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Executive Summary

Abstract

Digital maps, in conjunction with vehicle positioning, can enable or enhance several active safety
features. For example, maps and positioning can provide information about road curvature ahead
of the vehicle, information not available from other sensors. However, maps have generally been
constructed for applications such as vehicle navigation, without consideration for these safety
applications.

The Enhanced Digital Maps (EDMap) project was initiated in 2001 by four vehicle OEMs
(DaimlerChrysler, Ford, General Motors, and Toyota), together with a commercial map database
supplier (NAVTEQ), and the Federal Highway Administration and the National Highway Traffic
Safety Administration. The goals of the project were:

e To identify the map accuracy and attributes (related information) required for
high-benefit vehicle safety applications, and

e To understand the commercial feasibility of providing maps with this extra
information.

The project began with the identification of safety-related applications, from near-term to long-
term, that would benefit from or be enabled by map database improvements. The map database
requirements for each application were then determined using feedback from the map database
supplier with regard to data collection feasibility and database maintainability. Using the
application requirements, the map database supplier constructed map databases for specified test
areas. The participating automakers each evaluated and demonstrated implementations of selected
driver assistance systems. The result is an assessment that will provide direction to the map
suppliers in terms of the enhancements needed for future driver assistance systems, and provide a
roadmap to the USDOT in terms of safety-focused systems that are enabled by enhanced map
databases.

Results:

e Vehicle applications that only require information about "which road" the vehicle
is on appear to be very feasible. These applications can utilize existing map
structures (albeit with additional accuracy and extra information), and current
vehicle positioning systems.

e Vehicle applications that require information about "which lane" the vehicle is in
also appear to be viable in the next decade. These applications require "which
lane" information only on selected portions of the roadway, which greatly
reduces the cost. In addition, positioning systems required for "which lane"
applications also appear to be commercially viable for automotive mass
production, by combining planned improvements in the satellite positioning
system with silicon micromachined IMUs.

e Vehicle applications that require information about "laterally where in lane" the
vehicle is in do not appear to be viable in the next decade, due to their stringent
vehicle positioning requirements.

The roadmap for development and deployment of vehicle safety applications that utilize enhanced
digital map databases generally appears to be very promising.
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Background

The EDMap team went through a process to select a set of safety applications enabled or
enhanced by the use of map database derived information. The team defined a set of analysis
categories by which the relative potential benefits of each application system could be compared
and rated. Rating criteria included estimated safety benefit, estimated market penetration, and
vehicle positioning availability. The main analysis result was a set of near-, mid-, and long-term
EDMap Applications having significant safety potential:

e Near Term (1 year after EDMap): Curve Speed Warning, Speed Limit
Advisory, Stop Sign Warning

e Mid Term (5 years after EDMap): Curve Speed Control, Stop Sign Control,
Forward Collision Warning, Lane Following Warning, Traffic Signal Warning

e Long Term (10+ years after EDMap): Forward Collision Avoidance,
Intersection Collision Avoidance, Lane Following Control, Automated Lateral
and Longitudinal Control

For each of the applications, map database derived information, called mapplets, was defined
based on the application requirements. The mapplet specifications were then used to drive the
processes needed to build the EDMap databases.

Near-term applications can be supported by databases with information at the road level of
granularity, the granularity of navigation-level databases today. For example, navigation and
near-term databases represent geometry as the centerline of the road in the case of a two-lane
road, and the centerline of each side of the road in the case of a multi-lane divided highway. The
attribution for near-term databases became more definitive compared to navigation databases, but
remained at the road level. For example, navigation databases store speed ranges and a range for
the number of lanes to determine traversal time estimates. Near-term databases store actual speed
limits and the exact number of lanes, still as road attributes. Stop sign attributes, parametric road-
level curvature and other new attributes are not in today's navigation-level database, and have
been added for near-term database requirements.

However, mid-term applications, such as Lane Following Warning and Forward Collision
Warning, require a database with increased accuracy and information at a lane-level and even sub
lane-level of granularity. For example, mid-term applications require information about the
centerline and width of each lane so that position in the lane can be determined. Mid-term
databases require lane centerline representation with the precision and accuracy at the decimeter
level. Storing lane information not only requires road type attributes about each lane, but also
requires additional attributes, such as lane striping and shoulder information, that were not
required at the road level.

Application analysis in the EDMap project focused on evaluating a subset of the applications
using vehicle implementations within the context of the ability of the map databases and
positioning systems to support the applications. This information was used to contribute to the
conclusions in this report regarding the effectiveness, deployability, and commercial viability of
the selected applications over a defined future time frame. It was hypothesized that the analysis
would identify mapplets having little or no impact on the effectiveness of the applications,
additional mapplets to enhance the effectiveness of the applications, and new thinking regarding
the required accuracy of map entity information.
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Major Milestones

The EDMap team completed a major milestone of demonstrating applications utilizing near- and
mid-term map databases. The following applications were demonstrated in Palo Alto in January
2004 and in Detroit in March 2004:

e Curve Speed Assistant-Warning, -Control (CSA-W and CSA-C)
e Stop Sign Assistant-Warning, -Control (SSA-W and SSA-C)

e Forward Collision Warning (FCW)

e Lane Following Assistant-Warning (LFA-W)

e Traffic Signal Assistant-Warning (TSA-W)

These are the map-aided applications that would have the significant safety potential.
Additionally, these vehicles were used to evaluate the functionality of the implemented
applications as a function of the database in use. The demonstrations were held on public roads.
Engineering test drives were used to demonstrate the applications. No general population field
testing was included.

Application Analysis

This section of the Executive Summary highlights observations and insights about the
applications as implemented in EDMap with regard to map and vehicle positioning aspects. It
should be noted that optimization of the application Human Machine Interface (HMI) for the
various applications was outside of the scope of this project. Each application is identified as a
WHATROAD, WHICHLANE, or WHEREINLANE dependent application. In increasing order of map
matching accuracy, a WHATROAD application needs road-level map matching to operate; a
WHICHLANE application requires map matching to a particular lane to operate, and finally a
WHEREINLANE application requires map matching laterally within a lane to operate. It is noted
here that the descriptions below are the result of evaluations conducted on roads that were
mapped specifically for the EDMap project. While the mapped areas contain a diverse variety of
road types, generalizations must be made carefully.

Curve Speed Assistant—Warning and Control (CSA-W and CSA-C)

Variants of CSA were implemented with both the road-level and lane-level maps.
General Motors (GM) implemented a road-level CSA-W application while Ford
implemented both a road-level CSA-W and a lane-level CSA-C application. CSA in the
warning mode was evaluated as a WHATROAD application, and the control mode was
evaluated as a WHICHLANE application. CSA is an application almost completely
enabled by the map database and in particular by the curvature mapplet.
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The GM implementation includes a Heads-Up Display (HUD) for displaying information
to the driver. As a driver approaches a curve, the warning application serves in an
advisory capacity and uses the HUD to display a colored icon indicating the direction of
the curve ahead. While the driver approaches the curve, the warning application
calculates an appropriate speed for the curve. If the vehicle is traveling faster than the
appropriate speed, taking into account the driver’s opportunity for braking before the start
of the curve, the icon changes color as a warning to the driver, indicating the vehicle
should be slowed before entering the curve. The Ford implementation of CSA-W uses a
haptic seat for conveying information to the driver. As the vehicle approaches the curve,
the driver is presented with vibrations from the haptic seat, depending on the vehicle’s
speed entering the curve. The CSA-C implementation uses the lane-level map database to
determine curve speed in a manner similar to CSA-W. When enabled, the control feature
behaves in a manner similar to adaptive cruise control (ACC), using the throttle and
brakes to decelerate the vehicle to the curve speed in an appropriate manner for curve
entry. CSA-C also can enable a curve-adjusted speed resumption after the curve.

The CSA analysis evaluated the application performance with specific attention to the
curvature mapplet and can be divided into two segments: curve detection and curve
accuracy.

Curve detection determines whether or not a curve is represented in the map in a yes/no
mental model. In other words, does the map “see” the curve or not? A set of 100 road-
level database curves was analyzed for detectability, resulting in approximately 85% of
the curves being detected properly. The curve detection errors comprise three main,
essentially equally distributed groups:

e Map-based application missed detection of a curve: Occurs mostly on
large radius of curvature road segments.

e Map-matching or positioning problem causing a missed detection or
false detection of a curve: Occurs where the road-ahead branches, e.g., exit
ramp, and the driver's intended route is unknown.

e Map-based false detection of a curve: Occurs on large radius curves;
similar to the first group.

The misdetections due to curve fit noise on the large radius curves can be handled by
either reclassification of the maximum detectable radius or by adjustments in the curve
fitting process. The errors due to map matching are more problematic but can be
addressed, in large part, by the use of routing information or lane-level maps.

The separation of the control mode as a WHICHLANE application was due to the need to
have the proper preview of the upcoming road curvature. In multi-lane road
configurations, the lane in which the vehicle travels can often be relied upon to provide
indication of, for example, a ramp to be taken. Without lane information, the CSA-C
application would likely need to be disabled when coming upon road bifurcations.
CSA-W, on the other hand, does not interfere with vehicle speed, and may be more
tolerant of road-split induced false alarms.

Assessing curve accuracy determines how useful the detected curves are for the CSA
applications. The curvature specification for CSA was to be within 10% for warning
mode and within 5% for control mode. In the delivered EDMap databases, two
classifications of curvature error were observed:
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e Link-forced errors: Curve fits were done link-by-link and did not take into
account the overall shape from link to link. The discontinuities in curvature
can induce incorrect curve speed values.

e Curve fairness errors: The curvature values sometimes varied too much
from the steady-state curve shape as the result of the curve fitting process to
the collected data. The variations can cause discrepancies in curve speed
values and curve start/stop location.

Remedies to the curvature out-of-spec conditions were identified and implemented,
where possible. The 5% curvature requirement for CSA-C was found to be tighter than
required and was relaxed to that of CSA-W. CSA-C does not need to be a lane-level
application due to tighter requirements on curvature accuracy. The control version of
CSA was demonstrated on road-level maps with no significant performance reduction
over that of the lane-level maps except when approaching bifurcations and ramps as
described above.

Other mapplets such as grade, superelevation, speed limits, and road class were found to
be of secondary value to curvature, and while not required to enable CSA, may be useful
for future refinements. The preceding statement can be made, given the heavy
dependency on the proper preview of the upcoming vehicle path. Recommendations for
map-assisted proper preview are presented in the full report.

Stop Sign Assistant—Warning and Control (SSA-W and SSA-C)

The Toyota-implemented SSA-W application employs a road-level database map with
WHATROAD positioning sensors to warn and notify drivers of the presence of stop signs
and stopping locations when it appears that they may drive through the posted locations
without stopping. The application also warns drivers of the presence of yield signs when
it appears that they may drive through a posted location without first slowing down and
checking traffic conditions. In addition, the application issues an advisory when the
driver passes a stop ahead sign.

The SSA-C application, also by Toyota, employs a lane-level map database with
WHICHLANE positioning. In addition to warning drivers of the presence of stop signs and
stopping locations, SSA-C brings the vehicle to a stop or at least reduces vehicle speed
before entering the intersection when it appears that the driver may drive through the
posted location without stopping. The brake control feature serves as a backup to the
warning function and is designed to bring the vehicle to a complete stop once the
deceleration threshold for the control function has been reached. In this regard, the
SSA-C application functions in a significantly different manner than automatic braking
systems. The SSA-C application provides the same functionality as the SSA-W
application with regard to yield and stop ahead signs.

The SSA analysis evaluated the application performance with specific attention to stop
sign, stopping location, stop ahead sign and yield sign mapplets. The analysis was
segmented into mapplet detection and accuracy, and vehicle positioning accuracy and
repeatability.
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The mapplet detection phase of the evaluation showed there were two main modes in
which detectability errors affected SSA performance:

e Commission: Posting mapplets on the wrong side of the road, where no
signs actually existed, or facing the wrong direction.

e Missing/Omission: Actual signs that were not included in the database.

The errors of commission and omission were widespread in the first and second
generations of both road and lane-level databases. The stop sign mapplets are the main
input for SSA; therefore, detection errors have significant effect on system performance.
Rectification of the commission and omission deficiencies was time-consuming;
however, frequent interactions between the SSA application evaluation and map database
development teams resulted in database edit process improvements and subsequent
database improvements. The final delivered map database did not contain omission or
commission errors on the demo routes.

Stop sign mapplet accuracy and vehicle position accuracy are closely linked. For the Palo
Alto demonstration route, the mapplet position accuracy was between 14 before and
8 meters past a given location. Vehicle positioning, on the other hand, had higher
variability with errors between 5 to 15 meters. Similar results were obtained for the
Michigan demonstration route. The position variations reported are for the road-level
map and WHATROAD positioning systems. It was discovered that because of the map
matching function employed by the road-level map database and the physical positioning
of the vehicle on the route, the system could adequately reduce lateral position errors and
perform the warning and control functions. The longitudinal position errors did not affect
the warning function as much it did the control function.

Mid-term positioning, on the other hand, was designed to perform lane-level map
matching and did not perform well when vehicle positioning errors increased to the
extent that lane matching was no longer accurate. The unintended consequence was that
the vehicle was often declared off-road. When this condition occurred, upcoming mapplet
information would no longer be available and the application would no longer be
available. Thus, in order to provide effective control, a more accurate and robust position
sensor is needed. This unforeseen effect could have been prevented with robust
degradation from lane-level to road-level map matching. Such robust degradation
capability is highly recommended for future implementations.

Also recommended for SSA is some form of forward vehicle range detection. In the
event of the presence of a preceding vehicle at a stop-signed intersection, an on-board
forward object sensor can provide distance information that the application could employ
to determine if a warning should be issued for the approaching mapplet or for the
preceding vehicle. Because this feature does not become active unless the preceding
vehicle is within proximity of the approaching mapplet, this forward object warning
feature is directly tied to the map database.

The original SSA specification requested mapplets for stop sign location, stopping
location (white line across the road), yield sign location, stop ahead sign location, and
grade. It has been concluded from the mapplet evaluation work that the stop sign and
stopping location mapplets can be collapsed into a single stop sign mapplet, with the
stopping location (virtual or real) as the location indicated. The stop ahead mapplet is not
needed. The grade mapplet was originally intended for use in calculating required
deceleration. Due to inaccurate grade information, this approach was abandoned in favor

Vi
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of a constant feedback loop. However, the grade mapplet is still seen as valuable,
especially in locations where the absolute value of the grade is at least 5%.

Forward Collision Warning (FCW)

GM evaluated a Forward Collision Warning (FCW) application using the lane-level map
database and WHICHLANE positioning, utilizing the Honeywell positioning system. FCW
uses a radar sensor that identifies potential collision targets in its field of view. Based on
the range and range rate to potential collision targets, a HUD provides information to the
driver indicating potential threat levels. Keys to the success of a radar-based FCW system
are:

e Correct selection of in-path targets, i.e., those that are in the expected future
path of the host vehicle (no missed detection), and

e Correct elimination of irrelevant targets, i.e., those not actually in the forward
path of the vehicle (no false alarms).

This is accomplished by determining the intersection of the identified radar targets with
the upcoming road geometry. This makes the accurate and reliable prediction of host
vehicle path an important and essential component of the FCW algorithm.

Based on the radar targets and the predicted upcoming lane geometry, the target selection
module selects the closest in-path target. The primary mapplet that supports the target
selection module is host vehicle lane geometry estimation. The target selection module
uses other mapplets to develop a valid look-ahead range by limiting upcoming path
definition to an approaching stop sign, stopping location, or intersection in conjunction
with vehicle speed. It uses the forward lane geometry, look-ahead range, lane width, and
vehicle heading in lane for classification of radar targets as in-path or out-of path. In
addition, the target selection module uses the overhead stationary roadway structures,
stationary roadside objects, and the stationary roadside barriers mapplets from map
module to reduce false alarms. Finally, it provides the target IDs of closest in-path
moving (CIPV) and closest in-path stationary (CIPS) radar targets to the threat
assessment module.

Analysis of the FCW application is based on the ability of the mapplet information to
improve classification of in-path targets and out-of-path targets, which causes false in-
path classification. The effectiveness of map-aided target classification has been
estimated by evaluating the map-based target selection against two other sources. The
first comparison target selection algorithm is the yaw rate-based algorithm (also known
as radar-only) contained in the forward-looking radar and primarily used for adaptive
cruise control applications. The other comparison is the same target selection algorithm
used with the map-based data but using the GM-developed post processed ground truth to
define the upcoming path instead of the map.

The evaluation task is time consuming as there are hundreds of targets to classify in a
typical FCW test drive. A post processed “ground truth” based evaluation scheme was
developed to aid in the semi-automatic evaluation of the yaw-rate based and EDMap-
based target selection schemes. Six test drives in the California and Michigan areas (total
length of 45 miles) comprising a large sample size of approximately 15,000 records were
analyzed to compare the target selection performance obtained using the yaw-rate based
and the EDMap-based classification schemes against the post processed “ground truth”
path.

Vii
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The highlights of the comparison of the radar-based and the EDMap-based target
selection over the six test runs are listed below. Overall, the EDMap-based target
selection outperformed the yaw-rate based (radar-only) target selection by approximately
13% of all instances. A breakdown of the total analysis revealed:

e In over 82% of all instances, the EDMap-based and the yaw-rate based target
selection both agreed with each other and selected the correct target (if any).

e A significant value added by maps was observed in 15% of the total cases,
where the EDMap-based target selection consistently selected the correct
targets and the yaw-rate based target selection either selected an incorrect
target or missed a target. One primary driving scenario in which maps aid
path-based target classification is in curve transitions. Yaw-rate based path
estimation has proved to be very effective in predicting the proper vehicle
path along sections of roads with constant curvature, straight or curved.
However, during curve entry or exit scenarios, the yaw-rate based path
prediction will be in error until the transition completes.

e Of the total records, very few instances (approximately 1.2%) of both
EDMap-based and yaw-rate based target selection being incorrect were
noted.

e A detrimental effect of using maps for target selection was observed in only
2% of the total records when the yaw-rate based method selected the correct
target while EDMap-based target selection either selected an incorrect target
or missed a target. These instances are attributed to the cases of inaccurate
path geometry, or when the distance to the target was over 120 meters
EDMap limits look-ahead range to 120 meters, while the yaw-rate based and
the ground truth-based target selection are at times able to classify targets at
ranges greater than 120 meters.

e The mean error in lane geometry was determined to be 0.25 meter and
0.75 meter for the preview distances of 60 meters and 120 meters
respectively from the host vehicle.

e 28% of all the examined records are within 0.5 meter accuracy specification
for a preview distance of 60 meters, while 16% are within the same
specification for a preview distance of 120 meters.

e 65% of all the examined records show less than half a lane width of error for
a preview distance of 60 meters, while 47% show the same level of error for
a preview distance of 120 meters.

Overall, the accuracy of the various mapplets was not uniform in quality throughout the
databases. It was found that whenever the accuracy requirements were met, the original
requirements specified for the lane geometry, road grade, and intersection locations were
found to be adequate and useful to the FCW application. Mapplets containing stationary
roadside barriers (e.g., guard rails) and stationary overhead object information, when
present (many cases of mapplet omissions were recorded), were helpful in correlating
stationary objects with stationary objects tracked by the radar. It may be possible to
attach the roadside mapplets to the road-level database even though the mapplets were
originally specified for lane-level maps. The requirements on other mapplets, namely
road surface type and road class, can be relaxed to conform to their definitions present in
the current production navigation databases. Several of the originally specified mapplets
namely lane width, road condition, and stationary roadside objects did not offer any
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tangible benefits to the FCW application and can be deleted from future databases built to
aid this application.

Traffic Signal Assistant—Warning (TSA-W)

The goal for the TSA, implemented and evaluated by DaimlerChrysler, is to avoid red
light violations by warning a driver if the vehicle approaches a red light without any
indication of stopping.

The application is based on a lane-level map with WHICHLANE positioning, utilizing the
Honeywell Prototype Automotive Positioning System (PAPS) sensor for positioning in
addition to the traffic signal position and stopping location mapplets reported by the map.
The warning portion is very similar to a stop sign warning once a red light is detected.
For the TSA, the stop warning algorithm is configured such that if the driver does not
slow down and a deceleration of at least 0.4 Gs is needed to stop the vehicle at the
stopping location after a reaction time of 1.0 second, an audible warning (“‘Stop, red
light!””) is issued to the driver. The main advantage of the map is in aiding a vision
system to detect the signal indication relevant to the lane in which the vehicle is traveling.

The detection of signal heads and the corresponding indication does not pose a major
challenge to a vision system, and can be done very reliably with a stand-alone vision
system. Signals at complex intersections, however, represent a challenge since it is not
necessarily obvious which signal head controls the lane the vehicle is in, especially when
the road approaching an intersection is curved. As demonstrated, the Traffic Signal
Assistant successfully manages to identify the correct signal indication in complex
intersections by focusing on the signal locations and status reported by the map. The
search boxes are 3 meters wide and extend from 1.5 meters above the horizon to 7 meters
above the horizon. The projection of the search boxes takes into account the vehicle GPS
position, the signal head GPS position, vehicle heading, and camera offset from the GPS
receiver.

Limiting the search to the search boxes also permits an increase in vision system
sensitivity. While a stand-alone vision system is generally unable to detect the signals
until the vehicle is less than 50 meters from the intersection, the TSA generally detects a
signal indication when the vehicle is 50 meters to 80 meters from the intersection. Under
good conditions, a signal might even be detected as early as 120 meters from the
intersection.

The TSA analysis evaluated the application performance with specific attention to the
mapplets involving traffic signal position and stopping location. The analysis was
segmented into mapplet detection and accuracy, and vehicle positioning accuracy.

The traffic signal position mapplet detection phase of the evaluation showed that there
were two main modes in which detectability errors affected TSA performance:

e Commission: Assigning the signal to an incorrect lane.
e Omission: Signal head location absent in the database.

The errors of commission and omission for traffic signal location had a similar effect on
TSA performance as did analogous detection errors for the SSA. The effect was less
severe than SSA, as the vision system is the primary sensor for TSA. However, if the
position was off by a lane, the wrong traffic signal may create an inappropriate warning
response.
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The accuracy of the traffic signal location mapplet was difficult to evaluate. Ground truth
is difficult to obtain in a busy intersection, and the positioning system cannot be located
directly under many signal heads. What was measured was the position of the traffic
signals relative to the vision system search boxes at 50 and 80 meters from the stopping
location at an intersection. The signal indication needs to be known at about 80 meters
from the stopping location in order to generate a reliable warning at speeds higher than
35 mph, and at least 50 meters from the stopping location at speeds lower than 35 mph.
Using this approach, a rough estimate of the signal location error could be determined.
Using 34 signal-controlled intersections (133 signal heads) on the Palo Alto test route,
only 40% of the signal heads were located in the vision system search boxes at a distance
of 80 meters from the intersection. At 14 signal-controlled intersections on the Michigan
evaluation route, 47% of the signal heads (out of a total of 35) were located in the vision
system search boxes at 80 meters from the intersection.

The measured accuracy of 34 stopping location instances found 34% of all instances were
less than 3 meters in error and 66% less than 5 meters in error. There was a bias toward
position location into the intersection; however, the cause was not identified. A stopping
location less than 3 meters from the ground truth would generally give the driver a good
warning and enough time to comfortably stop the vehicle. A reported stopping location of
between 3 to 5 meters ahead of the intersection would give the driver the impression of
an early warning, and a stopping location of more than 5 meters ahead of the intersection
will cause a premature warning. On the other hand, a stopping location of between 3 to
5 meters beyond the actual stop line would give the driver a slightly late warning, and
heavy braking would be needed to stop the vehicle at the stop line. A stopping location of
more than 5 meters behind the intersection would give the driver an unacceptably late
warning, if any.

Vehicle positioning performance in this WHICHLANE context determines whether or not
adequate lane placement can be established. While an error of one-half lane width should
be tolerable, error stack-up of vehicle positioning and map lane centers limited the
vehicle position error tolerance to approximately 1 meter. When the estimated position
error exceeded 1 meter, the TSA system was disabled.

It may be possible to add traffic signal location and stopping location mapplets to road-
level maps to gain limited TSA functionality for signaled intersections where there are no
lane specific signals. The potential benefit to the vision system has not been evaluated.

Lane Following Assistant—Warning (LFA-W)

The Lane Following Assistant is demonstrated in warning mode and is commonly also
referred to as Lane Departure Warning (LDW). The goal in this mode is to warn a driver
when the vehicle is leaving the lane. In the DaimlerChrysler version of LFA-W, the
application is a combination of a vision lane tracker and a Map/GPS system. The map
portion of the application is based on a lane-level map with WHEREINLANE positioning,
using the Honeywell PAPS positioning unit. Under normal circumstances, the two
systems (vision and Map/GPS) can operate simultaneously and will deliver very similar
output variables, the most important being offset from the lane center, lane curvature and
geometry ahead, and lane width. Hence, there is a high potential for sensor fusion, which
allows an overall system to choose the best available sensor (vision or Map/GPS) to
determine the vehicle’s position in the lane and predicted travel path.
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The fused LFA-W phase of the evaluation did not prove successful. The reasons for this
outcome fall into two basic categories:

¢ Insufficient map accuracy
e Unreliable high precision GPS (this includes differential correction coverage)

The lane-level accuracy needed to accomplish effective LFA-W was specified to be
30 cm in the map database, with no more than 20 cm vehicle positioning error. The error
stack-up (combined map error and position error) is 50 cm, and is at the upper boundary
of combined error that can still yield useful lateral lane position information.

The lane-level maps for Palo Alto and Michigan were evaluated by comparison with the
computer vision lane tracker. The lane tracker offsets helped isolate the vehicle position
errors from errors in the map database. Using the lane tracker, the lane accuracy
performance was found be 30 cm and better approximately 30% of the time in the Palo
Alto test route, and approximately 40% for the Michigan test route. The Michigan lane
data was reviewed and a process deficiency was identified. Re-collection and editing of a
portion of the Michigan route increased the 30 cm and better performance to 80%. Errors
in other portions in the Michigan database remain at the 30 cm (or better) accuracy level
for less than 50% of the time.

The vision-based lane tracker performs very well. It detects the lane edges very reliably
and is able to infer the vehicle position within the lane most of the time. This is true even
for lanes that have Botz dot lane markings on both sides (California test area). The
Map/GPS system can reliably place the vehicle in the correct lane; however, it does a
poor job of determining the vehicle’s position within that lane, rendering it virtually
useless in a lane departure warning capacity.

It is important to note here that map-based LFA-W is the most demanding on both
mapping techniques as well as vehicle positioning. While the feature can be demonstrated
successfully in selected scenarios, robust map-based LEA-W is clearly pushing up against
implementation limitations.

Since data fusion was not possible, the EDMap evaluation proceeded to operate the two
systems independently, except for the small amount of information that the vision-based
system received from the map. The mapplets that were evaluated as an aid to the vision
system are curvature and lane adjacency—both being lane-level mapplets used for
WHICHLANE positioning. The use of curvature was to provide hints to the vision system
when the road transitioned from straight to curved, and vice versa. The curvature mapplet
was too noisy in the transition instances and was deemed to be unhelpful as a lane tracker
aid. The lane adjacency information for lane markings type was found to have a minor
impact on lane tracking, where the intent was to aid the camera by providing information
such as solid or dashed lines, or Botz dots. The adjacency mapplet indicating what kind
of lane is on either side of the current vehicle lane did prove to be useful information for
LFA-W as it was successfully used to influence the warning severity if the lane edge
being departed was the outer lane, i.e., road edge. If the road edge is a broad shoulder,
crossing it is probably less dangerous than inadvertently drifting into another traffic lane.
But if there is a barrier or drop-off, the road edge might be more dangerous.
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Vehicle Positioning Analysis

Vehicle positioning was analyzed as a variable. The NTBox with GPS and code DGPS and a
Honeywell Inertial Navigation System (INS) were used for the application demonstrations. The
NTbox with GPS and code DGPS were used for the near-term (WHATROAD) applications; the
Honeywell INS was used for the mid-term (WHICHLANE and WHEREINLANE) applications.
Honeywell was used as a measure for the road-level data.

From the application perspective, it became apparent from the demonstrations in California and
Detroit that positioning is a major limiting factor in the deployment of the lane-level applications.
In tree-covered areas, especially in California, systems often lost GPS signals and the INS in use
drifted significantly in a very short amount of time, making the application essentially unusable.
One concept considered, based on the demonstration information, was to have the positioning
gracefully degrade, i.e., when lane-level map matching cannot occur, default to road-level
matching for as long as possible, essentially setting up three levels of performance: lane-level
matched, degrading to road-level, degrading to no-map matching. Preliminary analysis of lane
matching algorithms to accommodate this graceful degradation, although technically feasible,
would be a significant modification to the existing implementation—in essence, a rewrite beyond
the scope of this project.

Initially, only two levels of questions were asked of positioning: "What road am I on and in
which direction am I headed?" (road-level positioning), and "Where in the lane am 1?" (lane-level
positioning). An intermediate level of useful functionality—"Which lane am I in?" is very useful
positioning information for the curve speed warning/control applications. These applications
work well when the system knows which road a driver will take when faced with a choice, such
as an exit ramp. The exit ramp may have a curve, where warning or control would be beneficial,
whereas on a through road it would not be beneficial. The system has no way to determine which
path the vehicle will follow. One possible approach to mitigate the path question is to use the
route calculated by an in-vehicle navigation system to make assumptions about the intended
vehicle path. This would be useful in vehicles with navigation systems, with a calculated route.

WHICHLANE applications are also faced with the prospect of securing an OEM affordable source
of positioning accuracy in the 1 to 0.5 meter range to locate a vehicle in the correct lane.
WHICHLANE positioning capability could come from a class of receiver that exists today known
as a code based narrow correlator working in conjunction with code differential corrections.
Accuracy, especially in the range for WHICHLANE positioning, is not a significant goal for high
volume GPS receiver manufacturers. The result is WHICHLANE receivers are currently cost
prohibitive for automotive applications. Although currently prohibitive, cost will likely be
significantly reduced by increased high volume interest and subsequent production orders of
WHICHLANE receivers.
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Figure 1: Likely Global Navigation Satellite System (GNSS) capability timeline

Figure 1 shows a reasonably comprehensive, albeit information packed, timeline of positioning
capability for WHATROAD, WHICHLANE, and WHEREINLANE applications. WHATROAD
application requirements are met by current 5-10 meter GPS units in vehicle navigation systems
today. The center grouping of positioning in the 0.7-1.2 meter range shows the opportunities to
achieve WHICHLANE applications. The lower grouping in the 0.03-0.2 meter range can provide
WHEREINLANE capability; however, such capability is expected to be OEM affordable in the
long term.

The acceptable vehicle positioning errors are based on a total error budget that combines the
expected error of the map database with vehicle positioning error. For WHICHLANE applications,
the total error budget is 1.5 meters (half of a 3.0-meter lane width). For WHEREINLANE
applications, the total error budget is 0.5 meters (based on LDW requirements).

Table 1: Error budget for WHICHLANE and WHEREINLANE applications

Total Error Budget Map Error Vehicle Positioning

(map + vehicle) [meters 2sigmal] Error

[meters 2sigmal] [meters 2sigmal]
WHICHLANE 15 0.5 1.0
WHEREINLANE 0.5 0.2 0.3
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Map Database Analysis

The database analysis was approached from several perspectives. The first perspective was the
assessment from the application point of view, describing the effects of the delivered mapplets on
the application operation, as well as database quality. This application assessment of delivered
mapplets was covered above in the Application Analysis section. The database quality assessment
is covered in this section. Secondly, the maps were analyzed for commercial feasibility with an
emphasis on potential rollout time frames as well as the overall relative effort required to create
maps that satisfy individual and grouped (WhatRoad, WhichLane, WherelnLane) application
requirements. The results of these analyses are also discussed in this section.

Map Quality

The accuracy and precision of the EDMap databases were determined through a sampling
approach since 100% recollection of the databases was not feasible due to time and cost.
Sampling is a method used in statistics to alleviate the problem of re-collecting an entire
population of data. Often, it is impractical or even impossible to collect all relevant data. An
accepted practice is to sample a proportion of the population.

An optimal sampling size of 35 was chosen in order to minimize data collection time and cost
while at the same time ensuring the sample size yields statistically significant results. This sample
has been proven to yield a reasonable level of uncertainty. A sample size of 35 was determined to
be the minimum sample needed to yield statistically significant results. This sample size reduces
the standard error in the binomial distribution to +/- 2-3% at a 97% confidence interval. This
sampling size dictated 35 sample routes to be driven for each subgroup, each of which contained
at least 35 road sections. Refer to Section 3.5, Quality Metrics and Appendix E Quality
Assessment Report for further details.

Using the sample size of 35, the results show a very small difference in the standard error of the
sampled routes, indicating that this sample size is sufficient for the EDMap databases to yield
statistically significant results.

An assessment of the quality of each database was developed by measuring the quality of a small,
but statistically representative, set of road segments in each database and using that subset to
reflect the characteristics of the entire population of road segments. Quality analysis databases,
superior in quality to the original EDMap databases, were created for each subset through the use
of higher accuracy data collection equipment and/or the collection of multiple passes per
segment. The quality analysis databases were then used to measure the accuracy of the mapplets
in each EDMap database.

The geometric quality of the databases was determined by measuring the relative accuracy of the
sampled segments. Relative accuracy was calculated by using an Iterative Closest Point (ICP)
algorithm to align a segment in the EDMap database with the corresponding segment in the
quality analysis database and then computing the spatial deviations between the segments. The
relative accuracy results are summarized as follows. For the mid-term databases, approximately
96% of the geometry had maximum deviation values of less than 2 meters, 93% less than
1.5 meters, 85% less than 1 meter, and 51% less than 30 cm. For the near-term databases,
approximately 85% of the geometry had maximum deviation values of less than 2 meters,
80% less than 1.5 meters, and 72% less than 1 meter.

In addition to the geometry, the accuracy of EDMap road attributes was examined and statistics
were generated for link (e.g., number of lanes, speed limit, and surface type) and point attributes
(e.g., stop signs, yield signs, and stopping locations). Approximately 83% of link attributes were
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coded correctly and 82% of point attributes were coded correctly. For point attributes that were
coded correctly, the positional accuracy of each attribute was then determined. As an example, of
the stop signs that were coded correctly, 90% were placed within 10 meters of the correct
position, 64% within 5 meters, and 10% within one meter. The details of the accuracy of each
attribute were determined and are presented in Section 3.5 Quality Metrics.

The quality metrics presented above were determined from a database created prior to validations
and other process improvements, which were added in the creation of the map databases used for
the application demonstrations. These database process validations and improvements are
required to bring the database to an acceptable level of application usability.

It is also critical that the application have some understanding of whether the database area
specifically in use at any particular time meets the specification or not, as well as how the
application behaves in areas where the map data does not meet the EDMap specification.
Development of a Quality Mapplet was outside of the scope of this project and is suggested as
possible future work below. The behavior of each application in areas where the map data does
not meet the EDMap specification is covered in the detailed report section for each application.

Map Database Commercial Feasibility

The map database commercial feasibility can be viewed from two perspectives: lead time and
effort.

Database Lead Time

There are some practical limitations to how fast the defined databases could be rolled out.
One aspect of these limitations is the time to reach a production environment. Another is
the time to actually produce the databases once the effort is underway.

The road-level EDMap databases are an extension of the current commercially available
navigation databases. As such, the production environment is also an extension of the
current production environment for navigation databases. Thus, it is estimated that it
would require only about 6 months to get to a production-level environment for these
databases, given a production-level navigation database capability.

Looking to the time to produce these databases, some estimates can be made based on
collection metrics from navigation database experience and experience gained through
the EDMap project.

The number of miles to drive for collection can be estimated as follows:
e 5,000,000 road miles exist in the US for all road types
e 2 drive miles are required for each road mile (2 directions)

There are, therefore, about 10,000,000 miles to drive to collect this data. The capacity to
collect this data can be estimated as follows:

e 200 collection vehicles (based on current database provider fleet)
e 200 miles driving per day (based on EDMap experience)

e 240 working days per year

Therefore, the lead time to collect the data would be:

10,000,000 + 200 + 200 + 240 = ~1 year
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Although this estimate only covers the collection time, editing could be done in parallel
as collected data is delivered.

As described previously, a lane-level database is a step change in complexity, effort, etc.
over a road-level database. Much experience has been gained through the EDMap
project. It is estimated that it would require about two years to get to a production-level
environment for these databases. This effort would include the development of
production-level editing tools, changes to current processes, and personnel training.

Looking to the time to produce these databases, some estimates can be made based on
collection metrics from experience gained through the EDMap project.

The number of miles to drive for collection can be estimated as follows:
e 5,000,000 road miles exist in the US for all road types

e 2.2 drive miles are required for each road mile (2 directions for 2-lane roads
+ multiple lane roads)

There are, therefore, about 11,000,000 miles to drive to collect this data. This number is
not significantly different from the determined for road-level databases. The difference in
lead time is dependent on the collection fleet possible.

The capacity to collect this data can be estimated as follows:
e 20 or 200 collection vehicles (based on current database provider fleet)
e 200 miles driving per day (based on EDMap experience)
e 240 working days per year
Therefore, the lead time to collect the data would be:
11,000,000 + 20 + 200 + 240 = ~10 years
11,000,000 + 200 + 200 + 240 = ~1 year

The number of vehicles in the collection fleet is very dependent on the cost to purchase
and maintain the equipment. The cost for the collection vehicle INS is currently around
$150,000 each, which severely increases the equipment cost. It is projected that this cost
will approach $15,000 in the mid-term time frame, leading to the feasibility of a
200 vehicle fleet. Note that the above fleet sizes were used for illustrative purposes only
and are not based on a rigorous commercial analysis of prospective map suppliers.

Although this estimate also only covers the collection time, editing could be done in
parallel as collected data is delivered.
Database Relative Effort

Database Relative Effort is the effort required to create an EDMap database compared to
the effort required to create an existing commercial navigation-level database.

OEMs evaluated their applications based on the delivered databases. As a result, the
OEMs were able to specify the minimum set of attributes and database accuracies
required, by application. NAVTEQ was then able to use the specific mapplet
requirements for each database to estimate the relative effort associated with the database
for each application.

Note that effort does not indicate price in the commercial product sense.
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Each application-specific database was evaluated to estimate the effort of producing such
a database in comparison to current navigation-level databases. Note that these relative
effort estimates all assume a starting assumption of no database. Previous analysis
estimated the effort to create a road-level database that encompassed all of the
applications’ road-level requirements in one database. Likewise, an estimate was done
previously for the composite (all application) lane-level database. Previous analysis
estimated that a composite road-level database would require approximately 25% more
effort to build than to build the current commercially available navigation-level
databases. A composite lane-level database would require approximately six to eight
times the effort to create the current navigation-level databases compared to the effort to
build the current commercially available navigation-level databases. Additional
experience over the past six months has resulted in updated estimates of 35% and five to
seven times the effort for road-level and lane-level databases, respectively. The 35%
estimate includes the SSA estimates, which increased to a 30% differential due to the
conclusion that roads would need to be driven in each direction to effectively capture
stopping location data, essentially nearly doubling the collection effort for stopping
locations.

The following chart summarizes the applications by type (WHATROAD, WHICHLANE, or
WHEREINLANE) and by the relative effort multiplier.
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Effort, Relative to Navigation Database
ook
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**|imited to road bifurcations
***Application control mode functioning on Road Level database

Figure 2: Applications by type and relative effort multiplier

Analysis of each application-specific database resulted in several discrete categories of
database creation effort. The Curve Speed Assistant-Warning application, which requires
a road-level database, demands a database requiring approximately 10% more effort than
current navigation-level databases. The Stop Sign Assistant-Warning application, also
requires a road-level database, and demands a database which results in a 30% effort
increase over current navigation-level databases.
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Additionally, an analysis of Curve Speed Assistant was done considering the inclusion of
lane-level data only when approaching bifurcations or ramps. This would reduce the lane
data editing effort to about one-third of the editing for providing lane-level information
everywhere and would reduce the effort to create such a database to about two (1.95)
times the effort of a navigation-level database.

The functionality of the Stop Sign Assistant application was not appreciably enhanced
with the use of lane-level data, and thus road-level estimates from SSA-W are also valid
for SSA-C.

Breaking down relative effort by application provides an interesting slice through the
range of road and lane-level maps. It is now possible to "pick and choose" an application
based on relative effort.

Effort Mitigation

The effort increase was identified as a deployment limiting factor for a number of the
target applications. Each application was then analyzed recognizing that its potential
effectiveness is not uniformly distributed across all road types in a database. One method
of effort mitigation is to apply applications to the road types that would potentially
provide the most safety benefit.

A summary of application effort mitigation follows:
e Stop Sign Assistant: Interstate highways and freeways could be excluded

e Curve Speed Assistant: Low speed residential streets could be removed
from the CSA map coverage area, and potentially cover 86% of target
crashes.

e Forward Collision Warning: Low speed residential streets could be
removed from the CSA map coverage area, and potentially cover 92% of
target crashes.

e Traffic Signal Warning: Interstate highways and freeways could be
excluded

e Lane Departure Warning: Include only freeways and controlled access
highways. Also can include only road classes having speed ranges greater
than 40 mph, which could potentially cover 70% of target crashes.

Therefore some deployment savings may be realizable by considering which portion of
the road network would be most applicable for those applications where cost/effort were
identified as deployment constraints, while not significantly compromising the potential
safety benefit of the application. One logical way to segment the database for the purpose
of evaluating applicable database scope is to define several road types, the applicability
of each road type to each application, and the prevalence of that road type relative to the
complete database based on road segments, which are approximately proportional to
miles.

The following road classifications were derived from those commonly used for
navigation database segmentation, for which database profile data is available. These
definitions prove to be useful in the segmentation of the safety application database as
well.
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Interstate highways and other freeways: These are roads with very few, if
any speed changes. Access to the road is controlled. These roads allow for
high volume, maximum-speed traffic movement between and through major
metropolitan areas.

Other freeways, typically state highways: These are roads with some speed
changes that allow for high volume, high-speed traffic movement. These
roads are used to channel traffic to the higher throughput roads for travel
between and through cities in the shortest amount of time.

Arterial Roads: These roads connect roads at the next highest throughput
category and provide a high volume of traffic movement, although at a lower
level of mobility than the above category roads.

Neighborhood Connecting Roads: These are subdivision roads, which
provide for a high volume of traffic movement at moderate speeds between
neighborhoods. These roads connect with higher throughput roads to collect
and distribute traffic between neighborhoods.

Neighborhood Roads: These are side street roads whose volume and traffic
movement are below the level of any of the above throughput categories.

The following table shows the distribution of the above-defined road levels across the
United States, the potentially most effective road types for each application, and the
resultant proportion of the database applicable for that potential effectiveness.

Table 2: Road-type distribution and application usage metrics

Application
Distribution of
roads in USA CSA-W [ CSA-C [SSA-W [ SSA-C | FCW [ LDW* [ TSA
Road Type
1.0% Interstate Highways
1.6% State Highways
7.0% Arterial Streets
12.9% Neighborhood Connecting
Roads
77.5% Neighborhood Roads
Total coverage
required 23% 23% 90% 90% 23% 8%| 22%

* Roads with speed limit > 40 mph
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Effort mitigation considering road type for deployment yields the results shown in Figure 3.

Effort, Relative to Navigation Databast
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***Application control mode functioning on Road Level database

Figure 3: Database efforts by application considering target road types

Deployed roads saving can only be applied to the additional effort over navigation
databases. All estimates assume the presence of a navigation-level database on all roads
as a base. Therefore, for example, with FCW having an effort multiplier of 4.10 and
being deployed on 23% of the roads, the net effort would be 1+((4.10-1)*.23)=1.7.

Additional insight into a composite database, taking into account the effort mitigations
described above, can now be derived, keeping in mind that some attribute requirements,
such as Lane Geometry and Lane Curvature, are shared among applications. A composite
database effort view for each type of application then yields the results shown in
Figure 4.
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Figure 4: Composite database efforts by application considering target road types

Database Commercialization Perspective

The analysis shows that road-level databases are likely feasible on a commercial basis,
using an extension of equipment and processes already in use for navigation-level
databases. In addition, lane-level databases appear to be more restricted by rollout time
frame than by effort, after the effort mitigations are applied. In this context, rollout time
frame refers to the time required to build production quality tools needed for collection
and database creation, and to deliver a commercial database containing new attributes. It
should be pointed out that the effort mitigations applied may also have some rollout
timeline benefit as well. The timeline benefits, however, can not be estimated without
further investigation. Further opportunities for investigation in this area can be focused in
two areas: 1) analyze the lane-level requirements to determine which lane-level mapplets
could be assigned at a road-level basis and 2) investigate the creation of databases
specifically to support WhichLane applications. For example, guardrails are defined as a
lane-level attribute. Guardrails could be assigned to the road-level database. Questions
remain, beyond the scope of this current project, related to how the applications would
perform with this modified road-level database.
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Final Conclusions

EDMap project tasks were designed to focus on safety related applications, and to use the
application requirements to drive improvements needed in the map database. From this
perspective, the EDMap project can be viewed in two distinct phases: a “paper” phase and a
“practice” phase. The paper phase was a research and planning phase conducted to determine
application and map requirements based primarily on analysis and past experience. This paper
phase established the initial conditions for the practice phase where map and application
requirements were put into practice. The implementation evaluations in many respects confirmed
the initial requirements. In several key areas, however, the practice phase helped stratify and
prioritize the must-have and optional requirements. This selection process came about as the
result of careful development iterations of both the map database as well as the applications
themselves.

With that in mind, the EDMap project summary is captured by the following points:
e Application and mapplet evaluations led to key optimizations
e Vehicle positioning capability is in the critical path for deployment

e The demonstrated EDMap applications provide a good basis for a roadmap of
map-enabled safety applications

Key Optimizations

The EDMap paper phase produced a map effort estimate that, especially for the lane-level map,
projected effort multipliers significantly beyond feasible limits (5 to 7 times that of the current
navigation intent map database). However, review of the mapplets with respect to content and
extent has shown potential for significant effort reduction compared to estimates made earlier in
EDMap.

Map content optimizations were achieved through a variety of means, and the result was that
mapplets were culled from the original requirements list and map creation effort was reduced.
Map extent optimizations were also made toward the end of the evaluation process. Each
application developer reviewed the respective accident exposure, and determined the effect on
potential application safety benefits if road coverage was reduced. For applications needing
residential streets, the map extent effect on optimization was minimal due to the high percentage
of residential roads in the United States. For applications not needing residential streets, the effect
was quite significant.

Vehicle Positioning

At the beginning of EDMap, the prevailing view on vehicle positioning capability was that
vehicle positioning was adequately addressed by either existing or planned GPS capability or
improvements. As the project progressed, the view was partially confirmed for the near-term
(road-level) applications, where the road-level map effort multipliers were very manageable, and
the accuracy and reliability of production-grade vehicle positioning sensors (navigation-level
GPS and dead reckoning sensors) in conjunction with map matching proved to be acceptable in
application evaluations.

The view for high accuracy positioning, capable of determining lateral offset in a lane for Lane
Departure Warning, became more pessimistic during the project. The positioning system did not
maintain reliable lane offset information due to affordability constraints placed on the system.
While this was a less than desirable outcome, the effort multiplier for lane-level maps was high
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enough that the impracticability of lane offset positioning was essentially moot—both were in
long range time frame.

However, map optimizations and the emergence of WHICHLANE applications places the ability to
position the vehicle in the correct lane in the critical path for WHICHLANE application
deployment. It is understood that IMU developments are needed in MEMS gyros to deal with
short-term outages, yet baseline WHICHLANE positioning needs to come from GNSS (either
differential GPS or Galileo). Accuracy, especially in the range for WHICHLANE positioning, is
not a significant goal for high volume GPS receiver manufacturers. The result is that these
WHICHLANE receivers are currently cost prohibitive for automotive applications. Although
currently prohibitive, cost will likely be significantly reduced by increased high-volume interest
and subsequent production orders of WHICHLANE receivers.

Applications as a Guide

The use of EDMap applications enabled specific and targeted evaluations that in turn motivated
map optimizations and exposed vehicle positioning deployment issues. The applications were a
guide to the overall project, and while it could be argued that there are map database uses other
than safety that will impact database deployment, one can reasonably argue that restricted focus
on safety applications helped keep the EDMap project degrees of freedom from exceeding
manageable evaluation limits.

The evaluated EDMap applications exercise the full range of map and vehicle positioning
complexity as shown in Table 3. The timeline is implicit in a top-down direction where
WHATROAD applications are most imminent, WHICHLANE follows, in no particular order, with
better vehicle positioning, and finally WHEREINLANE is longer term where reliance on accurate
vehicle positioning as well as map accuracy is most demanding.

Commercial feasibility potential was dramatically increased by the mapplet optimization
approaches taken where the mapplet content and road map extent allowed the map effort
multipliers to be reduced from unreasonably high levels. Positioning accuracy capability will
continue to be a key commercialization factor for deployment of WHICHLANE applications, and
especially WHEREINLANE applications.
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Table 3: Application distribution and potential developmental steps of safety applications

Positioning Accuracy
Application Type [Application Mapplet Effort 10-3m [3-1m [1-0.3m |<0.3m
1.3X
WhatRoad SSAW
CSA-W 1.1X
SSA-C 1.3X
1.3X
WhichLane =~ HSAW
FCW 1.7X
CSA-C 1.2X
WherelnLane |LDW 1.3X

Future Topics

The EDMap project made significant accomplishments toward the production advancement of
applications and map databases for vehicle safety. While there is no direct follow-on project
planned for EDMap, there are topic areas that can be investigated.

Hybrid Map Database

EDMap developed and tested road and lane-level map databases. As one of the project results, a
map database containing both road-level and sections of lane-level was identified as a potential
evolutionary step from a road-level database to enable applications that only need lanes in areas
of road bifurcations, e.g., CSA control and FCW. In such an example, the map would contain
road-level geometry and attribution on the majority of road segments, and would switch to the
lane-level map representation near bifurcations or other areas where lane specific information is
needed by an application (a WHICHLANE application).

While the prospects of such a hybrid map appear promising, hybrid maps containing both road-
and lane-level were not built and evaluated in EDMap, therefore, such a step is warranted. The
reason to consider such a step is that evaluation in the context of an application will likely
uncover design challenges previously not addressed. An example for a hybrid map would be the
transitions between road-level to lane-level and back to road-level. Map collection and editing
techniques will need to ensure smooth transition, and applications will need a mapplet interface
capable of mixed level map information.

Vehicle Positioning to Support WHICHLANE Applications

WHICHLANE applications emerged as a grouping of applications requiring vehicle positioning
accurate enough to locate the vehicle in the correct lane in the map database. To meet the vehicle
positioning requirements, the lateral positioning error should be less than 1 m in order to reliably
support correct lane placement. As described earlier in the report, EDMap vehicle positioning
systems were targeted at the WHATROAD and WHEREINLANE levels. No specific testing was
performed with a vehicle positioning system with affordable potential specifically at the
WHICHLANE level.
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A possible future project topic could be to determine vehicle positioning options to achieve
reliable and cost effective WHICHLANE positioning. There are alternatives to achieving vehicle
positioning to less than 1.0 meter, and each alternative has capabilities and constraints that should
be analyzed theoretically, and then tested with actual equipment.

Stopping Location Collection and Maintenance Using Probe Data

Creating reliable stopping location mapplet data for the SSA and TSA applications was
problematic in EDMap. The implemented countermeasures for stopping location mapplet
validation are not bulletproof. Errors of commission and omission, as well as accuracy error,
cannot all be captured by the proposed validations. Additionally, database maintenance,
particularly when a new stop sign is installed, currently is addressed by either customer feedback
or local field office surveys. And finally, the stopping mapplet emerged as one of the more
“expensive” mapplets from the map effort perspective. All these factors point toward
improvements in the stopping location mapplet collection and maintenance.

Data from probe vehicles is understood to have the potential to be used in many aspects of map
database collection and maintenance. A good opportunity exists to improve the stopping location
mapplet using probe data. Time-spaced probe vehicle positions could be clustered to identify
likely stopping locations to address mapplet omission and commission errors, thereby improving
the reliability of this mapplet in the delivered map database. Using probe data for the specific
purpose of stopping location reliability improvements could be a well defined and clearly
containable future work topic.

Map Database Update

The aspect of map database maintenance related to the detection of change, primarily via the
potential use of probe data has been addressed in this project and suggested as a topic for future
work. Current and projected wireless data transfer capabilities have also been reported in the
appendices. The investigation and prototyping of delivering fresh map data to the vehicle could
be a beneficial future work topic.

Quality Indicator Mapplet

About halfway through the EDMap project a mapplet, called the Quality Indicator (or Quality)
mapplet, was proposed. It was a new mapplet, not part of the original mapplet set that was
intended to capture map performance to specification at a road segment level of granularity. In
other words, each road segment would have a mapplet that contained information describing just
how good the database was for a particular road segment. The quality mapplet was envisioned to
provide data such as geometry standard deviations or anticipated error for a given class of point
attribute. The idea was to then use the quality mapplet in the vehicle application to provide a level
of operational reliability.

Currently, and in EDMap as well, quality assessments are/were made based on a composite
database area. In practice, some road segments would be very accurate, and others not so
accurate, but the overall amalgamation could be within tolerance.
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Executive Summary

EDMap made some progress with relative accuracy metrics and assessments of accuracy for
certain point attributes based on the collection methods. This was a good start, and can enable, for
example, an application to create an error model for stopping location based on the collection
method assessment. The database quality “polling” technique performed for EDMap is also a
good approach to include statistical rigor to the quality assessment, and could be further deployed
in the quality mapplet construct to sampled areas. More work would need to be done to determine
the level of granularity, in terms of area, road, or road section that provides the best benefit with
respect to improved application performance reliability.
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1 Introduction

1.1 Report Layout

This introduction provides project background as well as task results that can be viewed as
preparation and support for the main goal of database evaluation for the EDMap applications. The
following chapters provide results of the application and map database evaluations.

Chapter 2 presents the EDMap application results from the perspective of how the application
performed with regard to the mapplets as well as vehicle positioning. Chapter 3 provides an
analysis and discussion of the mapplets and the map databases built. Vehicle positioning
performance was a key performance factor, a factor as important as the mapplets themselves.
Therefore, Chapter 4 presents information on vehicle positioning.

Chapters 2, 3, and 4 are interdependent and interrelated, as mapplet collection and edit processes
are motivated by application needs, and vehicle positioning capabilities are key enablers, or in
some cases, limiting factors in application performance.

Chapter 5 pulls the map and application efforts together and draws conclusions and
recommendations based on the mapplets the applications required, as well as what it took to
deliver the maps at the needed quality levels.

There are several appendices in this report. The most significant is the independent map-database
quality assessment. Other appendices include descriptions of selected software tools developed to
analyze data and details regarding the demonstration vehicles and positioning systems employed
in the project.

1.2 Overall EDMap Plan

The Enhanced Digital Map Project (EDMap) was a three-year effort launched in April 2001 to
develop a range of digital map database enhancements that enable or improve the performance of
driver assistance systems currently under development or consideration by U. S. automakers. The
project began with identification of safety-related applications, from near-term (within three years
after completion of the EDMap project) to long-term (at least ten years after project completion),
that would benefit from or be enabled by map database improvements. The map database
requirements for each application were determined using feedback from the map database
supplier with regard to data collection feasibility and database maintainability. Using the
application requirements, the map database supplier constructed map databases for specified test
areas, and participating automakers each employed these map databases to develop, demonstrate,
and evaluate the performance of selected driver assistance systems. The resulting assessment
provides direction to map suppliers in terms of the enhancements needed for future driver
assistance systems, and provides a roadmap to the USDOT in terms of safety-focused systems
that are enabled by enhanced map databases.
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Introduction Motivation and Background

1.3 Motivation and Background

According to the year 2000 NHTSA statistics, 41,821 persons were killed in an estimated
6,394,000 police reported traffic crashes [1]. In 1994, the economic impact of reported and
unreported crashes was estimated at $150 billion [1]. To address the impact of these staggering
statistics, appropriate crash avoidance countermeasures that aid in reducing the fatality rate, as
well as costs, related to vehicle crashes must be developed.

Vehicle-based solutions to the major collision categories identified by NHTSA crash data
analyses (rear-end, roadway departure, lane change/merge, intersection, and driver impairment)
can be best addressed by considering a suite of sensing capability with each sensor providing
redundant or complementary information. In particular, radar ranging, computer-vision lane
tracking, and map database driven positioning can form a sensor triad for improved driver
assistance systems.

Driver assistance systems are currently being developed and deployed as the result of
improvements in computer vision and radar'. It is understood that while computer vision and
radar provide critical enabling technology for systems such as road departure warning and
forward collision warning, they are unable to complete the perception and contextual
understanding of the driving scenario. To increase the overall reliability of a crash avoidance
system the use of any and all forms of additional sensory information should be explored. One
such source of potential information can be derived from a map database. A digital map database
and the associated navigation system are important to the development of Advanced Driver
Assistance Systems (ADAS). Digital map navigation provides a connection between the vehicle
and the roadway infrastructure that is not possible with other ADAS sensors such as radar or
computer vision. While digital map navigation does not obviate the need for other ADAS sensors,
it serves as a necessary component in the development of future driver assistance systems.

The goals of EDMap were to provide effective direction to map suppliers regarding
enhancements needed to enable future driver assistance systems and to establish the feasibility of
generating and maintaining these enhancements. The goals extend to vehicle manufacturers
through which a coordination of map database structure is enabled. The overarching goal of map
suppliers and vehicle manufacturers is to provide the USDOT a roadmap of safety-focused
applications enabled or enhanced by a digital map database.

1.3.1 Map Database as a Sensor

Digital map databases used in turn-by-turn vehicle navigation systems are designed to route the
user through a representation of the road network to the desired destination. Map database
support for such a navigation system places emphasis on a database of destinations as well as
sufficient representation of navigable roads. The road representation includes attributes such as
one-way roads, average traffic speed, and road classification, e.g., highway, in order to enable
route calculation. When the map database is linked with vehicle positioning using dead reckoning
and the Global Positioning System (GPS), the resulting navigation system is capable of forming a
route to the desired destination, and subsequently tracking the vehicle as it proceeds along the
route.

1 Emergency brake assist (radar) and lane departure warning (computer vision) features are to be available
in the 2005 model year from Toyota and Nissan, respectively.
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The navigation system and its map database can also be thought of as a localization sensor for
applications beyond the scope of route guidance. Working as a localization sensor, the navigation
system could be used to determine the upcoming road shape for an advanced feature such as
curve speed warning or headlight aiming. The sensor uses dead reckoning and GPS to locate
vehicle position with respect to the digital map. The map database is then queried to gather
geometric information of the road ahead. The upcoming road geometry information could then go
to driver assistance systems such as headlight aiming, to make the appropriate beam
modifications. The degree to which such advanced features could function, however, would
depend on the quality of individual sensors. For example, it has been reported [2, 3] that an
accurate localization sensor may be capable of supporting a road departure warning application.

Figure 1-1 depicts representative map database information possible in a road network where
road geometry information, road attribute information (e.g., speed limits, bridge locations, etc.),
and intersection information are shown. Each set of information contained in the map has the
potential for multiple uses in vehicular applications. For example:

e Lane geometry information can be used for radar target tracking as well as to aid
a lane change system.

e Lane width, edge coordinates, grade and bank angle, can be used for road
departure warning and lane keeping applications.

e Elevation and bank angle can be of use to a system that provides curve speed
assistance.

e Preview of upcoming curvature information can be used to provide curve speed
assistance and radar target tracking.

e Speed limit information can be used for a wide variety of features including
speed advisory.

e Bridge information can be used for radar target classification as well as a
prediction for slippery overpass conditions.

e Stop sign and traffic signal locations can indicate intersection stop spots and can
be used to develop stop sign and stop light assistant applications.

e Turn lanes, turn restrictions, and other intersection geometry information can add
additional safety benefit to navigation systems.
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Figure 1-1 Road network with enhanced map attributes

1.3.2 Current Map Database and Vehicle Positioning Capability

Current map database accuracy is at a level where curve speed warning may be realized with a
limited degree of functionality. Map database accuracy is in the range of 5 to 15 m, and vehicle
positioning accuracy is approximately equal that of the map database. Information regarding map
coverage and attributes can be found in Appendix B, Section B.5, Assessment of Existing
Database Capabilities and Application Needs.

Map database accuracy can be improved to sub-meter accuracy using existing technologies,
however, there are several challenges to enhancing map databases for driver assistance
applications. Advances in road database representation are needed to define road geometry
efficiently and accurately. The road representation attributes in current map databases do not
generally include lane width, number of lanes, actual speed limit, elevation, or superelevation
information”. The EDMap project examined many of these aspects and proposes potential
solutions to the challenges.

Today's vehicle positioning accuracy of 5 to 10 m can be improved to 3 to 5 m using code-based
Differential GPS (DGPS) and fairly common DGPS capable equipment. Code-based DGPS
positioning accuracy can be further improved using more expensive receivers, and improved to
sub-meter accuracy using carrier phase DGPS. The latter DGPS equipment is currently cost
prohibitive for production applications; however, the price/performance trends are favorable in
the 5 to 10 year horizon. The key infrastructure elements required for this option are the
differential base station system and the differential corrections communication network.

2 NAVTEQ is delivering (2004) speed limit and number of lane information to select U.S. and European
regions.
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1.3.3 Navigation System Availability

Access to current map database content (and future map content) for ADAS applications depends
on the availability of an onboard vehicle navigation system. Such access is obvious from a
technical standpoint; however, navigation system availability in the U.S. is not yet widespread. In
2002, navigation system market penetration was 0.7% for light vehicles 5 years and younger,
with an installation rate of 1.9% for new vehicles. The average OEM price was $1500, but with a
volume decreasing price gradient [4].

1.4 Tasks and Results Summary

The nine main tasks in the statement of work are summarized below. These tasks are presented in
pictogram form showing the relationship between the tasks as well as the basic distribution of
work in Figure 1-2. The vehicle manufacturing participants had primary emphasis in Tasks 1, 2,
3, and 6 as these tasks are related to vehicle aspects of the project. NAVTEQ had primary
emphasis on Tasks 4 and 5, which involved the map database. OEMs and NAVTEQ worked
together on Map Evaluation, Task 7. Also shown is Task 8, conducted with an early project onset
component (8a), and an end-of-project view (8b). Task 9 comprises the documentation of the
results of this project and provides recommendations.

Figure 1-2 also shows the interactive nature of the EDMap project between the OEMs and
NAVTEQ. For example, there is considerable interaction between Tasks 2 and 4 as application
requirements are transferred to map database attribute and accuracy needs. The interactions work
both ways, as feedback from the map database work aids in further refining application
capabilities and/or requirements.

Map Database

Vehicle OEMs

Contractors

Figure 1-2: EDMap work tasks

The remainder of this chapter details the EDMap task process and presents selected portions of
task results. The intent is to paint a broad view of the scope of work, and to cover common work
material that supports the entire project. In some cases, e.g., application ranking done in Task 1,
the results are discussed only in this section with supporting material contained in appendices.
The major work tasks, e.g., Task 7, are briefly covered in this section and followed with a
dedicated chapter later in the report. The reader is asked to keep in mind that this task overview is
presented in a chronological manner to show information “as it was learned”, therefore, there will
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be instances where conclusions drawn from early-on task work are revised in later tasks as more
conclusive inf