warnings are given when warranted. In this way, both the LDWS and ACWS work
simultaneously and independent of each other. Forthe demonstration purpose, we made two videos on
Rice Lake Rd and Interstate I-35. The mainvideo screen shows the road view and the console terminal
window is merged on the bottom left side of the main screen. Many lane departures were performed by
the driverto testthe LDWS ona straightsection and a curve section. As discussed above, the ACWS
displayed the position and speed information of the curve on a console.

4.3 CONCLUSION AND FUTURE WORK

In this report, two algorithms are presented, one forlane departure detection and the otherforadvance
curve detection using astandard GPS receiver. Both algorithms were developed and tested in the field.
Extensive field tests were performed to evaluate the efficiency of both algorithms on both straight and
curvedroad segments. The field test results show that the proposed lane departure detection algorithm
can detectand warnthe driverof a true lane departure with an accuracy of almost 100% on both
straight and curved road segments. Although no true lane departure was left undetected, occasional
false lane departures weredetected about 10% of the time when the vehicle did not truly departits
lane. A majority of these false alarms were issued on the sharp curved sections of the road. Along with
lane departure warning, the advance curve detection algorithm simultaneously detected the possible
curve ahead and issued an advance curve warning with the information of an advisory speed foragiven
curve at a safe distance.

The next phase of lane departure detection project will overcome the inherenterrorin reference road
directiontoimprove the lane departure detection algorithm. The initial testingin the modified lane
departure warningalgorithm has already been tested and discussed at the end of chapter 2. This
modified algorithm generatesits own reference road direction viavehicle past trajectories that shows
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significant potentialto reduce the frequency of false alarms on curved road sections. The authors will
alsointroduce anotherfeature to the lane departure warning algorithm that will be responsible for
receiving referenceroad direction information from anearby vehicle using vehicle-to-vehicle (V2V)
communication.
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